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Preface

It is a great pleasure and honor to introduce this festschrift for the celebration
of the 75th birthday of our mentor, Professor Alan J. Grodzinsky (Fig. 1).
On Saturday, November 13, 2021, colleagues, collaborators, and trainees
gathered in Cambridge, Massachusetts to celebrate this joyous occasion.
First, a scientific symposium was held in his honor with presentations describ-
ing the work that was influenced and shaped by Al’s mentorship and collabo-
ration. With the simmering COVID-19 pandemic, the presentations were not
only projected in person at the Massachusetts Institute of Technology but also
streamed around the world. After the symposium, a celebratory dinner and
reception were held at a local restaurant and included reflections. This book
is representative of that celebration, with the first half containing ten chapters
from Al’s students, former trainees, and international collaborators that range
from basic science and engineering, to animal models, and clinical applica-
tions. The second half of this book contains such reflections with personal
tributes, notes of gratitude, and stories that represent Al’s character and the
impact he has had on all that surround him.

In 1971, Al received his bachelor’s and master’s degrees from MIT in
Electrical Engineering. Just three years later, he received his doctoral degree,
a Sc.D. also from MIT, focusing his dissertation on the electromechanics of
deformable polyelectrolyte membranes with his thesis advisor, James
Melcher, and co-supervisor Ioannis Yannas. Immediately after finishing his
doctorate, Al started his academic career as Assistant Professor in Electrical
Engineering and Computer Science (EECS), but it was a sabbatical year in
1976-1977 under the mentorship of Melvin Glimcher, Chief of Orthopaedic
Surgery at Boston Children’s Hospital, that initiated Al’s scientific obsession
with cartilage biology. Thereafter, he quickly rose to the forefront of research
on cartilage electromechanobiology and osteoarthritis.

Al is one of the world’s most prominent biomedical scientists. His research
has been continuously funded by the National Institute of Health since 1980,
including the highly prestigious NIH MERIT award from 1995 to 2005. In
total, his work has resulted in over 350 publications with more than 40,000
citations, giving Al an h-index of 105. Over his five-decade career in muscu-
loskeletal research, Al has transformed the field in both basic science and
translational topics.

Al introduced the theory of electromechanics to biomedical engineering,
establishing electromechanics as a cornerstone of the modern biomechanics
framework. Al was also a pioneer in multiscale biomechanics and mechano-
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Fig.1 Alan J. Grodzinsky poses with his viola in the summer of 2021. (Photo by Webb
Chappell)

biology. He was the first to develop theoretical models that connect tissue
nanoscale integrity with macroscopic functions. He also established oscilla-
tory atomic force microscopy at high frequencies as the state-of-the-art para-
digm to probe the multiscale mechanics of biomolecules, cells, and tissues.
His discovery that dynamic compression can stimulate chondrocyte anabo-
lism is now used as a standard practice in cartilage tissue engineering.

Al also established novel cartilage explant models to simulate the inflam-
mation and joint injury responses in vivo, models which have become stan-
dard tools in cartilage research. Al developed several novel biomaterials to
improve the repair of articular cartilage, including innovative nanocarriers to
promote drug delivery to local cartilage defects. These advances helped to
overcome obstacles in cartilage therapeutics arising from its avascular and
dense nature. Al’s most recent project is sending human cartilage explants to
the outer space. We are waiting for Al to tell us what space and its micrograv-
ity will do to our knees.
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The scientific contributions from the Grodzinsky Lab have been recog-
nized worldwide by the American Society of Mechanical Engineering
(ASME), Society for Physical Regulation in Biology and Medicine, the
American Society for Biomechanics (ASB), the American Academy of
Orthopaedic Surgeons (AAOS), the International Cartilage Regeneration and
Joint Preservation Society (ICRS), the Osteoarthritis Research Society
International (OARSI), the Orthopaedic Research Society (ORS), and many
more. Most recently, Al was honored with the 2019 ORS/OREEF Distinguished
Investigator Award and the 2021 OARSI Lifetime Achievement Award. These
are the highest-level awards possible at their respective societies, demonstrat-
ing just how impactful Al’s research on cartilage has been.

While making forefront advances in research, Al has mentored many
trainees to success. Over his career, he has mentored 27 post-doctoral
researchers, 53 doctoral theses, 53 master’s theses, and 64 bachelor’s theses.
Al has also served on over 130 doctoral committees, including numerous
ones from institutions abroad, and hosted over 100 visiting scientists in his
laboratory. But these are just the formal mentees; everyone who knows Al
knows that he is extremely generous with his time and his mentorship. His
door is always open no matter how junior or senior the person seeking advice
is. Despite his success, he always exudes humility and gratitude. Al was
recently awarded the 2018 ORS Outstanding Achievement in Mentoring
Award, a well-deserved recognition of his impact.

Al is a dedicated, enthusiastic, and passionate educator. Starting in the
EECS department, he initially taught a wide array of required EE courses to
undergraduates for over 20 years. He then taught biomechanics in the
Biological Engineering Department. But perhaps his most seminal contribu-
tion is the development of his “Fields, Forces, and Flows” graduate class
which has been offered at MIT in some form since its inception in 1975
(known locally as “FFF”). This course has been taught to Mechanical,
Biological, Chemical, Electrical, and Materials Science and Engineering stu-
dents. He redesigned the FFF course significantly to focus on biological sys-
tems in the late 1990s and wrote a textbook to accompany the course; the
textbook is used in many courses at other universities, including some taught
by his former trainees. Al has received local and national accolades for his
teaching efforts. Tributes from former students and personal anecdotes from
his classes abound in the second half of this book and clearly demonstrate the
impact he has made on student learning. The reach of Al’s teaching is far
beyond the walls of MIT, a true testament to his legacy as a professor.

With all of these accomplishments and recognition with prestigious
awards, it would surprise anyone to know just how humble and down to earth
that Al truly is. While many know him as a giant in the field and the “father
of modern cartilage mechanics,” to us he is a mentor, a colleague, and a
friend. His commitment to his students, his endless excitement in the lab, his
patience, and his unwavering positive outlook on life—those are just a few of
the reasons we are inspired by Al. We hope that reading the tributes from his
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staff, students, colleagues, and collaborators in the second half of this book
will elaborate on our commentary. It has truly been an honor to work with Al,
and we wish him the absolute best for the future.

Happy Birthday, Al!
Boston, MA, USA Brianne K. Connizzo
Philadelphia, PA, USA Lin Han

La Jolla, CA, USA Robert L. Sah
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Aggrecan and Hyaluronan:
The Infamous Cartilage
Polyelectrolytes - Then and Now

Anna H. K. Plaas, Meghan M. Moran,
John D. Sandy, and Vincent C. Hascall

Abstract

Cartilages are unique in the family of connec-
tive tissues in that they contain a high concen-
tration of the glycosaminoglycans, chondroitin
sulfate and keratan sulfate attached to the core
protein of the proteoglycan, aggrecan.
Multiple aggrecan molecules are organized in
the extracellular matrix via a domain-specific
molecular interaction with hyaluronan and a
link protein, and these high molecular weight
aggregates are immobilized within the colla-
gen and glycoprotein network. The high nega-
tive charge density of glycosaminoglycans
provides hydrophilicity, high osmotic swell-
ing pressure and conformational flexibility,
which together function to absorb fluctuations
in biomechanical stresses on cartilage during
movement of an articular joint. We have sum-
marized information on the history and cur-

A. H. K. Plaas (D<)
Department of Internal Medicine (Rheumatology),

rent knowledge obtained by biochemical and
genetic approaches, on cell-mediated regula-
tion of aggrecan metabolism and its role in
skeletal development, growth as well as dur-
ing the development of joint disease. In addi-
tion, we describe the pathways for hyaluronan
metabolism, with particular focus on the role
as a “metabolic rheostat” during chondrocyte
responses in cartilage remodeling in growth
and disease.

Future advances in effective therapeutic
targeting of cartilage loss during osteoar-
thritic diseases of the joint as an organ as well
as in cartilage tissue engineering would bene-
fit from ‘big data’ approaches and bioinfor-
matics, to uncover novel feed-forward and
feed-back mechanisms for regulating tran-
scription and translation of genes and their
integration into cell-specific pathways.

Keywords
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Cartilages are unique in the family of connec-

tive tissues in that they contain a high concen-

tration of the glycosaminoglycans (GAG),
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chondroitin sulfate (CS) and keratan sulfate
(KS) that are attached to the core protein of the
proteoglycan, aggrecan. Aggrecan is organized
in the extracellular matrix via a domain-specific
molecular interaction with hyaluronan (HA)
and with a link protein, and it is present
throughout the collagen and glycoprotein
network.

The high concentration of these organized
GAGs have a well-documented essential role for
articular cartilages to absorb alterations in bio-
mechanical stresses during movement of an artic-
ular joint. At the structural level this is due to
their biophysical characteristics at physiological
pH, which include hydrophilicity and high
osmotic swelling pressure due to the negative
charges on their carbohydrate subunits (carboxyl
and sulfate groups) and on their conformational
flexibility and efficiency at filling space due to
their sizes.

In this chapter we review the history and cur-
rent knowledge of the cell-mediated regulation of
aggrecan metabolism (Fig. 1.1) including: (a) the
posttranslational modification of the core protein
with CS and KS and its extracellular organization
into ‘aggregates’ with HA and link proteins; (b)
the proteolytic processing of the core protein by a
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specific set of extracellular proteases (ADAMTSs
and MMPs); and (c) the function of hyaluronan
(HA) metabolism in the context of serving as a
“metabolic  rheostat” during chondrocyte
responses in cartilage remodeling during growth
and disease.

Throughout the Chapter, components of the
metabolic pathways that have been shown to be
affected by biomechanical perturbation of tissues
will be highlighted. In this research area, the
Grodzinsky lab, together with an extensive net-
work of collaborators, spearheaded in vitro biore-
actor experiments using cartilage explants or
chondrocytic cell constructs, to delineate the
effects of static and dynamic compression, and of
sheer stress, on the illustrated pathways in aggre-
can post-translational processing. This set in
motion a research approach used by multiple
laboratories to extend our understanding of
mechanotransduction pathways in chondrocytes
and progenitor cells for cartilage engineering
purposes ([77, 106, 144, 228, 239, 279] and ref-
erences therein). In addition, throughout the
comprehensive list of key references in the cov-
ered research areas the publications from the
Grodzinsky lab and its past members are anno-
tated in the Bibliography.

Intracellular

Interterritorial

Pericellular

Fig. 1.1 Schematic of topographical organization of components involved in intracellular aggrecan synthesis and

extracellular matrix organization
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Chondroitin Sulfate
and Keratan Sulfate Fine
Structure on Aggrecan

1.2

Core protein linkage regions for synthesis and
polymerization of CS and KS on the aggrecan
core protein domains are illustrated in Fig. 1.2.
CS is O-glycosidically linked to the serine resi-
dues along the CS rich regions 1 and 2 of the core
protein via a linkage region oligosaccharide
(-Xyl-Gal-Gal-GlcA) followed by unbranched
chains consisting of disaccharides, (—4)p-GIcA
(1-3)pGalNAc(1—), in which the amino sugar
can be substituted on the C4 and/or C6 by a sul-
fate ester.

KS on aggrecan, also known as ‘skeletal” KS,
[180, 214] is O-linked to a serine or threonine in
the KS domain, via a mucin core-2 linkage struc-
ture, (-GalNAc B(1-6)GlcNAc(1—). The GAG
polymer is based on a polylactosamine backbone,
with repeated disaccharides of (—4) fGal p (1-3)
GlcNAc (1—). Both sugars in the disaccharide
repeat can be sulfated on their C6 carbon, and an

additional fucose can be substituted on the
GIcNACc-6S. Many of these chains also capped
with a sialic acid at the non-reducing terminal.

1.2.1 Aggrecan CS Chain Length
and Sulfation Are Different
in Skeletal Growth and Mature

Cartilages

It is well established that chain length of CS and
the type of sulfation on the C-4 or C-6 position of
GalNAc residues in CS can vary with cartilage
source depending on species and anatomical
location. Detailed analyses of aggrecan CS fine
structures in cartilage growth and maturation
have provided more insights into conserved
adaptations of CS biosynthesis to altered bio-
physical and biomechanical demands of a partic-
ular cartilage type.

Thus, examination of the GAG fine structure
on growth and mature cartilage aggrecan core
protein GAG domains using HPLC [163, 199]
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Fig. 1.2 Schematic of Aggrecan Core Protein Domains: G1, HA binding; KS, KS or O-linked oligosaccharide substi-

tuted domain, CS1/CS2, CS attachment domains
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and FACE analyses [33, 201] established both
location and age-related changes. For example,
CS fine structure analyses of fetal growth plate
cartilage aggrecan revealed a gradient in CS
composition from the reserve zone to the hyper-
trophic zone, characterized by a marked increase
in chain length accompanied by increased
6-sulfation and a concomitant decrease in
4-sulfation [55]. Furthermore, major changes in
both CS chain length and sulfation pattern during
postnatal maturation of human knee cartilage
from the epiphyseal growth to a mature articular
phenotype [200, 214, 285] were also detected.
Upon skeletal maturation, chain length decreased
by as much as 50%, and transitioned from an
equal abundance of 4- and 6-sulfated GalNAc
residues in growth cartilage to a predominance of
6-sulfated GalNAc residues. In addition CS
chains in the CS2 region were shorter than those
in the CS1 domain and carried a non-reducing
terminal 4, 6-disulfated GalNAc residue instead
of a 4S-GalNAc residue. A similar pattern in
decreased chain length and increased 6-sulfation
of both internal and terminal GalNAc residues
was also observed by analyses of equine carpal
articular cartilage CS [27].

1.2.2 GAG Biosynthesis Is
a Multienzyme Process That
Takes Place During Core
Protein Trafficking Through
the ER and Golgi

Studies to-date have shown that the conserved
heterogeneity in GAG fine structures, unlike pro-
tein synthesis, do not follow a template, and it is
regulated by individual cell phenotypes as well as
by the structure of the proteoglycan core proteins
that provide the acceptors. It is now recognized
that conserved GAG structures are generated by
transcriptional [124, 164, 288] and topographical
[127, 238, 248, 249] control of the numerous
enzymes responsible for linkage region synthesis
and by GAG polymerization and sulfation
(Table 1.1).

1.2.3 Skeletal Disorders Caused by
Defective Genes Encoding
Biosynthetic Enzymes
for Sulfated
Glycosaminoglycans

The generation of knock out mouse strains defi-
cient in these enzymes revealed that many had an
embryonic lethal phenotype due to defective cell
proliferation and organ development, or altered
neuronal function. However, they did not reveal a
specific function for their role in cartilage growth
and maturation (Table 1.2). On the other hand,
human genetic studies revealed that defects in
GAG-biosynthetic glycosyltransferases, epimer-
ases or sulfotransferases cause distinct pheno-
types of congenital disorders in cartilage growth,
such as skeletal dysplasia, chondrodysplasia,
multiple exostoses, and Ehlers-Danlos syndrome.
This has furthered our understanding of the func-
tional importance in the CS substitution on the
aggrecan core protein (Table 1.3). In addition to
the studies listed, individuals with either Kashin—
Beck disease (KBD) [84], who show a dysfunc-
tion of CS sulfation enzymes, or a rare
polymorphism in the aggrecan core protein [61,
122] are pre-disposed to the development of
multi-joint or hand osteoarthritis, respectively.

1.2.4 Intracellular Localization
and Topographical
Organization of Enzymes

for Aggrecan GAG Synthesis

The initiation of the linkage region by xylosyl-
transferases (I or II) [80, 203, 247] using UDP-
xylose for addition of xylose to CS-region serine
residues on aggrecan has been shown to occur in
a pre-Golgi compartment, either at endoplasmic
reticulum (ER) exit sites or in the ER-Golgi inter-
mediate compartment [115, 174, 267]. However,
the locations of these enzymes are also proteo-
glycan core protein and/or cell type specific since
xylosyltransferases (I and II) were identified in
the cis-Golgi region in rat liver cells and
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Table 1.1 Chondroitin sulfate synthetic enzymes

Human gene name https://www. Human mRNA
Enzyme ncbi.nlm.nih.gov/gene

Gene records for

Linkage region
Xylosyltransferase 1 (XylT-1)

Xylosyltransferase 2 (XylT-2)

Beta-1,4-Galactosyltransferase 1
(GalT-I)
Beta-1,4-Galactosyltransferase 2
(GalT-1I)
Beta-1,3-Glucuronyltransferase 1
(GIcAT-I)

Repeating disaccharide region
Beta-1,4-Glucuronyltransferase |
(GIcAT-II)

Beta-1,3 NAcetyl Galactosaminyl
transferase II (GalNACTII)

Chondroitin Polymerizing Factor
(GaINACT-II, CS-GIcAT-II)

Chondroitin N-GalNAc transferase
(GalNACT-I; GalNACT-II)

Chondroitin 4-O-Sulfotransferase

Chondroitin 6-O-Sulfotransferase

N-Acetylgalactosamine 4-Sulfate
6-O-Sulfotransferase

accession # other species
XYLTI NM_022167 Mouse, Rat, Dog,
Pig
XYLT?2 NM_007255 Mouse, Rat, Dog,
Bovine
B4GALT7 NM_080605 Mouse, Rat
B3GALT6 NM_012200 Mouse, Rat, Pig
B3GAT3 NM_014864 Mouse, Rat, Pig
CHSYI NM_014918 Mouse, Rat,
CHSY?2 (CSS3) NM_175856 Bovine
CHSY3 (CHPF2) NM_019015 —
Mouse, Rat,
Bovine
CHPF (CSS2) NM_024536 Mouse, Rat
CSGALNACTI NM_018371 Mouse, Rat,
CSGALNACT2 NM_018590 Bovine, Pig,
Horse
Mouse, Rat,
Bovine, Pig,
Horse
CHSTI11 (C4ST-1) NM_018413 Mouse, Rat
CHSTI2 (C4ST-2) NM_018641 Mouse, Rat,
CHSTI13 (C4ST-3) NM_152889 Bovine, Pig,
Horse
Mouse, Rat,
Bovine, Pig
CHST3 (C6ST-1) NM_004273 Mouse, Rat,
Bovine, Pig,
Horse
CHSTI5 NM_015892 Mouse, Rat,
Bovine, Pig

chondrosarcoma cells [149, 181]. Glycosyl- and
sulfotransferases for extension and sulfation of
the CS chains in the C4 or C6 positon of the
GalNAc residues takes place in the Golgi stacks
and extends into the trans-Golgi network (TGN)
[249, 264].

Much less is known about the topographical
location of the O-linked KS synthesis enzymes,
largely impeded by the fact that their activity rap-

idly declines when tissues or cells are maintained
ex vivo [75, 179]. For example, it has not been
determined whether CS and KS synthesis occur
simultaneously —or whether GAG-specific
enzymes are segregated in Golgi sub-
compartments, or whether there is a regulated
temporal recruitment as the core protein is traf-
ficked through the secretory pathway enzymes in
the same compartment.
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Table 1.2 Genetic deletion of CS-synthesis enzymes in mice and associated phenotypes

Enzyme
Linkage region
Xylosyltransferase 2

Beta-1,4-
Galactosyltransferase 1 [178]
Beta-1,4- Asano et al. [7]

Galactosyltransferase 2

Beta-1,3-

Glucuronyltransferase 1
Repeating disaccharide region
Chondroitin N-GalNAc

Knock-out Mouse strains

Ferencz et al. [69]

Kido et al. [117] and Nakamura et al.

Izumikawa et al. [108], Yada et al.
[290], and Gotoh et al. [79]

Inada et al. [104], Watanabe et al. [278],
Sato et al. [226], Shimbo et al. [234],

transferase

and Adhikara et al. [1]
Chondroitin Ito et al. [107]
6-O-Sulfotransferase
Chondroitin Not available

4-O-Sulfotransferase
GalNAc4-Sulfate
6-O-Sulfotransferase

Habuchi et al. [83], Kitazawa et al.
[126] and Ohtake-Niimi et al. [186]

Major phenotype

Increased weight differences of lung, heart,
and spleen.
Altered brain development

Defective proliferation and differentiation of
epithelial cells; growth retardation
Embryonic lethality, growth retardation
Embryonic lethality due to failed cytokinesis

Defective neuronal plasticity and axon
regeneration

Defective cartilage growth and collagen
organization; defective enchondral
ossification; chondrodysplasia; impaired
macrophage action

Enhanced motor function recovery after spinal
cord injury

Abnormal CS elongation shown in sog9
murine L cell mutant

Enhanced liver fibrosis; abnormal perineuronal
net; altered bone marrow derived mast cells;
altered dermal repair

Table 1.3 Human skeletal disorders caused by genetic abnormalities in CS-synthesis

Gene/protein

XYLT1 (Xylosyl transferase 1)
Desbuquios dysplasia type II
Baratola Scott syndrome

SLC26A2 (Sulfate Transporter)
Achondrogenesis type IB
Diastrophic Dyplasia

Multiple Epiphyseal Dysplasia
PAPSS2 (PAPS Synthase-2)
Spondyloepimetaphyseal dysplasia
SLC35D1 (UDP-GlcA/UDP-GalNAc
transporter)

Schneckbecken dysplasia
B4GALT7 (GalT-I)

EDS, progeroid form

B3GALT6 (GalT-II)

Ehlers Danlos Syndrome
Spondylodysplatic type 2

B3GAT3 (GIcAT-I)

Larsen-like Syndrome

CHSY1 (Chondroitin Synthase 1)
Temtamy preaxial brachydactyl syndrome
CSGALNACT1 (GalNAcT-1I, Mild
Skeletal Dysplasia

CHST3 (CS6 sulfotransferase)
Spondyloepiphyseal dysplasia
CHT11 (CS4 sulfotransferase)
Osteochondrodysplasia
brachydactyly

MIM
No
61577
608124
300681
600972
222600
226900

612847

269250

130070

615349
615291

245600

605282
608183
616615

143095
603799
610128
618167

Clinical features of resulting skeletal defects
Short stature, joint laxity, hand abnormalities
Short stature, patellar dislocation, facial abnormalities

Pre- or early post-natal lethal chondrodysplasia
with underdeveloped skeleton
Epiphyseal Dysplasia, early onset of Osteoarthritis

Short bowed lower limbs, enlarged knee joints, short trunk,
scoliosis

Neonatal lethal chondrodysplasia short long bones, deformed
vertebral bodies

Short stature, cranial dysmorphism, osteopenia, aged
appearance
Short stature, joint laxity and dislocation, spondylodysplasia

Joint dislocations mainly at elbow, scoliosis

Short stature, limb malformations, growth retardation
Brachydoctyly, joint lacity, mild facial deformations
Short stature, dislocation of large joints, kyphoscoliosis,
osteoarthritis of elbow, wrist and knee

Brachydactyly, clinosymphalangism in hands and feet,

syndactyly and hexadactyly in feet, scoliosis, dislocated
patellae, and fibulae and pectus
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1.2.5 ER/Golgi Topography
and Organelle
Microenvironment of GAG
Synthesizing Enzymes

The ER/Golgi membrane localization of the GAG
synthesis enzymes has been confirmed from their
protein sequences, but details of their arrange-
ment in these compartments are still debated [66].
For example, it has been proposed that the
enzymes are at different membrane locations
throughout the Golgi, and in that configuration,
they would randomly synthesize chains depend-
ing on overall luminal availability of UDP-sugars
and PAPS substrates. More recently, studies with
chemically modified xylosides that serve as “sub-
stitute” acceptors for CS synthesis in the Golgi
[43, 269] suggest that distinct functional macro-
molecular assemblies of elongation and sulfation
enzymes, termed “GAGOSOMES”, are present.
These complexes would concurrently catalyze the
UDP-sugar addition and sulfate transfer to gener-
ate diverse GAG chain structures. This type of
mechanism could indeed account for the differ-
ences in CS chain structures present on the CS1
and CS2 domains of aggrecan. The need for a
specialized configuration of the Golgi compart-
ment to achieve coordinated glycosylation reac-
tions has also been suggested from genetic
mutations in proteins such as COG4, CORAB
and GOGS associated with Golgi subdomains.
These proteins have been shown to cause congen-
ital disorders of glycosylation, including GAG
biosynthesis, due to mis-localization of the trans-
ferase enzymes [2, 99, 167]. Topographical orga-
nization of the GAG biosynthetic enzymes is also
a necessary prerequisite for targeted transport of
nucleotide sugar precursors [242] for glycosyl-
ation and PAPS for sulfation [18, 57] from their
production sites in the cytosol into the ER/Golgi
lumen. In this regard, genetic deletion of the
nucleotide sugar transporter Slc35d1 caused a
skeletal defect in the knockout mice, and this was
due to a sparse substitution of significantly short-
ened CS chains on aggrecan [98]. Other factors
that could influence a functional Golgi membrane
structure and luminal environment, and thereby
regulate core protein glycosylation, include pH

[213], ionic strength, [137] and cellular stress
responses [225].

1.2.6 Alterations in CS Fine
Structure by Biomechanical
Stimuli - What Parts
of the Post-translational
Pathway Are They Targeting?

While there have been studies on the effects of
growth factors (e.g. TGFpB1, IGF1) and cytokines
on cartilage GAG synthesis, [161] and on CS
synthesis [22, 171, 188], there have been rela-
tively few studies to determine the effects of bio-
mechanical stimuli on modulation of CS and KS
synthesis enzymes. Cyclic compression of bovine
cartilage explants in vitro resulted in the synthe-
sis of CS chains with increased GalNAc6-
sulfation and a concomitant decrease in
GalNAc4-sulfation, and with fewer chains termi-
nating with disulfated GalNAc4,6S [28, 227]. In
vivo treadmill exercise in horses [28] increased
CS chain size, which was accompanied by a
greater proportion of un-sulfated regions in the
chains, suggesting a differential effect on the sup-
ply of UDP-precursors and PAPS to the
CS-synthesizing enzymes, or a selective decrease
in activity of the sulfotransferases.

However, a considerable number of studies
have reported structural changes in the cytoskel-
eton and intracellular organelles, such as mito-
chondria, ER/Golgi [145] and the nucleus, and in
structures in response to biomechanical stimuli,
including compression, hydrostatic and osmotic
pressure [29, 32, 53, 56, 64, 82, 95, 123, 125,
128, 137-139, 145, 168, 169, 253]. Likewise
such mechanical perturbations of the tissues or
the cells is expected to modify ion channel activ-
ity, Ca2+ signaling [53, 101, 196, 299, 300] and
glucose transport and utilization [138, 160, 241,
276, 286] that can affect steps in glycosylation
pathways.

In summary, mechano-signal transduction,
[77] which targets the aggrecan GAG substitu-
tion pathways, is likely to induce changes in the
GAG precursor synthesis and/or topographical
organization of the GAG synthesis enzymes,
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rather than in transcriptional regulation of the
GAG biosynthetic enzymes (Fig. 1.1).

1.3  Aggrecan Metabolic
Turnover in the ECM
of Healthy and Osteoarthritic

Cartilages

The cartilage ECM composition changes in order
to adapt to various postnatal stages of growth and
maturation, and is also affected by arthritic dis-
eases. The mechanisms that such metabolic turn-
over events have on aggrecan have been well
studied. For example, Maroudas and coworkers
[156, 268] measured the D/LAsp ratio and the
advanced glycation end product, pentosidine, in
aggrecan purified from adult human cartilages
and reported a half-life of ~3 years in vivo. A dif-
ferent approach [91] utilized an in vitro cartilage
explant culture method with medium supple-
mented with 35S radiolabel to tag the CS-bearing
region of newly synthesized aggrecan. By quanti-
tating both the matrix retention and release into
the culture medium of newly synthesized and
resident CS-core protein fragments, turnover
constants and half-lives for both pools of aggre-
can in vitro were determined to be between 6-20
days. This method was subsequently used by oth-
ers [35] to show that the half-life of aggrecan in
the ECM can be prolonged by the inclusion of
serum or anabolic growth factors [35, 172] or
was shortened by proinflammatory stimulators
[88] in the culture medium. It is also influenced
by the type of cartilage [197] or the disease state
[37, 219], and can be modulated by biomechani-
cal perturbations [58, 133, 191, 205-207, 217].

1.3.1 Enzymatic Mechanism

of Aggrecanolysis

Explant culture experiments demonstrated that a
cell-dependent process generates aggrecan spe-
cies that can no longer bind to HA and therefore
diffuse from the tissue. This in turn motivated a
research area to determine the molecular mecha-
nism for the “aggrecanolysis”.

Our understanding of “aggrecanolysis” in the
human joint was clarified by detailed analysis of
aggrecan intermediates in chondrocyte and carti-
lage culture medium [103, 222], and this was
shown to occur naturally in human cartilage and
synovial fluids [220] (Fig. 1.3). The most studied
aspect has been the proteolysis of the interglobu-
lar domain (IGD) of aggrecan with the release of
the  glycosaminoglycan  (GAG)-attachment
regions which is destructive to the tissue biome-
chanical function [20, 21] as it causes loss of the
CS from the cartilage ECM.

Although there had been much debate around
data suggesting a role for MMP3 (Stromelysin)
in aggrecanolysis, a team of scientists at the phar-
maceutical company DuPont [258] purified the
aggrecan degrading proteolytic enzymes from
the medium of catabolically stimulated bovine
cartilage explant cultures. They belonged to the
“A Disintegrin and Metalloproteinase with the
ThromboSpondin motifs” (ADAMTS) family of
metalloproteinases. They were termed aggrecan-
ase-1 (ADAMTS-4) and  aggrecanase-2
(ADAMTS-5).

1.3.2 Targeted Inhibition
of Aggrecanolysis -
A Potential Treatment
for Human Osteoarthritis?

Given that aggrecan depletion of the articular
cartilage is a hallmark of chronic OA and that
ADAMTSS5 has been proposed as the primary
aggrecanase responsible for the destructive cleav-
ages [73, 78, 246], it appeared likely that inhibi-
tors of this enzyme would have therapeutic value
as a Disease Modifying OA Drug (DMOAD).

A number of preclinical studies with in vitro
explant cultures and/or animal models of OA
using small molecular weight inhibitors of
ADAMTSS [25, 41, 45, 46] and catalytic-site
directed neutralizing antibodies [192] showed
promising results, and several of these potential
therapeutics were tested in clinical trials
(Table 1.4). However to-date, although showing
promising DMOAD activity in pre-clinical
models of OA [40, 134, 166], none were effec-
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Fig. 1.3 Proteolysis sensitive sites in the human aggre-
can core protein: The amino acid sequences in the sciscle
bonds were either identified by protein sequencing of
fragments isolated from human cartilages or synovial flu-

ids (for MMPs, N-F and for ADAMTS, E-A, E-G and
E-L) [220] or predicted from the published aggrecan core
protein sequences [60]

Table 1.4 ADAMTS-5 inhibitors advancing into human clinical trials

Clinical trial ID and

Drug duration Outcome Measures and Study Subjects Published Data
Small molecule inhibitors
AGG-523 NCT00454298 Evidence for aggrecan catabolism in urine, blood, or the NO Data available
Wyeth Phase I knee joint Pharmacokinetics and safety profile after
(2007-2009) taking the drug either once a day or twice a day for 4
weeks.
Healthy and OA patients
AGG-523 NCT00427687, The effect of AGG-523 on biomarkers related to NO Data available
Wyeth Phase I (Feb 2007— osteoarthritis
June 2007)
GLPG1972  NCT02612246; Toxicity, pharmacokinetics, pharmacodynamics [25]
Galapagos Phase I (April Healthy and OA patients
2016-July 2016)
GLPG1972  NCT03595618 Reduction in cartilage loss was assessed by cartilage www.fiercebiotech.
Galapagos Phase I (August thickness as measured in the medial cMTFC of the com/biotech/
2018-July 2020) target knee using qMRI. galapagos
OA Patients Shows no DMOAS
activity
Antibodies
M6495 NCT03583346 In participants with symptomatic knee OA to explore NO Data available
Ablynx Phase I (August the safety, tolerability, immunogenicity,
2018-July 2019) pharmacokinetics (PK), and pharmacodynamics (PD)
M6495 NCT03224702 Healthy Male Subjects NO Data available
Ablynx Phase [
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tive in the human disease, or showed detrimen-
tal side effects and thus not approved for
clinical use. For example, in human OA
explants, a humanized ADAMTS-5-selective
monoclonal antibody (GSK2394002) was able
to decrease the levels of aggrecan fragments
released. However, toxicity studies of this anti-
body in a primate model of OA showed impair-
ment of cardiovascular function as a side effect,
and clinical trial studies were not developed. A
novel type of therapeutic anti-ADAMTS-5 anti-
body, the Nano-body (M6495, Ablynx) blocked
OA progression in mice following destabiliza-
tion of the medial meniscus (DMM) surgery
and reduced circulating levels of aggrecanase-
generated aggrecan fragments when adminis-
tered in a primate model [26]. A different set of
antibodies that inhibited either the ability of
ADAMTSS for auto-activation or its interaction
with an activating factor, such as LRP1, have
also been shown to protect against aggrecanol-
ysis in vitro [223, 224]. However, no informa-
tion is available if they were investigated for
their clinical therapeutic usefulness.

In summary, future plans for the generation
of aggrecanase inhibitors as clinically sound
therapeutics for targeted mitigation of aggrecan
depletion from the cartilage ECM during OA
pathogenesis may remain impeded by the find-
ings that these enzymes have multi-tissue and
organ distributions and functions. For example
ADAMTSS is essential for dermal wound heal-
ing [266], maintenance of tendon fibrillar struc-
ture/function [275], regulation of metabolic
health by adipose tissue [17], and cardiovascu-
lar homeostasis [16]. An alternative future
approach to restoring the aggrecan-dependent
physiochemical and biomechanical properties
of the cartilage matrix may require the cartilage-
targeted delivery of engineered cleavage-
resistant aggrecan-or GAG-mimetics, singly or
in molecular complexes with other components.
Such an approach could develop from techno-
logical advances made to-date in chemo-
enzymatic synthesis of functional GAG
structures and domains [175, 240].

1.4  Hyaluronan Metabolism
and Its Relevance
to Cartilage Structure

and Function

Hyaluronan is a high-molecular weight polysac-
charide composed of repeating disaccharide
units, (—4) p-GlcA (1-3) fGIlcNAc (1—) witha
wide range of structural and metabolic functions
in all tissues and body fluids [89]. These func-
tions include lubrication, water homeostasis,
macromolecular filtering, interactions with
“hyaladherins” in matrix organization [49, 158,
274, 303] and regulation of cellular activities dur-
ing development and in a range of pathologies
[76, 92, 130, 194, 257]. This section provides a
brief summary of the extensive research into the
role of HA in cartilage structure/function and fol-
low with highlights of recent advances in HA
metabolism that could be incorporated into
studying the cell biological responses of tissues
under mechanical perturbations.

1.4.1 Hyaluronan in Cartilage
Matrix Structure and Articular

Joint Mechanics

The role of HA in cartilage has largely been con-
sidered in the light of its physical properties,
namely for organizing aggrecan throughout the
extracellular cartilage matrix A first report of a
specific interaction of aggrecan with HA was
reported by Hardingham and Muir [86, 87, 260],
followed by more detailed analyses of the role of
HA chemistry [90] and the role of the link glyco-
proteins in stabilization of the protein carbohy-
drate interactions [23, 67, 182, 252]. The
biochemical analyses was later confirmed by
electron microscopic methodology to visualize
the structural arrangement of aggrecan mono-
mers [96, 215] and link proteins [30, 31, 173]
along the extended HA polymer backbone. In
vitro cell biological studies with rat chondrosar-
coma cells, and with pig and rabbit articular
chondrocytes, confirmed that the ternary com-
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plex between aggrecan, link protein and hyaluro-
nan was formed extracellularly, soon after
secretion of the glycosylated proteins from the
cell [120, 121, 198, 209, 216].

A different protein-HA modification, first dis-
covered in the cumulus oophorus extracellular
matrix [74] has also been identified in the extra-
cellular matrix of OA cartilage [296]. These mac-
romolecular HA complexes are formed in the
extracellular matrix by covalent transfer of heavy
chains (HCs) from inter-alpha-inhibitor (ITI) to
HA. ITI is a modified CS proteoglycan with a
core protein, bikunin that has 1, 2 or 3 HCs
attached by an ester linkage between an aspartate
in the HC and the 6-OH of a GalNAc in the CS
chain [150]. The HC is transferred to the 6-OH
on GIcNAc in HA [301] by tumor necrosis factor-
induced protein-6 (TSG-6) [48, 176]. Subsequent
investigations have identified the formation of
such HC-HA matrices as part of a cellular
response in tissue inflammations in a wide range
of chronic diseases [136, 274], including asthma
[250] Crohn’s disease [195], diabetic nephropa-
thy [141], and degenerative suspensory ligament
desmitis [202]. In both, OA and RA, HA-HC
complexes are abundantly present in synovial
fluid aspirates from patients [116, 229, 293, 296]
and in animal models [68, 135] likely having
been shed into the fluid after formation in
inflamed synovium and/or degenerated cartilage.

In addition to the role of HA in organization of
tissue and cell-specific extracellular matrices, it
generates the viscoelastic properties of synovial
fluid [185, 251], and in cooperation with the
mucin-like molecule, PRG4 (aka Superficial
Zone Protein or Lubricin), it provides boundary
lubrication of the articular cartilage surfaces in
diarthrodial joints [230]. Notably, in both OA and
RA, decreased size and increased polydispersity
of molecular the weight distribution of HA poly-
mers in synovial fluid have been reported [12, 13]
in keeping with the proposed impaired cartilage
boundary lubrication in degenerative joint dis-
eases [24]. Such observations led to the wide
clinical use of intra-articular injections of high
molecular weight HA as potential therapeutic
‘viscosupplementation’ for arthritic joints [4, 10,
11, 211].

1.4.2 Engagement of Hyaluronan
Receptors Modulates Cell
Responses

The studies of HA receptors, CD44, RHAMM,
LYVE, Layilin and Stabilin2 and their down-
stream effects on cellular functions have been
extensively investigated, particularly in the areas
of development, cancer and respiratory diseases,
as well as neuro- and vascular pathologies. A num-
ber of comprehensive recent reviews on this topic
are available [76, 111, 131, 146, 162, 193, 263,
281]. Several of these receptors, in particular
CD44, have also been shown to be active in carti-
lage matrix development and inflammatory
pathologies, and those reports are summarized in
Table 1.5. In the context of biomechanical effects

Table 1.5 Reported in vivo and in vitro functions of HA
receptors in mechanosentive joint tissues

Bone

Unloading and
inflammation
induced bone
loss [94, 143]
Osteoclast
multinucleation
[51]
Differentiation of
osteoblasts [93]

Receptor Cartilage/Synovium
CD44 Immobilization of
pericellular HA [129];
Cell adhesion [132,
147];

Endocytosis of HA [3];
Modulation of BMP7
signaling [151]
Localized in epiphyseal
cartilage, articular
fibrocartilage [62];
Modulation of
expression of
transcription factor
Nrf2 in chondrocytes
[189]

Decreased IL6 and IL8
production, decreased
migration of
synoviocytes [287]
Modulation of cytokine
expression [8]
Inhibition of TL-1p-
induced MMP-1 and
MMP-13 production in
synoviocytes [177]
Synovial biomarker for
joint inflammation
[102]; Lymphatic and
blood vessel ingrowth in
endplate cartilage [218]
Increased lymphatics in
OA and RA synovium
[289]

RHAMM

Layilin No reports

LYVE Deficient
lymphatics in
peri-implant

membrane [65]
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on receptor HA interactions it is notable that ligand
responses to tensile or flow stresses have been
reported [14, 15, 184, 208], which would imply
that application of physiological forces, such as
tensile stress, sheer stress and fluid flow can affect
receptor-HA interactions. This would provide an
important function of these cell/matrix interac-
tions as force sensing mechanisms [71, 148].

1.5 HA Metabolism Pathways

Support Cell Survival

The biophysical, structural and cell biological
roles of HA polymers reviewed above should be
viewed in relation to their biosynthesis and deg-
radation pathways. Over the past 5 decades many
laboratories contributed research data that have
built a comprehensive picture of these pathways
(see Fig. 1.4).

1.5.1 Enzymatic Pathways in HA

Synthesis and Catabolism

The first insights into the mechanism of HA syn-
thesis were reported in 1959, using Streptococcus
membranes [154] that contained an enzyme
activity (HA synthase (HAS)), which uses GIcA-
UDP and GIcNAc-UDP as substrates to
polymerize HA chains, and its gene was cloned
in 1993 [52]. This was followed by identification
of mammalian HAS genes (HAS1, HAS2 and
HAS?3) from a number of laboratories (reviewed
in [282, 284]). They are transmembrane proteins,
and have similar domain organizations that
allows the direct translocation of the HA polymer
into the extracellular space during HAS-catalyzed
synthesis [153, 280]. Rates of polymer synthesis
and size of the extruded HA chain are dependent
on expression, translation and plasma membrane
targeting of the enzyme proteins [255] as well as

Pericellular Interterritorial
' g TR~
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Secretion
3 ® e
Interaction ®
with HA
Receptor
;ﬁ UDP-GleA Association with
/ HA-binding proteins
' (TSG6/HCs/fAcan, LP) HAS-Enzyme

( ) {1

n"‘\_h__f / \

@
&
\

Fig. 1.4 Schematic illustration of coordination of HA
synthesis, catabolism and HA-protein interactions:
HA-Synthesis steps include HAS1, 2 or 3 protein tran-
scription, modification and translocation to the plasma
membrane, polymerization of HA chains using cytosolic
UDP-GIcA and UDP-GIcNAc precursors and extrusion
into the extracellular space. Cell signaling can be induced
by HA/cell surface receptor interactions (CD44,
RHAMM, Layilin). Interaction of HA with binding pro-

Intracellular

HA-Catabolism

l HA-Receptor
“ Cell Surface Hyaluronidases

v Lysosomal Hyaluronidases

@ HA-Binding Proteins

teins (Acan, LP, TSG6, HCs) in the pericellular and inter-
territorial matrix generate specialized macromolecular
complexes. HA-catabolism is mediated either by receptor
mediated internalization (via LYVE-1 or Stabilin-2) of
high molecular weight polymer or of low molecular
weight fragments generated by cell surface hyaluroni-
dases (TMEM2 or CEMIP) and completed in the lyso-
somal compartment by resident hyaluronidases (HYAL1,
HYAL?2 or HYAL3)
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on the supply of the UDP-sugar precursors from
the cytoplasm [92, 112]. A detailed study of
HAS2 has revealed additional levels of post-
translational control, including phosphorylation,
[270], O-GlcNAcylation, [112], ubiquitination
and dimerization [114]. Furthermore, the estab-
lishment of HAS knock out mouse strains pro-
vided important insights into the distinct roles of
the three HAS proteins in development, growth
and pathologies (summarized in Table 1.6).

In addition to the biosynthetic pathways, the
degradative mechanisms for HA in tissues is also

Table 1.6 Genetic deletion of HA synthases and hyal-
uronidases in mice

Phenotype knock-out mouse
Gene/protein strains
Hasl (hyaluronan

synthase 1)

Defective formation of
retrocanal Bursa [237]
Increased Synovial Fibrosis,
Osteopenia [38]

Impaired skeletal development
[159, 170] Increased airway
hypersensity in asthma [233]
Altered neuronal activity [6]
Decreased neointimal
hyperplasia [118, 231]
Increased tumor cell invasion in
human mammary parenchymal
tissues [140]

Hyall (hyaluronidase Accelerated thinning of knee
1)° joint cartilage in aging
Prolonged fertility [157]
Severe cardiopulmonary

Has2 (hyaluronan
synthase 2)*

Has3 (hyaluronan
synthase 3)

Hyal?2 (hyaluronidase

2) dysfunction,
Anemia,
Mild craniofacial abnormalities
[42]
Hyal3 (hyaluronidase No detectable phenotype [9]
2)
Tmem?2¢ Increased levels of circulating
(Transmembrane HA, active on the surface of
protein 2; aka endothelial cells in the lymph
CEMIP2) nodes and liver [256]
Cemip (aka Impaired learning and memory
KIAA1199) ability due to decreased

dendritic spine density in
dentate gyrus granule cell [297]

2Conditional and Heterozygous Knockout Strains only;
complete Knockout is embryonically lethal due to failure
of heart development [34]

"Human Mucopolysaccharidosis Type IX is due to a muta-
tion in the HYALI gene

‘Conditional Knockout Strains

becoming more clearly defined. The existence of
lysosomal hyaluronidases has long been estab-
lished [110, 259], and their involvement follow-
ing receptor mediated endocytosis via CD44 [47,
85], LYVE-1 [204] and HARE (Stabilin 1) [283].
However, extracellular hyaluronidase activities
remained elusive until the identification of two
extracellular  hyaluronidase activities: (1)
TMEM?2, a type II transmembrane protein with
hyaluronidase activity at neutral pH, [105, 256,
291] is expressed widely in adult mouse tissues,
including vascular and lymphatic endothelial
cells and liver, the major sites of HA clearance;
and (2) KIAA1199 (CEMIP) [294, 295]. CEMIP
was initially described as having a pivotal role in
cancer cells, aiding their migration during tissue
invasion and metasis [72, 262]. However, a num-
ber of recent reports have demonstrated its
involvement in both cartilage pathologies [54,
59, 235, 299, 300] and osteoblast differentiation
[39] making this an interesting candidate gene
and protein to examine in relation to biomechani-
cal stimulants imposed on cartilage and bone tis-
sues (see Fig. 1.4).

1.5.2 Synergy Between Glucose
Metabolism and HA Synthesis
Adjusts the Cellular Energy
Status

More recent studies on HA metabolism in cancer
biology and diabetes have clearly demonstrated
that biosynthesis of the HA is closely linked to
intracellular glucose metabolism. This is through
both aerobic and anaerobic glycolysis for energy
production [265], and by the generation of the
two sugar nucleotides, UDP-GIcNAc and UDP-
GlcA. Together these sugar nucleotides regulate
HA production by modification of both the bio-
synthetic activity [272, 304] and the half-lives of
the membrane-associated HAS enzymes [271].
Biosynthesis of the two nucleotide precursors
takes place in the cytoplasm (Fig. 1.5) and is
driven by the availability of intracellular glucose
taken up by the cell from the interstitial fluid by
glucose transporters and its subsequent conversion
to Glc6P [36]. UDP-GIcNAc is then synthesized
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Fig. 1.5 Schematic Illustration of Integration of Glucose
Metabolism for Cytosolic Production of HA Biosynthesis
Precursors UDP-GlcNAc and UDP-GlcUA: Extracellular
glucose is transported into the cytoplasm by specific glu-
cose transporters, where it is shunted for energy produc-
tion via glycolysis and for production of the HA synthesis
precursors UDP-GlcNAc and UDP-GIcUA via the hexos-
amine biosynthetic pathway or by UDP-glucose pyro-

via the hexosamine biosynthetic pathway [187],
that also engages products from amino acid
metabolism (glutamine) and lipid metabolism
(Acetyl-CoA). UDP-GIcA biosynthesis on the
other hand, depends on the activity of two
enzymes, UDP-Glucose pyrophosphorylase
(UPP), which uses glucose-1-phosphate (Glc1P)
and UTP to generate UDP-Glc for conversion to
UDP-GIcUA by UDP-Glucose dehydrogenase
(UGDH) [244, 304]. Both enzymes show a wide
tissue distribution, including cartilages [44, 152].

To date, the mechanistic linkage of glucose
metabolism and HA synthesis has not been stud-
ied in detail in the context of cartilage during
growth, maturation and pathologies, with only
one recent review pointing to its importance in
the developmental biology of the tissue [100]. An
interest in the importance of the HBP in OA
pathology was initiated by the observations that
high concentrations of extracellular glucosamine
or mannosamine could inhibit in vitro cytokine-

UDP-Glc +m’ UDP-GIcUA

‘—-——_

—

QS

=) Glycoconjugate
Synthesis

Y/ /4

Golgi/ER

Cytosol

phosphorylase/UDP-glucose dehydrogenase, respectively.
Potential regulatory sites for mechanical stimuli of cells/
tissues are indicated by bold black arrows. It should be
noted that HA synthases have ‘direct’ access to cytosolic
UDP-precursors, whereas UDP precursors for the chon-
droitin and keratan polymerases, or for other enzymes of
glycol-conjugate synthesis, require an additional translo-
cation/transport step into the ER/Golgi compartments

induced aggrecan degradation by ADAMTS pro-
teinases [190, 221] and inhibit disease progression
in animal models of OA [183, 273]. Clinical use
of oral dosages of glucosamine as a potential
DMOAD [19, 70, 109, 165, 212] is still debated.

1.5.3 Are Biophysical Stressors
Important in Regulation of HA
Metabolism by Chondrocytes?

The subject of biomechanical effects on HA
metabolism has been most broadly studied in
endothelial cells and their response to sheer
stresses generated by blood flow [81, 155, 277], as
well as in epithelial cells in the alveolar lining
[97]. Other mechanical perturbances, such as
cyclic mechanical stretch or strain, shear stress,
surface motion or mechanical injury [63, 119, 138,
142, 210, 254, 298] imposed on connective tissue
cells, including fibrochondrocytes and articular
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chondrocytes, have also been shown to modulate
HA production. The later studies have not pro-
vided any information on potential transduction
pathways for stimulated HA production, but likely
mechanisms could come from the newly emerging
databases on cartilage “metabolomics’ [5, 50, 232,
236, 243]. Key regulatory points would include
glucose transport [168, 169, 241], subsequent
GIc6P shunting to aerobic [113] or anaerobic gly-
colysis [292, 302] for energy production, and/or
synthesis of UDP-GIcNAc and UDP-GIcUA to
regulate HAS activities. Given the critical struc-
tural and cell regulatory roles of HA reviewed
above, a more detailed understanding of HA
metabolism and its response under biomechanical
perturbation of tissues and cells would provide
novel opportunities to uncover treatment of carti-
lage pathologies [261], as well as optimization of
procedures for the production of tissue engineered
cartilages [160, 245].

1.6  Conclusion

Despite the extensive knowledge base in cartilage
extracellular matrix structure and metabolism in
health and diseases, there remain multiple opportu-
nities to apply ‘big data’ generation and bioinfor-
matics mining approaches to gain further insights
to the feed-forward and feed-back mechanisms
between genes, their products and cellular path-
ways. These goals could be achieved by applying
such approaches to examine engineered tissues,
animal models and clinical biorepositories.
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Abstract

Investigating the mechanobiology of chondro-
cytes is challenging due to the complex micro-
mechanical environment of cartilage tissue.
The innate zonal differences and poroelastic
properties of the tissue combined with its het-
erogeneous composition create spatial- and
temporal-dependent cell behavior, which fur-
ther complicates the investigation. Despite the
numerous challenges, understanding the
mechanobiology of chondrocytes is crucial
for developing strategies for treating cartilage
related diseases as chondrocytes are the only
cell type within the tissue. The effort to under-
stand chondrocyte behavior under various
mechanical stimuli has been ongoing over the
last 50 years. Early studies examined global

techniques, recent studies have focused on
investigating real-time individual and collec-
tive cell responses to multiple / combined
modes of mechanical stimuli. Such efforts
have led to tremendous advances in under-
standing the influence of local physical stimuli
on chondrocyte behavior. In addition, we
highlight the wide variety of experimental
techniques, spanning from static to impact
loading, and analysis techniques, from bio-
chemical assays to machine learning, that
have been utilized to study chondrocyte
behavior. Finally, we review the progression
of hypotheses about chondrocyte mechanobi-
ology and provide a perspective on the future
outlook of chondrocyte mechanobiology.

Keywords

biosynthetic behavior under unidirectional
mechanical stimulus. With the technological
development in high-speed confocal imaging
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The central physiological role of cartilage is
purely mechanical. Cartilage cushions mechani-
cal joint loading to facilitate smooth movement.
The composition and structure of cartilage tissue
have evolved to accommodate the complex in
vivo multiaxial loading that the tissue experi-
ences. Such composition and structure generate a
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unique micromechanical environment for chon-
drocytes during mechanical loading. Over the
last 50 years, researchers have been investigating
the relationship between the unique structure and
the mechanical response of cartilage at multiple
scales. Understanding how chondrocytes respond
to such complex micromechanical environment
under load is crucial for describing the bulk
mechanical behavior of the tissue. As such, the
field of chondrocyte mechanobiology, which
seeks to understand how mechanically driven
physical stimuli influence cell behavior, emerged
as an important area of biomedical engineering
about 30 years ago.

Mechanobiology is particularly important
for chondrocytes and cartilage because chon-
drocytes are the only cell type to generate car-
tilage without blood vessels or nerves. In
addition, the sole purpose of the tissue is to
bear in vivo mechanical loads. Therefore,
mechanical damage to cartilage is detrimental
as the tissue continuously degenerates, ulti-
mately leading to debilitating joint movements.
Thus, investigating the influence of local phys-
ical stimuli on chondrocytes is crucial for
understanding cartilage-related diseases, such
as osteoarthritis, and for developing poten-
tial treatments to prevent or stop cartilage
degeneration.

Studying cartilage mechanobiology is excep-
tionally challenging due to the three-dimensional
chondrocyte-matrix interaction and the innate
electrochemical-mechanical properties of the tis-
sue. Even a simple compressive boundary condi-
tion can generate interstitial fluid flow, change in
fixed charge density, and heterogenous matrix
deformation, which are all coupled. Such coupled
local physical stimuli are sensed by chondrocytes
and influence the cells’ behavior.

This chapter aims to review the history of
mechanobiology studies in chondrocytes and
describe experimental techniques that have been
utilized. In addition, we describe the progress of
hypotheses and important local physical factors
that can influence chondrocyte behavior and pro-
vide an outlook for the future of chondrocyte
mechanobiology.

2.2  Static Stimulus

Initial studies on the effects of mechanical forces
on the chondrocyte mechanism were performed
under static loading conditions. Because cartilage
is poroelastic, static loading must be applied by
imposing weight or displacement on the sample
and waiting for hydrostatic pressure and fluid flow
to be dissipated [1-6]. Under constant load condi-
tions, cartilage experiences poroelastic creep or
stress relaxation [7, 8]. Such poroelastic behavior
is caused by interstitial fluid flow. In addition, con-
fined and unconfined boundary conditions can be
imposed on the samples [9]. A confined boundary
condition is accomplished by placing a cartilage
sample in an impermeable and enclosed chamber
with permeable porous platen compressing the tis-
sue, while an unconfined boundary condition is
achieved using an open chamber with an imper-
meable platen. These boundary conditions affect
the direction of interstitial fluid flow caused by the
imposed static compression. Under confined com-
pression, fluid escapes against the loading direc-
tion through the permeable porous platen.
Meanwhile, unconfined compression (Fig. 2.1a, d)
forces the fluid to escape radially.

The effects of these static compressive
loading methods and variable boundary condi-
tions on chondrocyte biosynthetic activities
have been thoroughly studied for more than
30 years [1-6, 10]. At the tissue level, carti-
lage biosynthetic activity, defined by proline
and sulfate tissue intake, is suppressed mono-
tonically with increasing stress and strain [1]
(Fig. 2.1 and Table 2.1). Notably, this is the
first study to observe biosynthetic change in
cartilage under load. Given the complexity of
the mechanical response of cartilage, this
topic has remained an important area of inves-
tigation for the past three decades. The first
mechanism of compression-induced biosyn-
thetic change explored was changes in pH that
occur under static compression. Compressing
cartilage concentrates negative charges within
the matrix, which requires increase in intersti-
tial counterions, including H* and K*. An
increase in H* concentration reduces intersti-
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Fig. 2.1 Modes of mechanical stimulation to study carti-
lage mechanobiology. (a) Compression. (b) Shear. (c)
Tension. Regimes of loading rates. (d) Static, g; represents
imposed strain. (e) Dynamic, g; represents imposed strain,

Table 2.1 Ranges of imposed strain, strain amplitude,
frequency, and strain rate of static, dynamic and injurious
loading regimes used in mechanical stimulation studies

Imposed strain,

€; + strain Frequency Strain rate
amplitude ¢, f(Hz) 2 (571
Static [1-6, 0-0.67 0 0
10-12, 14,
15, 22, 65,
66]
Dynamic 0-0.5+0.005- 0.0001- 2x10°—
[6, 10,12, 0.17 2.6 1.77
13, 22-27,
36, 66-73]
Injurious 0.5-0.8 3.5%107> - 7 x 107> -
loading 32 4
[43-48, 52,
54-59, 74,
75]

tial pH, and the reduction of interstitial pH
reduces the biosynthesis level. Remarkably,
lowering the media’s pH produces the compa-
rable interstitial pH of compressed tissue and
reduces biosynthetic levels. Overall, this high-
lights the important role of counterions in
chondrocyte biosynthesis.

Time (s) Time (s)

€, represents strain amplitude, and f represents frequenc%.
(f) Injurious loading. €; represents imposed strain, and °
represents strain rate

The second mechanism of compression-
induced regulation of chondrocyte biosynthesis
is alteration of molecular transport. Compression
with an impermeable boundary condition causes
solute transport to occur radially and leads to a
decrease in the pore size of the matrix. Further
research [2, 10] has shown that biosynthetic
activity under static compression is location-
dependent. In general, increased static compres-
sion decreases location-specific biosynthetic
activities uniformly across the construct. Tissue
at the radial edge consistently expresses a higher
synthetic level, but static compression decreases
the overall biosynthesis. The biosynthetic activ-
ity forms a radial gradient as the level decreases
gradually towards the center. More interestingly,
the synthesis level at the radial edge of the free
swelling sample is slightly higher than in the rest
of the sample. These phenomena were thought to
be caused by the limitation of molecular trans-
port due to the compression-induced decrease in
tissue diffusivity. The compaction of the matrix
around chondrocytes reduces the characteristic
pore size, hindering the delivery of macromole-
cules to the cells [11]. Therefore, at the center of
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the sample, nutrients are not as readily available
as at the radial edge, leading to a radial gradient
of the biosynthetic level.

However, chondrocytes embedded in agarose
respond differently to those present in native tissue
[12]. Agarose-chondrocyte constructs held at 5%
static strain do not display a statistically significant
difference in biosynthetic levels compared to those
of free-swelling constructs. This indicates that
other factors might play a more important role than
molecular transport in depression of biosynthesis.
Notably, agarose gel is significantly more diffusive
than the native cartilage matrix. Therefore, 5%
static strain may not hinder the diffusivity of aga-
rose-chondrocyte constructs as much as that of
native cartilage matrix. Collectively, these data
highlight the unique nature of cartilage with respect
to the consequences of static compression. In the
absence of transport restriction and mechanochem-
ical effects, the primary effect of static compres-
sion on chondrocytes is due to deformation.
Interestingly, biosynthetic activities seem to depend
on the deformation of cells in agarose systems.

At the length scale of a single cell, chondrocyte
biosynthesis is primarily concentrated in the peri-
cellular matrix [13]. Biosynthetic levels are
approximately uniformly distributed around the
cell in the absence of any physical stimuli [6].
Chondrocytes undergo morphological changes
under static compression [3]. Cell volume and sur-
face area decrease as higher levels of compression
are imposed. The cell radius decreases in the direc-
tion of compression, while the radius in the direc-
tion perpendicular to compression remains
unchanged. This deformation creates directional
strain within the chondrocyte, resulting in the
highest levels of biosynthesis in directions perpen-
dicular to that of the applied compression. The
directional dependence of biosynthesis becomes
even more pronounced in the radial edge of the
tissue compared to the center. On the other hand,
the deformation pattern and magnitude of each
cell remain relatively uniform across the
construct.

Studies performed at the tissue and cell level
suggest that alterations to chemical composition,
diffusivity, and cell volume due to applied physi-

cal stimuli are the leading factors that influence
chondrocyte behavior. Under static compression,
cartilage tissue volume decreases due to compac-
tion of collagen matrix. Such decrease in volume
forces co-ions such as sulfate and proline to
escape, increasing the concentration of counter-
ions such as K* and H*. Changes in electrochemi-
cal composition cause a decrease in interstitial
pH, leading to a reduction in chondrocyte biosyn-
thesis. In addition, molecular transport into the
tissue is slowed due to a compression-induced
decrease in pore size [14, 15]. As pore size
decreases, transport of nutrients needed for bio-
synthesis becomes limited at the center of the tis-
sue. Such limitation generates a spatially
dependent biosynthetic pattern in which the
radial edge displays a consistently higher biosyn-
thetic level than the center. Furthermore, changes
in cell volume in response to applied stimuli cre-
ate directionally dependent cell biosynthetic
activity. These phenomena explain observed
changes in biosynthesis levels in cartilage tissue
under static compression.

2.2.1 Maechanical Anchoring

and Substrate Stiffness

Even in the absence of external stimuli, chondro-
cytes are sensitive to the mechanics of the sur-
rounding extracellular matrix (ECM). Chondrocyte
adhesion indicated by phenotype increases dra-
matically over substrate stiffness ranging from
25 kPa to 150 kPa [16]. These effects are depen-
dent on interactions with integrins, suggesting that
the cells are actively probing the matrix mechan-
ics. Active mechanical sensing is further reiterated
by studies in which cell behavior is altered by
mechanical anchoring of the substrate. Static com-
pression studies indicate that alterations to molec-
ular transport, chemical composition, and cell
volume are the major factors that influence chon-
drogenic biosynthesis. However, a recent study
[17] has shown that mechanical properties of
ECM, such as stress relaxation time and stiffness,
have a significant impact on chondrocyte behavior.
Chondrocytes embedded in hydrogel with faster
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stress relaxation can produce up to 3 times more
interconnected cartilage matrix volume and prolif-
erate up to 6 times more than those in hydrogel
with slower stress relaxation time. The effects of
ECM stiffness on chondrocyte biosynthesis are
not yet clear due to conflicting results [17, 18]. In
addition, tissue-engineered menisci constructs that
were mechanically anchored during the culture are
3 times stiffer, and collagen fibers were 50% more
aligned than those that were not anchored [19].

Passive physical stimuli, such as substrate
stiffness, do not alter the physicochemical prop-
erties of the tissue or chondrocyte, yet they still
influence the behavior of chondrocytes. These
results indicate that the chondrocyte-matrix inter-
action is another significant factor that impacts
chondrocyte behavior, complementing static
compression studies that demonstrate the impor-
tance of molecular transport, interstitial pH level,
and cell deformation.

2.3  Dynamic Stimuli

2.3.1 Dynamic Compression

Studies of static stimuli on cartilage provide
insights into chondrocyte behavior, but dynamic
stimulus is a more physiologically realistic repre-
sentation of in vivo loading. Superimposing
cyclic loading on top of static load introduces dif-
ferent factors such as fluid flow, hydrostatic pres-
sure, and streaming potential. Previous in vivo
joint loading studies have suggested that dynamic
loading may play a critical role in proteoglycan
synthesis and content [20, 21]. Dynamic loading
experiments (Fig. 2.1a, e) can mimic the in vivo
loading environment of the articular cartilage and
better simulate chondrocyte behavior in vitro.
These loading conditions inherently impose both
static and cyclic components where the tissue
would experience the magnitude of strain and
frequency. Utilizing the base knowledge and
hypotheses formed from static compression stud-
ies, the influence of frequency on chondrocyte
biosynthesis can be differentiated from the static
component of the dynamic physical stimuli.

During a single compression-release cycle,
the interstitial fluid escapes during the compres-
sion and enters the tissue during the release [22].
On this short time scale, consistent with the static
physical stimulus, the proline and sulfate content
in chondrocytes decreases down to 50% during
the compression. However, during the release,
the uptake increases up to 100%, indicating that
the biosynthesis rate exceeds the pre-compression
level following applied stimulus. These phenom-
ena led to an interest in studying the effect of pro-
longed cyclic compression on cartilage
metabolism.

Consistent and prolonged dynamic loading
has different effects than single or couple com-
pression release cycles. Sub-physiologic
(0.0001 Hz) to physiologic (1 Hz) frequencies
are often used for prolonged experiments
(Table 2.1). Cyclic compression studies suggest
that stimulus-induced amplification of biosyn-
thesis displays a strain and frequency threshold.
Frequencies of 0.01-1 Hz combined with strain
amplitude of 1-5% stimulated biosynthesis lev-
els up to 40%. Furthermore, a spatially depen-
dent biosynthesis level is also present in
dynamically stimulated tissues. At a lower fre-
quency of 0.01 Hz with 4-7% strain, the bio-
synthesis rate is uniformly distributed across
the tissue [23]. However, at a higher frequency
of 0.1 Hz, the cartilage tissue at the radial edge
has a 50% higher biosynthetic level than at the
center, consistent with the observation of stati-
cally compressed samples [10]. At frequencies
lower than 0.1 Hz, the interstitial pressure is
uniformly distributed across the construct, cre-
ating a uniform fluid flow from the center to the
outer ring of the explant. As the frequency
increases, the interstitial fluid does not have
adequate time to escape, and the center of the
tissue becomes incompressible, causing the
fluid flow to concentrate in the outer ring.
Spatially dependent fluid flow creates a spa-
tially dependent biosynthesis level.
Concentration of fluid flow is further confirmed
by an increase in the streaming potential in
response to an increase in frequency [24].
Dynamic compression induces counterion sep-
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aration, and co-ions from the separation are
transported out of the tissue leading to increase
in streaming potential. Collectively, these
results indicate that biosynthesis stimulation is
highly correlated with local interstitial fluid
flow.

At the cell level, the biosynthesis level
increases with dynamic loading compared to cells
under free swelling condition. Frequency and spa-
tially dependent chondrocyte biosynthesis levels
are consistent with the tissue level data [6].
Chondrocytes under 0.01 Hz compression display
a relatively uniform increase in biosynthesis level
across constructs [10]. On the other hand, chon-
drocytes under 0.1 Hz display a 50% increase in
biosynthesis at the radial edge, while no change is
observed at the center. This trend in the biosyn-
thetic level matches the theoretical interstitial
fluid velocity and is consistent with the findings
from static compression cell-level data.

Dynamic compression data collected at both
the tissue and cell level indicate that interstitial
fluid flow might be the most important factor in
stimulating the biosynthesis of cartilage tissue. In
general, dynamic compression induces intersti-
tial fluid flow, resulting in increased streaming
potential and ultimately accelerates the chondro-
cyte biosynthesis. There is evidence that dynamic
compression helps molecular incorporation into
constructs [25, 26]. In addition, biosynthesis
stimulation through dynamic compression is
temporally dependent [27]. Tissues under alter-
nate day loading display up to a 30% increase in
proteoglycan synthesis and a suppression of pro-
line synthesis down to 40% compared to a con-
tinuous loading regime. This indicates that
proteoglycan and proline synthesis are differ-
ently stimulated under dynamic compression.
Such finding is extremely valuable as proteogly-
can provides compressive mechanical strength to
cartilage while collagen provides shear strength.
Furthermore, biosynthesis levels vary signifi-
cantly depending on the type of matrix in which
chondrocytes are embedded, pointing toward the
importance of chondrocyte-matrix interaction.
Collectively, dynamic compression studies reveal
that fluid flow is an important stimulus of chon-
drocyte biosynthesis.

2.3.2 Oscillatory Shear and Tension

Static and dynamic compression studies suggest
that interstitial fluid flow and matrix deformation
are the prominent factors that influence chondro-
cyte biosynthesis. These two factors are coupled
under dynamic compression, as the volume
change that occurs under compression generates
interstitial fluid flow. In contrast, dynamic shear
generates high matrix deformation with minimal
interstitial fluid flow [28]. As such, imposing
dynamic simple shear (Fig. 2.1b, e) can be used
to differentiate the effects of matrix deformation
and interstitial fluid flow on the biosynthetic
activity of chondrocytes. Indeed, dynamic shear
influences the biosynthetic activity of chondro-
cytes differently than compression. Notably,
dynamic shear strain stimulates collagen synthe-
sis two-fold more than proteoglycan synthesis.
Further, tissue biosynthetic activity does not
show spatial dependence [28-30], unlike the
static and dynamic compressive stimuli.
Importantly, dynamic shear does not promote
molecular transport within the tissue, as observed
under dynamic compression [30]. Collectively,
these findings suggest that (1) the shear-induced
ECM deformation stimulates collagen synthesis
and (2) fluid flow induced by compression stimu-
lates proteoglycan synthesis and enhances
molecular transport.

Studies of the effects of dynamic tension on
chondrocyte behavior have utilized a hydrogel
culture system, partly due to the challenges in
imposing tension on intact cartilage. Based on
findings from applications of compression and
shear stimuli on intact tissue, chondrocytes
exposed to oscillatory tension (Fig. 2.1c, e) are
expected to express an increase in collagen and
proteoglycan synthesis, as this type of loading
generates both matrix deformation and interstitial
fluid flow [31]. Surprisingly, chondrocytes
embedded in fibrin hydrogels experience a stimu-
lation in proteoglycan synthesis with no change
in collagen synthesis under dynamic tension [32].
In addition, chondrocytes harvested from differ-
ent regions (superficial, middle, and deep) dis-
play different levels of biosynthetic activity in
response to the same physical stimulus.
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Furthermore, recent studies have suggested that
the mechanical properties of cartilage zones are
depth-dependent [26-29]. The zone-specific
mechanical properties generate a unique micro-
mechanical environment for chondrocytes in
each zone. In fact, these differences in mechani-
cal properties lead to differences in local strain
[33], which are directly related to chondrocyte
behavior [34, 35]. Differences in chondrocyte
behavior, both in various cartilage zones and in
native tissue versus fibrin hydrogels, confirm that
chondrocytes sense matrix density and mechan-
ics. Collectively, these findings underscore the
importance of the micromechanical environment
on the response of chondrocytes to external
mechanical stimuli.

Dynamic stimulation studies highlight the
complexity of the micromechanical environment
and chondrocyte biological responses to external
stimuli. In general, chondrocyte biosynthesis
depends heavily on the local physical environ-
ment (Fig. 2.2a). Tissue regions that experience
high levels of compression and associated inter-
stitial fluid flow tend to show stimulated proteo-
glycan synthesis, while regions with high matrix
deformation tend to display stimulated collagen
synthesis. In fact, chondrocytes within the same
construct have shown differential matrix synthe-
sis depending on the local physical stimulus
(Fig. 2.2b) [36]. In these studies, chondrocytes
under local tensile strain synthesize more colla-
gen with organized fibers. Those under the local
compressive strain synthesize more proteogly-
cans than collagen, and the formed collagen does
not contain organized fibers. Overall, oscillatory
tension and shear data further confirm the critical
influence of local physical environment on chon-
drocyte behavior.

2.3.3 Impact/Injurious Loading

It is well known that the avascular nature of car-
tilage hinders the tissue’s natural repair capabili-
ties. Such innate limitation in natural repair
results in continuous cartilage degeneration fol-
lowing injuries, ultimately leading to osteoarthri-
tis [37, 38]. Previous studies of dynamic

compression reveal that compressive strain rate
increases both hydrostatic pressure and matrix
synthesis [10, 23, 24, 39]. In addition, chondro-
cytes contained within different zones react dif-
ferently to the same physical stimuli [32, 40].
These findings, coupled with the ability of chon-
drocytes to probe the micromechanical environ-
ment, suggest that impact loading (Fig. 2.1a, f)
can offer a unique perspective on the role of
chondrocytes in cartilage degeneration following
injurious loading.

At the tissue level, chondrocyte survivability
depends heavily on the strain rate. Physical stim-
uli resulting in a strain rate higher than the matrix
diffusion rate causes chondrocytes death at the
superficial zone [41, 42], while at a strain rate
lower than the matrix diffusion rate, cell death is
distributed  throughout the tissue [43].
Interestingly, a higher relative strain rate
decreases tissue biosynthesis by 33% compared
to that of a lower strain rate [44]. In addition, a
higher strain rate causes surface fissures and dis-
rupts the collagen network. Such damage results
in GAG loss in tissue within 24 h following the
impact [45]. During the impact, the superficial
zone acts as a protective layer, where tissue with-
out superficial zone loses three times more GAG
than that with superficial zone [46]. The relation-
ship between peak stress and total GAG loss is
still unclear [45, 47]. Despite GAG loss within
the tissue, impact does not affect proteoglycan
synthesis. However, collagen synthesis is most
likely stimulated by collagen network disruption
[44]. Other factors such as insulin-like growth
factor and synoviocyte co-culture can reduce
GAG loss and collagen network disruption
(Fig. 2.2¢) [48, 49], while cytokines can accentu-
ate tissue damage [50]. Overall, the results sug-
gest that the injurious impact disrupts and
damages the collagen network, resulting in GAG
loss (Fig. 2.24d).

At the length scale of a single cell, strain
imposed by impact loading is highly correlated
with cell death [42]. In addition, chondrocyte
death develops within 2 h after the impact and is
concentrated at the superficial zone of the tissue.
When the surface region is removed, chondrocyte
death is distributed towards the deeper zone. This
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Fig. 2.2 Bulk mechanical behavior and biosynthetic
analyses for cartilage. (a) Physical stimuli are applied to
whole cartilage samples, which induce many changes
including: cell deformation; increase in hydrostatic pres-
sure; and interstitial fluid/coion flow. Changes in ECM
content are determined through bulk biochemical assays

data is consistent with tissue level data [43] and
further confirms the protective role of the superfi-
cial zone [46]. Numerous studies demonstrate
that such high-speed impact induces cell death
over time, mostly through apoptosis [44, 51-55].
At 1 s7! strain rate, 5-20% of the total cells
undergo apoptosis depending on the age of the
subject [56], and up to 97% of the dead cells
undergo apoptosis [57], demonstrating that pre-
venting apoptosis can potentially stop the devel-
opment of post-traumatic osteoarthritis. Various
factors can influence the apoptotic process.
Following injury, the immune system produces
pro-inflammatory cytokines, like tumor necrosis
factor alpha (TNF-a), and such cytokines can
induce further GAG loss [55]. On the contrary,
the response to impact injury can also induce
expression of several factors such as vascular
endothelial growth factor, hypoxia-inducible fac-
tor, and matrix metalloproteinase [38, 52, 54, 58].

and radio labeling (b), and changes in chondrocyte gene
expression can be analyzed via Western Blot or in situ
hybridization (¢). Media contents of ECM components
can be quantified by using biochemical assays or radio
labeling (d)

Additionally, anti-inflammatory cytokines like
interleukin-10 can reduce GAG loss and apopto-
sis [59]. Furthermore, estrogen and antioxidants
significantly reduce impact-induced cell death
[46, 56], suggesting potential effects from gender
and age. Despite numerous injury studies [38,
58], the mechanisms by which impact induces
apoptosis are not clear.

Recent technological developments in high-
speed confocal microscopy and soft tissue impact
testing devices (Fig. 2.3a) enable further investi-
gation of phenomena upstream of apoptosis.
Additionally, these techniques facilitate the
assessment of spatially dependent behavior of
single cells on physiologic time scales (Fig. 2.3b,
¢). With such advances, a recent study [60] dem-
onstrates that impact-induced chondrocyte apop-
tosis is caused by mitochondrial dysfunction, and
mitoprotective therapy can prevent chondrocytes
from undergoing apoptosis [61]. Further



2 Understanding the Influence of Local Physical Stimuli on Chondrocyte Behavior 39

Displacement B

100 pm

D
>
2
L8]
1%\ B 7
c =
- 5
N : |
Microscale Physical Stimuli
Objective

Fig. 2.3 Microscale behavior and cellular responses for
cartilage. Physical stimuli are imposed (a) and cellular
responses (b) and local micromechanical environment (c)
can be measured in real-time via microscopy. Comparing

investigation reveals that calcium signaling,
inter- and intra-cellular communication that acti-
vates mitochondrial dysfunction in response to
physical stimuli, occurs within milliseconds after
the impact [62]. The impact-induced chondrocyte
death mechanism remains under active investiga-
tion and developing a greater understanding of
this phenomenon could inform therapeutic
options to prevent post-traumatic osteoarthritis.

2.4 Future Direction

2.4.1 Combined Loading

Cartilage experiences a complicated in vivo
mechanical environment wherein mixed modes
of loading are applied to the tissue. Unidirectional
mechanical testing, such as compression, ten-
sion, and shear, grants only a limited understand-
ing of the influence of local physical stimuli on
chondrocyte behavior. In addition, cartilage tis-
sue has shown that the consequence of a mode of
loading can affect the tissue behavior under
another mode of loading. For example, impact

/

physical stimuli and cellular response (d) enables high
throughput assessment of chondrocyte mechanobiol-
ogy (adapted from [42])

loading increases the surface roughness of carti-
lage tissue two-fold, causing the friction coeffi-
cient to increase [63], and dynamic shear can
increase the secretion of lubricating molecules
[35]. Understanding chondrocyte behavior under
combined loading is particularly important to
halt the development and progression of
osteoarthritis.

Several studies have investigated the effect of
combined loading on the tissue level [41, 44, 50,
64]. In general, dynamic compression followed
by an injurious impact slightly promotes biosyn-
thesis [44, 50], but only up to a threshold ampli-
tude of 20%. In addition, injured -cartilage
displays elevated shear strain [64], and dynamic
shear after an injury exacerbates the apoptotic
behavior [41]. Chondrocyte behavior under com-
bined loading is most likely spatially and tempo-
rarily dependent, as indicated by previous studies
[3, 23, 62]. Understanding the temporally and
spatially dependent chondrocyte response to
combined loading could identify the mechanism
of osteoarthritis progression and enable develop-
ment of therapeutic options to stop the progres-
sion of osteoarthritis.
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2.4.2 BigData/Machine Learning

Recent technological development in high-speed
confocal imaging techniques has enabled the
capture of individual and collective cell responses
to multiple modes of physical stimuli at a higher
frame rate. This development has led to an explo-
sion in the number of collectable data sets. In the
late 1980s, a single cartilage explant could pro-
vide only two data points, sulfate and proline
uptake [1, 22, 24]. With the advent of high-speed
confocal imaging, a single sample can provide
more than 2000 individual cell data points [42].
This exponential increase in collectable data sets
makes individual data analysis inefficient.
Utilizing machine learning would enable effi-
cient data analysis and the categorization of cel-
lular behavior under various types of loading. In
fact, a recent study has shown the efficacy of
machine learning in analyzing cell signaling and
mitochondrial depolarization [62]. The combina-
tion of machine learning algorithms and mecha-
nobiology is an uncharted territory. The innate
complexity of chondrocyte behavior makes
machine learning an attractive candidate for data
analysis.

2.5 Conclusion

Five decades of research have led to a much
greater understanding of the influence of local
physical stimuli on chondrocyte behavior. The
innate zonal differences and poroelastic proper-
ties of cartilage tissue create spatial- and
temporal-dependent cell behavior under various
types of loads. This chapter covered the progres-
sion of hypotheses for chondrocyte behavior
under load and the development of associated
experimental techniques. Early studies investi-
gated cartilage biosynthesis at the tissue level
under static stimulus. Long-term biosynthesis
was suppressed the most at the center and the
least at the edge of the tissue, revealing a spa-
tially dependent response. Dynamic stimulus
tends to increase the biosynthetic level. The spa-
tially dependent response still exists, but only
when the stimulus is at a high frequency

(>0.1 Hz). Findings from studies with static and
dynamic stimuli generally indicate that the
micromechanical environment plays a critical
role in chondrocyte behavior. Along with the
development of imaging and mechanical loading
techniques for soft tissues, further understanding
of chondrocyte behavior has been achieved.
Impact loading, combined with advanced confo-
cal imaging techniques, indicates that chondro-
cyte behavior is not only spatially dependent, but
also possesses temporal characteristics. Under
impact loading, most of the chondrocyte death is
concentrated at the superficial zone, and the
apoptosis process starts within 2 h after the
applied stimulus. Further research in combined
loading accompanied by machine learning is
required to understand chondrocyte behavior
during the onset and progression of osteoarthritis.
Such understanding will give insight into preven-
tion and treatment possibilities for post-injury
cartilage degeneration.
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Abstract

Injurious loading of the joint can be accompa-
nied by articular cartilage damage and trigger
inflammation. However, it is not well-known
which mechanism controls further cartilage
degradation, ultimately leading to post-
traumatic  osteoarthritis. For personalized
prognostics, there should also be a method that
can predict tissue alterations following joint
and cartilage injury. This chapter gives an
overview of experimental and computational
methods to characterize and predict cartilage
degradation following joint injury. Two mech-

degradation of the extracellular matrix. When
implementing these two mechanisms in a com-
putational in silico modeling workflow, sup-
plemented by in vitro and in vivo experiments,
it is shown that biomechanically driven carti-
lage degradation is concentrated on the dam-
age environment, while inflammation via
synovial fluid affects all free cartilage surfaces.
It is also proposed how the presented in silico
modeling methodology may be used in the
future for personalized prognostics and treat-
ment planning of patients with a joint injury.

Keywords

anisms for cartilage degradation are proposed.

In (1) biomechanically driven cartilage degra- Cartilage - Injury - Modeling - Loading -

dation, it is assumed that excessive levels of Degradation

strain or stress of the fibrillar or non-fibrillar

matrix lead to proteoglycan loss or collagen

damage and degradation. In (2) biochemically

driven cartilage degradation, it is assumed that 3.1 Introduction

diffusion of inflammatory cytokines leads to

Abnormal loading of the joint is one of the most
common risk factors of osteoarthritis (OA)
(Fig. 3.1). Injurious loading of the joint may cause
damage to articular cartilage or other joint tissues,
possibly resulting in excessive forces or deforma-
tions in specific regions of the joint surfaces.
Subsequently, these processes may lead to articular
cartilage degeneration and post-traumatic OA [2,
3]. Joint injury can also trigger inflammation and
increase expression of aggrecanases (such as a dis-
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Fig. 3.1 Overview of cartilage degradation mechanisms
triggered by a joint injury. An injury may result in lesions
on articular cartilage surfaces, ligament tearing, and
synovium damage. Together, these damages promote a
catabolic joint environment encompassing abnormal bio-
mechanical loading patterns and pro-inflammatory cyto-
kines diffusing into cartilage. The former could lead to
locally elevated mechanical strains or stresses, suggested
to lead to cell death, collagen network damage and PG

integrin and metalloproteinase with thrombospon-
din motifs, ADAMTS-4,5) [35] and collagenases
(such as matrix metalloproteinase, MMP-1,13)
[58], degrading the extracellular matrix of carti-
lage, particularly collagen and proteoglycans
(PGs). However, the relationship between biome-
chanically and biochemically driven deterioration
of injured cartilage and progression of post-
traumatic OA is not well known. Moreover, pre-
vention and personalized treatment of OA is
possible only if the disease progression can be pre-
dicted. In this chapter, we provide evidence for
both degeneration mechanisms through multiscale
in vitro and in vivo experiments and in silico finite
element (FE) modeling. We also showcase in silico
modeling approaches for personalized prediction
of OA progression. Generally, for more detailed

Locally excessive
mechanical strains

Tissue-level changes
+ proteoglycan, collagen
+ cell viability

+ stiffness

+ permeability

loss. It can also lead to release of reactive oxygen species,
and cell death due to necrosis (acute) and apoptosis (per-
sisting abnormal loading). The latter mechanism upregu-
lates catabolic and suppresses anabolic gene expression in
chondrocytes. Ultimately, injured cartilage exhibits loss
of PG and collagen contents, lower cell viability, smaller
stiffness, and higher permeability compared to healthy
cartilage [15, 26, 46]

understanding, we refer to specific publications in
each sub-chapter.

3.2  Experiments to Study Tissue
Alterations Following
Cartilage Injury

3.2.1 General

In order to understand biomechanically and bio-
chemically driven mechanisms leading to carti-
lage degradation in detail, in vitro experiments
have often been conducted [8, 23]. In contrast to
in vivo animal model experiments or clinical
studies, in in vitro measurement setups one can
fully control both biomechanical and biochemi-
cal environments of the samples.
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3.2.2 Setup

A typical in vitro measurement setup to study tis-
sue alterations following cartilage injury has
been described in Fig. 3.2. Here, articular carti-
lage plugs were subjected to injurious loading
under unconfined compression (50—65% strain
amplitude, 100-400%/s strain rate), often pro-
ducing small cracks on the cartilage surface [9,
11, 21, 38, 40, 53]. This was followed by cyclic
(dynamic) loading (10-30% strain amplitude,
0.5-1 Hz loading frequency, haversine wave-
form) and interleukin (IL)-1-challenge (1 ng/ml)
for up to 24 days, both separately and combined.
For the cyclic loading, 1 h loading periods with
3-10 h resting periods were applied [9, 23, 38].

Cartilage hawestunuuunnuuunuuu‘

1
alsuns?rﬁcial layer

Smm

Bovine knee (left)
Human ankle/knee

Output cresssssssssssssssnes

Glycosaminoglycan, collagen loss
Aggrecan, collagen biosynthesis
Cell viability

Gene expression

Glymsammog]yca.n
concentration

low high

Cell viability
Live

300 p.lm
e " - Dead

Fig. 3.2 Experimental tissue explant models of post-
traumatic osteoarthritis. Cylindrical articular cartilage
plugs (thickness 1 mm, diameter 3 mm) have typically
been harvested from knee and ankle joints of calves and
humans post mortem. Two controlled biomechanical load-
ing protocols have widely been used in the in vitro mod-
els. The first is single injurious compressive loading in
unconfined compression, leading into formation of carti-
lage cracks in the superficial zone. The second is cyclic
(dynamic) loading mimicking daily walking, exhibiting

3.2.3 Analysis of Structure
and Composition

There are several methods to analyze alterations
in cartilage structure and composition following
injury. Biochemical methods have often been
used to analyze glycosaminoglycan and collagen
contents of the samples (dimethylmethylene blue
and hydroxyproline assays, respectively [24]).
Polarized light microscopy has been used to
determine changes in the collagen fibril network,
namely collagen fibril orientation. Fourier trans-
form infrared imaging has been performed to
quantify the spatial collagen content in cartilage,
while digital densitometry analysis of Safranin-
O-stained sections is suitable for evaluation of

Protocols ---==ssesssssmsmminnissssansnnnnnnannnns

In]unous Cyclic
loadmg loading
I —— R ——
Single ramp load + Haversine waveform
50-65% strain amplitude E 10-30% strain amplitude
100-400%/s strain rate * 0.5-1 Hz frequency

15-25 MPa peak stress + 1h on/5h off, repeat x4

v 3-24 days

Exogenous
cytokine challenge

0.1-10 ng/ml of IL-1

50 ng/ml of IL-6

25 ng/ml of TNFa

Medium changed every 2 days

physiological strain amplitudes and loading frequencies.
To induce biochemical degradation and inflammation,
exogenous administration of interleukin (IL)-1, IL-6, and/
or tumor necrosis factor a (TNFa) has been used. After
subjecting cartilage plugs to biomechanical loading, their
PG and collagen contents and depth-wise distributions,
collagen network architecture, aggrecan and collagen bio-
synthesis rates, cell viability, and gene expression, focus-
ing on genes such as aggrecan and IL-1, can be analyzed
[8,9,23, 25, 38]
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the spatial PG content of the tissue. For more
details, see for instance [27, 36].

3.2.4 Biological Analysis

Cell viability assays (fluorescent staining) have
been used to analyze the percentage of dead cells.
Real-time quantitative reverse transcription poly-
merase chain reaction (RT-qPCR) is a technique
for investigation of gene expression in cartilage,
targeting factors such as aggrecan and IL-1 [23].
On the other hand, aggrecan and collagen biosyn-
thesis rates can be analyzed by 3S-sulfate and
SH-proline incorporation [45].

3.3  InSilico Models
for Understanding
Mechanisms Leading
to Cartilage Degeneration
3.3.1 General

There are several constitutive material models in
the literature that can characterize cartilage
mechanics in different loading scenarios. Briefly,
traditional poroelastic and biphasic models can
distinguish between solid and fluid phases [32,
48]. When combined with anisotropic properties
of the solid matrix, these models can also charac-
terize tension—compression nonlinearity and high
fluid pressurization under rapid loading condi-
tions. Later developed fibril-reinforced poroelas-
tic and poroviscoelastic models are able to
separate the fibrillar network from the non-
fibrillar matrix, and can even consider swelling of
cartilage due to fixed charge density (FCD) of
PGs [20, 60]. In the latter model, the total stress
is given by

Oy =0;+0,—pI-TI 3.1)
=o,+0, —Arl-u'T-T],

where o, is the total stress tensor, o; and o,; are
the stress tensors of the fibrillar and non-fibrillar
matrices, respectively, p and Az are the hydro-

static and swelling pressures, respectively, I is
the unit tensor, u" is the chemical potential of
water, and T, is the chemical expansion stress. In
this equation, o is directly affected by the colla-
gen volume fraction.

These highly nonlinear material models have
been implemented using finite element (FE) anal-
ysis and recently applied to generate adaptive
algorithms for prediction of tissue alterations due
to abnormal biomechanical or biochemical envi-
ronment of knee joint, cartilage, and chondro-
cytes [11, 17, 31, 55]. In these models, it is first
assumed that the amount of a certain constituent
of the tissue (particularly collagen and PGs, or
FCD of PGs, or their biomechanical properties)
can change over time depending on the local
mechanical (stress or strain) or biochemical
(amount of inflammatory cytokines) environ-
ment. A brief overview of biomechanically and
biochemically driven cartilage degradation
mechanisms is given in the following.

3.3.2 Theory

Part I — Biomechanically driven degradation:
Biomechanically driven degradation models of
cartilage first assume that overloading (stress or
strain) can lead to cell death, altered tissue prop-
erties and OA [31, 47, 49]. In this approach,
excessive shear or deviatoric strains of over 30%
have been suggested to lead to cell death and
FCD loss or non-fibrillar matrix softening, while
excessive collagen fibril strains (>8%) or maxi-
mum principal stresses (>7 MPa) have been sug-
gested to lead to collagen fibril damage and
softening. The former affects directly Az and T,
in Eq. (3.1) and reduces swelling pressure in the
tissue or softens the tissue by reducing o,;. The
latter mechanism reduces o; in the same equation.
See more detailed mechanisms and implementa-
tion from [16, 31, 38].

In the degradation and damage algorithms,
collagen fibrils can also adapt to the changing
mechanical environment and bend toward maxi-
mum principal strain directions [55], simulating
collagen fibril reorientation in OA. In addition,
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PGs can be released directly through the tissue
surface through fluid expulsion, particularly
through a lesion surface where the collagen net-
work is damaged [38, 57].

Part Il — Diffusion-based biochemical degra-
dation: In this model, the inflammatory cytokines
are assumed to regulate the behavior of chondro-
cytes and subsequently the cartilage constituent
biosynthesis and degradation [17]. The cytokines
bind to corresponding receptors on the cell sur-
face. This triggers signaling cascades within the
cell which results in increased expression of
aggrecanases (such as ADAMTS-4,5) and colla-
genases (such as MMP-1,13) which can then act
in the pericellular and extracellular matrices [28,
35, 58]. Furthermore, there are tissue inhibitors
of metalloproteinases (TIMPs), which inhibit the
activity of ADAMTS and MMPs [35]. However,
the activity of TIMPs either remains unchanged
or is down-regulated by the cytokines [54].
Ultimately, when the degrading factors outweigh
the matrix biosynthesis and repair, this biochemi-
cal process leads to accelerated loss of aggrecan
and/or collagen.

These biochemical processes have been
implemented in mechanobiological models by
using reaction—diffusion partial differential equa-
tions [11, 17], which can be written as:

% _pvic R,
ot o

where C; is concentration of the constituent i
(e.g., chondrocyte, aggrecan, collagen, cytokine),
D, is the effective diffusivity of chemical species
i, and R; is the corresponding source—sink term,
which describes the rate of generation/repair or
degradation/apoptosis/consumption of individual
species. Aggrecan and collagen concentration
can then be linked with FCD and collagen vol-
ume fraction in Eq. (3.1), affecting directly Az
and T, or oy, respectively.

In Fig. 3.3, see an example of implementation
of these two degradation mechanisms in a mech-
anobiological model and how the model has
shown to produce results comparable to experi-
mental findings.

(3.2)

3.4 From In Vitro to In Vivo

3.4.1 General

In silico modeling of cartilage lesions in vivo
includes several multiscale steps. First, clinical
imaging is needed to generate the model geome-
try. For loading input, motion capture is needed
and supplemented by musculoskeletal (MS)
modeling. In vitro data and validated soft tissue
models can then be implemented to capture bio-
mechanically and biochemically driven degrada-
tion mechanisms of cartilage. Finally, the FE
model is generated and simulated based on the
input information, and the predictions are com-
pared with literature or personalized imaging
data. To get a better idea of the workflow, an
example is given below (see also Fig. 3.4).

3.4.2 InVivo Experiments

In a study by [37], magnetic resonance imaging
(MRI) and motion analysis were conducted for sub-
jects with anterior cruciate ligament (ACL) injury
and reconstruction. Changes in T, and T, relax-
ation times and kinematics of the subjects’ knees
were followed for 3 years post-surgery. T, is gener-
ally assumed to relate with PG content, while T, has
often been associated with collagen orientation of
cartilage [41, 52]. Cone-beam computed tomogra-
phy (CBCT) has also been used to image cartilage
injuries [18, 43]. It can provide better resolution
than MRI but has not shown capabilities for specific
evaluation of cartilage structure and composition.

3.4.3 InVivo FE Analysis

MRI and motion capture data at the 1-year follow-
up time point were used to generate computa-
tional MS-FE models of knees [37]. Cartilage was
modeled similarly as in the in vitro model, includ-
ing biomechanically (excessive shear strains) and
biochemically (diffusion of IL-1) driven degrada-
tion mechanisms. Simulation results of FCD loss
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Fig. 3.3 Tissue-level in virro modeling of cartilage inju-
ries. In these examples, injurious loading experiments
were simulated by an adaptive fibril-reinforced poroelas-
tic finite element model [11, 38, 60]. Two cartilage degra-
dation mechanisms were implemented. Biomechanically
driven degradation assumed that shear strains over a

were compared with changes in T, and T, times
during the follow-up. Similarly, in vivo CBCT
imaging has been used to generate FE models of
knees for evaluation of altered biomechanics
related to cartilage injuries [34].

3.4.4 Summary from In Vitro and
In Vivo Studies

Based on these selected experimental and com-
putational studies, in vitro and in vivo results

threshold of 32-50% induce apoptosis and fixed charge
density (FCD) loss. Biochemically driven degradation
simulated diffusion of pro-inflammatory cytokine inter-
leukin (IL)-1 (1 ng/ml) into cartilage and subsequent FCD
loss. Simulated and experimental FCD losses were com-
pared [11, 38]. (Material from: Orozco et al. [38])

showed local FCD loss around cartilage lesions
when the biomechanically driven -cartilage
degradation was applied. On the other hand, IL-1
diffusion via synovial fluid and subsequent FCD
loss were more global and observed on the free
cartilage surfaces [10, 11, 37, 38]. Therefore, it
was suggested that biomechanically and bio-
chemically driven cartilage degradation mecha-
nisms occur simultaneously in post-traumatic
OA, but they affect cartilage structure and com-
position differently in a location-specific manner.
These two mechanisms may also have a different
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Fig.3.4 Multiscale in vivo modeling of cartilage injuries.
Based on in vitro data, validated soft tissue models and
degradation mechanisms, loading scenarios, and clinical
imaging, an MS-FE model was developed [37]. As can be
seen on the bottom-right, biomechanically and biochemi-
cally driven degradation mechanisms predicted different

time-dependent response since the concentra-
tions of cytokines vary greatly between the early
acute phase after injury compared to possible
later chronic phase. The introduced model could
be used to estimate the effect of biomechanical
and biochemical interventions on the subsequent
cartilage degradation.

3.5 Toward a Clinical Assessment

Tool to Aid Decision Making

Modeling workflows presented in this chapter do
not yet provide any aid for clinicians to support
their decision making. For this reason, all the
steps in model generation and simulation should
become fast and reliable. For this task, all model-
ing steps, including generation of the model
geometry and mesh, implementation of loading
and material properties, and simulation, should
be automatic or at the very least semi-automatic.

Finite element joint model

Quantitative MRI
W f,.

Typ /T2 (ms)

3 20 40 60 80 100

Numerical predictions

1-year

Initial FCD content

&

Biomechanical degeneration

ECD (mEg/ml)

Low High

locations for fixed charge density (FCD) loss (very local-
ized vs. more global, respectively). These results suggest
that altered biomechanics regulates tissue composition
around the cartilage injury while pro-inflammatory cyto-
kines affect all surfaces in contact with synovial fluid.
(Material from: Orozco et al. [37, 39])

Incorporating the aforementioned and com-
plex material models requires a well-structured
and precise FE mesh to be able to correctly
implement different tissue constituents (e.g., col-
lagen fibril orientation and density, and fluid frac-
tion), and also to successfully converge the FE
analysis. In addition, the numerical convergence
of an FE model that includes several contact-
pairs, complex geometries and loading conditions,
and especially large deformations of highly non-
linear materials, depends heavily on the mesh
quality. Therefore, there have been attempts to
develop rapid state-of-the-art MS-FE modeling
and simulation pipelines, potentially feasible for
clinical applications to investigate joint- and tis-
sue-level knee mechanics in different functional
activities. One of those approaches is an atlas-
based FE modeling toolbox [30] along with an
electromyography  (EMG)-assisted, muscle
force-driven MS-FE analysis workflow [12]. In
this approach, based on certain anatomical
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dimensions of the joint, the existing template
model is scaled to match the corresponding
dimensions of an individual patient. This process
provides a personalized model geometry and
mesh and takes only a few minutes, underlining
the potential clinical applicability. The generated
model is then supplemented by muscle forces,
joint contact forces, and moments, as well as
automatic implementation of the material proper-
ties of the soft tissues. To showcase the usability
of the pipeline to estimate joint cartilage stresses
and strains, indicative of tissue health and degra-
dation, examples of simulation results of daily
activities and rehabilitation exercises are given in
Fig. 3.5. For more details, see Refs. [12, 13].

When supplementing this pipeline with adap-
tive modeling of cartilage health and degradation,
as shown in previous sections, one can design
personalized daily activity or rehabilitation pro-
tocols to avoid further cartilage degradation and
progression of osteoarthritis.

3.6 FuturePlans

In addition to the aforementioned mechanisms of
cartilage degradation, high shear strains near
chondral lesions may also lead to necrosis [51]
and apoptosis via abrupt and excessive deforma-
tion of cell membrane and increased levels of
reactive oxygen species (ROS) [5, 29]. Evidence
suggests that these cell death mechanisms also
result ultimately in PG loss via release of damage-
associated molecular patterns and aggrecanases,
ROS-amplified oxidative stress, and inflamma-
tory response [1, 22, 29]. In the light of the cell-
level experimental findings, it is now widely
accepted that elevated pro-inflammatory factors
and subsequent catabolic cell responses play a
key role in the pathogenesis of post-traumatic OA
[61]. There is also evidence that the pericellular
matrix acts as a transducer of biochemical and
biomechanical signals for chondrocytes, regulat-
ing their metabolic activity in response to envi-
ronmental signals [6, 7, 14]. Alterations in the
pericellular matrix properties and cell-matrix

interactions may also contribute to OA initiation
and progression. Currently, next-generation in
silico models are under development considering
both cell death and ROS-activity, as well as other
introduced mechanisms in this chapter, and these
models could help better understand post-
traumatic OA progression and possible recovery
of the PG content in temporally changing mecha-
nobiological environments [19, 33].

No consensus exists whether there is an asso-
ciation between symptomatic and radiographic
OA [50, 59]. Since cartilage does not have nerves,
pain is often not associated with the structural
progression of OA until at later disease stages,
but is rather related to other tissues, such as bone
and ligaments, or to inflammation. However,
mechanisms of pain are still an unexplored topic
in the field of computational modeling, and they
should be known before implementing them in
any in silico modeling framework.

While the development and validation of high-
fidelity and highly detailed predictive models is
essential to improve the understanding of mecha-
nisms leading to OA, the development of artifi-
cial intelligence (Al)-based models is needed for
fast prediction. There are sophisticated Al-based
methods for diagnosis of OA [4, 44, 56] and real-
time simulation of joint contact forces [42]. Fed
by personalized information, such methods could
be applied for fast and even real-time prediction
of OA progression and simulation of the effects
of interventions, pushing towards a more low-
fidelity and simpler, but as accurate as the high-
fidelity, tool for clinical use. When supplemented
with rapid X-ray imaging, wearables, and 2D
video imaging rather than MRI and extensive 3D
motion capture, the future in silico models could
provide a means for an out-of-lab setting where
clinical environment would not be needed to
obtain prognosis and enable monitoring. This
could best enable informed patient participation
in self-management of lifestyle and physical
activity interventions, which is a crucial factor in
prevention or delay of the progression of OA and
even more importantly in improving the patients’
quality of life.
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(1) Measuring anatomical dimensions
(from patient(s) and the template)

B Tibial cartilage B Femoral cartilage B Menisci
[ Patellar cartilage | | Joint space (cartilage thickness)

(3) Neuromusculoskeletal modeling with

subject-specific knee joint geometries
2

(2) Scaling the template model
according to the anatomical measurements

Subject’s knee joint
geometries

<

(4) Finite element analysis to estimate tissue mechanical

responses (for fibrillar and nonfibrillar matrices)
' = =

-

knee kinematics
and kinetics

(5) Subject-specific design of rehabilitation protocols according to the tissue mechanical responses at the region(s) of
interest, i.e., to optimally load knee soft tissue. As an example, exercise 1 may be excluded for this subject to avoid
excessive stress on the medial tibial cartilage which can damage the collagen network.

-

- r | ™
CAIlagn o Maximum principal stress within the tibial cartilage at the maximum knee joint contact force in each exercise
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Fig. 3.5 Atlas-based rapid MS-FE modeling, toward a
clinical assessment tool to aid decision making. (1):
Anatomical dimensions are measured from subject’s and
the template’s medical images, such as MRI. (2): The tem-
plate FE model (i.e., meshed geometries) are anisotropi-
cally scaled according to the anatomical dimensions. Note
that the template FE model contains the fibril-reinforced
poroviscoelastic material model, contact pairs, efc.,
enabling rapid generation of the subject’s FE model. (3):
Neuromusculoskeletal modeling is used to estimate sub-
ject’s kinematics, muscle forces, and joint contact forces
to provide the FE model with subject-specific inputs. The
MS model can incorporate subject’s muscle activation

patterns (i.e., measured by electromyography) and sub-
ject’s knee joint geometries (obtained from the scaled FE
model) within the analysis. (4): Using joint kinematics
and kinetics from neuromusculoskeletal modeling, FE
analysis is used to estimate tissue-level joint mechanics
for fibrillar (collagen network) and non-fibrillar (PGs)
matrices. (5): The estimated tissue mechanics in different
rehabilitation exercises can be used to assist clinicians
with decision making, i.e., designing subject-specific
rehabilitation protocols to avoid excessive loading and
accelerated degradation of the joint cartilage regions with
defects. (For more details, see Refs. [12, 13])
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In Vitro Models and Proteomics
in Osteoarthritis Research

Martin Rydén and Patrik Onnerfjord

Abstract

This review summarizes and exemplifies the
current understanding of osteoarthritis in vitro
models and describes their relevance for new
insights in the future of osteoarthritis research.
Our friend and highly appreciated colleague,
Prof. Alan Grodzinsky has contributed greatly
to the understanding of joint tissue biology
and cartilage biomechanics. He frequently uti-
lizes in vitro models and cartilage explant cul-
tures, and recent work also includes proteomics
studies. This review is dedicated to honor his
75-year birthday and will focus on recent pro-
teomic in vitro studies related to osteoarthritis,
and within this topic highlight some of his
contributions to the field.
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4.1 Introduction

Osteoarthritis (OA), the most common degenera-
tive joint disease, is a major source of pain, dis-
ability, and socioeconomic cost worldwide [17].
OA is a complex disease affecting the whole joint
and multiple molecular and clinical phenotypes
of OA seem to exist [38]. The pathologic changes
seen in OA joints include degradation of the
articular cartilage, thickening of the subchondral
bone, osteophyte formation, variable degrees of
synovial inflammation, degeneration of liga-
ments and, in the knee, the menisci, and hyper-
trophy of the joint capsule [30]. The degradation
of articular cartilage is caused by an increased
proteolytic activity of matrix degrading enzymes
such as matrix metalloproteinases (MMPs) and
aggrecanases. However, as the detailed molecular
mechanisms involved in OA initiation and pro-
gression remain poorly understood, no effective
Disease-Modifying OA Drugs (DMOADs) are
currently available.

Human tissue samples for the study of osteo-
arthritis are often collected at the time of joint
replacement when disease progression is in late
stage, and limit researchers’ ability to study the
early development factors that contribute to the
disease. The inherent variability of OA disease
progression and onset of symptoms between
individuals also presents challenges for studying
OA pathophysiology. To overcome these limita-
tions, in vitro models have been extensively used
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to address queries related to pathological changes,
drug-target interactions, molecular pathways and
to investigate the roles of pro-inflammatory cyto-
kines in certain conditions.

Proteomics is the analysis of the entire protein
complement of a cell, tissue, or organism under a
specific, defined set of conditions. Proteomics
applications in the field of OA has become rather
common [19] as the technology can analyze
complex samples in a more discovery-based
approach than traditional specific methods such
as enzyme-linked immunosorbent assays
(ELISA). In this review, we have limited the con-
tent and searched the literature for proteomics
applications (by mass spectrometry) within OA
using in vitro experiments that are further dis-
cussed below.

In Vitro Models
in Osteoarthritis

4.2

One of the main challenges in osteoarthritis
research is to find a model that accurately repre-
sents the mechanisms of the disease. Different
models have been developed, each with its own
advantages and disadvantages [12, 22, 49, 50],
but there is currently no consensus or gold stan-
dard approach. The two most common in vitro
models are cell cultures and explant cultures.
Cell culture models typically target the chon-
drocyte as the cell type of interest for OA research
but also synoviocytes and other joint cells have
been targeted. Monolayer cell culture models are
inexpensive, easy to use and allow for many rep-
licates to be made from a single source of tissue.
The layout of cells as they are put on a flat surface
in a culture flask exposes them to an equal amount
of growth factors in the surrounding media.
Typical applications of monolayer cultures are
the effect of cytokine stimulation, osmotic pres-
sure, or the role of synovium in OA [12]. Like
monolayer cell culture models, co-culture mod-
els are also used to study the effect of cytokines
and osmotic pressure but have the added benefit
of allowing cell-cell interactions and crosstalk
between cell types to be investigated. However,
co-culture experiments can be costly, and are
limited because different cell types can require

different conditions and cells may de-differentiate
depending on the co-culture system. A limitation
of cell cultures is the potential loss of chondro-
genic phenotype as the chondrocyte is isolated
from the extracellular matrix, due to their sensi-
tivity to their molecular environment [11, 22].

Explant models are derived directly from in
vivo tissue and for the study of OA pathophysiol-
ogy, they have the unmistakable advantage of
being a better representation of the in vivo tissue
compared to cell cultures, as the overall charac-
teristics of the tissue are maintained. An advan-
tage of explant models over in vivo models is that
they, to a greater extent, allow standardization
and controlled variables [56]. Explant models are
relatively inexpensive and easy to set up and can
be used to study both inflammatory processes
and biomechanical loading of the tissue. Despite
the benefits over cell culture models, the use of
tissue explants also has disadvantages such as
chondrocyte death at the edge of the explant and
limited number of cells. Explant models are also
limited in that few replicates are available from
the tissue source [50, 56]. Due to the limitations
in sample availability, much of the published
work is performed using animals, which is a limi-
tation as not all findings can be directly translated
to humans [12].

4.3 Inflammatory Models

The development of inflammatory processes in
OA involves the increased expression of cata-
bolic proteins in chondrocytes following cyto-
kine exposure [22]. Cytokines are signaling
proteins involved in inflammation response and
are produced by nearly all cell types [39]. The
balance and interplay of cytokines is increasingly
being recognized to have a central role in OA dis-
ease progression [60]. To study these effects,
models of pro- and anti-inflammatory cytokines
are implemented in cell culture or explant mod-
els. Some of the most important pro-inflammatory
cytokines used for induction of OA-like biologi-
cal changes in these models are IL-la, IL-1p,
TNF-a, IL-6, leukemia inhibitory factor (LIF),
oncostatin-M (OSM), IL-15, IL-17, and IL-18
[18, 40, 60]. In contrast, the major
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anti-inflammatory cytokines, which are involved
in OA pathogenesis by inhibiting actions of cata-
bolic cytokines, are IL-4, IL-10, IL-11 and IL-13,
IL-1 receptor antagonist (IL-1Ra), and interferon
(IFN)- y [18, 60].

Investigations to compare different pro-
inflammatory cytokines were made in a cell cul-
ture model using RNA-seq [42]. In this study, the
authors studied the effect of IFN-y, IL-1p, IL-4
and IL-17 on gene expression in OA chondro-
cytes and found that 2800 genes were altered in
chondrocytes treated with IL-1f. The mecha-
nisms of IL-1p related to inflammation in OA
were also studied in an in vitro cell culture model
where human articular chondrocytes were cul-
tured with or without recombinant IL-1f [24].
Known proteome changes following IL-1f stim-
ulation, such as activation of the NFKB pathway,
and subsequent synthesis of IL-1f, IL-6, IL-8,
MMP-13, and ADAMTS-5, were validated by
mass spectrometry on articular cartilage from
three donors. After the cells had been stimulated
with recombinant IL-1p for 20 h, IL-1f, IL-6,
MMP-13 and IL-8 were upregulated. The authors
also demonstrated that microRNA-140 inhibits
the activation of the NFKB pathway, meaning a
possible increase in cartilage repair and decrease
of cartilage breakdown.

44  Mechanical Loading
In addition to biochemical factors, the develop-
ment of osteoarthritis is affected by the biome-
chanical homeostasis of the joint. While
mechanical loading is essential for the function
and maintenance of healthy joints, mechanical
overload induces molecular events similar to
those stimulated by pro-inflammatory cytokines
[13, 20]. It is becoming increasingly clear that
impact-induced injuries not only cause cell dam-
age, but also initiate progressive tissue damage
and are recognized as a risk factor for OA. With
this in mind, load-based models using tissue
explants are effective systems for simulating the
development of post-traumatic OA.

A study of post-traumatic OA has demon-
strated a relationship between injury-induced
oxidative damage and progressive matrix degra-

dation [34]. Further, in vitro models have shown
that while moderate intermittent compression
have anti-catabolic effects on cartilage homeosta-
sis, the cellular response to high compression
involves degradation and decreased biosynthesis
of ECM, and upregulation of pro-inflammatory
enzymes [27, 29].

Due to variations in experimental protocols
defined as injurious compression, direct compari-
sons of outcomes from models can be difficult.
Indeed, mechanical injury can be induced in a
multitude of ways; short repetitive loading, cyclic
loading over a longer period of time, cartilage
can be injured from a weight which drops down
from a defined height, and explants can be com-
pressed under confined conditions such that bulg-
ing of the explants do not occur [25].

4.5 Proteomics

The advances in mass spectrometry (MS) over
the last decade has enabled this powerful technol-
ogy to be frequently used in proteomics applica-
tions [1, 33]. The most common application
“bottom-up proteomics” includes an enzymatic
digestion of proteins e.g. extracted from cells, tis-
sue or released into cell/tissue culture media.
Proteins are digested with a sequence-specific
enzyme like trypsin to generate a complex mix-
ture of peptides. Peptides are usually separated
by liquid chromatography, after which they enter
a mass spectrometer where peptide ions are mea-
sured, to enable their identification and quantifi-
cation. The data acquisition methods can be
either discovery based or targeted against a pre-
determined list of peptides. Both approaches
have been utilized for in vitro studies in osteoar-
thritis research, see Table 4.1. The discovery
approach has the advantage of not being biased
against any particular proteins, although in prac-
tice there is some bias towards medium and high
abundant proteins as the precursor selection for
MSMS experiments are based on top N most
intense peptides i.e. data-dependent acquisition
(DDA), and thereby low abundant proteins can
be missed out. There is another discovery
approach using data-independent acquisition
(DIA) where all precursors within a certain m/z
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range, sequential isolation windows of typical
20-25 Da, are selected for fragmentation to cover
a typical mass range for proteolytic digests. This
results in highly complex and data information-
rich datasets that typically are matched against
spectral libraries using a targeted analysis [61].
This latter approach combines an untargeted data
collection with a targeted data analysis, reducing
missing values and in addition enables data to be
re-analyzed against more comprehensive
libraries.

The traditional targeted approach, multiple
reaction monitoring (MRM) is usually performed
on triple quadrupole instruments using preset
precursor mass filter (Q1), collision cell for frag-
mentation (Q2) and precursor fragment mass fil-
ter (Q3) with combined settings called peptide
transitions which can be identified and optimized
for highest sensitivity in pilot experiment [16].
The targeted approach has the advantage of high
sensitivity, better reproducibility and fewer miss-
ing values and it is suitable for absolute quantifi-
cation using heavy-isotope labeled standards
while having limitations in a number of precur-
sors as well as being limited to the pre-selection
of targets missing out on novel findings (non-
discovery). The development of parallel reaction
monitoring (PRM) does increase the number of
targets available and also results in full MSMS
scans as the third quadrupole is replaced with a
high-resolution mass analyzer (orbitrap) [43].

4.6 Proteomics Applications

Using In Vitro Models

Mass spectrometry-based proteomics is a power-
ful technique that has increasingly enabled
insights generated from OA in vitro experiments
and has been used for characterizing biological
elements relevant to OA pathophysiology, such
as extracellular matrix components and structure.
Cartilage is the most used tissue in OA in vitro
studies and in proteomics application special
considerations must be taken into account due to
its physical characteristics. Articular cartilage is
an avascular tissue with few cells and an exten-

sive extracellular matrix (ECM) with major com-
ponents being collagen (mainly type II) and
proteoglycans (mainly aggrecan). The crossed-
linked collagen network results in poor extract-
ability with only a minor part (soluble fraction)
being measured [41]. The high level of aggrecan
can cause problems as the highly negatively
charged glycosaminoglycan chains can interfere
in the sample preparation steps ultimately affect-
ing the chromatography performance [21].
However, despite these difficulties, more than
1000 additional proteins can be identified using
current proteomics technologies [8].

Earlier in this review, we described a typical
bottom-up proteomics workflow and here, we
will demonstrate some of its applications using in
vitro experiments related to OA. An experimental
workflow for an in vitro model using proteomics
is shown in Fig. 4.1.

In early proteomics studies, a commonly
applied technique was two-dimensional gel elec-
trophoresis (2D SDS-PAGE), which separated
complex mixtures of a sample by isoelectric
point (pI) and molecular weight. Following this,
spots of interest and subsequent differentially
expressed proteins could be identified by MS
while quantification was usually performed using
image analysis and intensities of matching pro-
tein spots [23]. Some limitations of this technique
include low sensitivity, labor intensive work and
poor ability for automation [48]. A simpler alter-
native was the more straightforward “salami”
approach where sample lanes from 1D gels were
cut into multiple bands followed by LC-MS anal-
ysis. However, due to these limitations and over-
all technological developments in the field,
separation by liquid chromatography coupled
with MS (gel-free proteomics) has been the pre-
ferred method in recent studies.

4.6.1 Targeted Proteomics

Applications

4.6.1.1 Explant Cultures
A cartilage explant study by Melin-Fiirst
et al. [14] used MRM, a targeted approach, to



Table 4.1 In vitro studies in osteoarthritis using proteomics applications

Culture model
type

Cartilage
explant
Cartilage
explant

Cell culture

Cell culture

Cell culture,
cartilage explant
Cartilage-
synovium
coculture

Cell culture

Cartilage,
meniscus
explant

Cartilage
explant
Cartilage
explant
Cartilage
explant
Cell culture

Cell culture

Osteochondral
explants
Cartilage
explant

Cell culture

Cell culture
Cell culture

Cartilage
explant
Cartilage
explant
Cartilage
explant
Cartilage
explant
Cell culture

Cartilage
explant
Cartilage
explant
Cartilage
explant
Cartilage
explant

OA model type
Inflammation

Inflammation
Inflammation
Inflammation
OA secretome

Tissue crosstalk,
inflammation

OA secretome

Inflammation

Inflammation

PTOA,
inflammation
Inflammation

Inflammation
Inflammation
Inflammation
Inflammation

Inflammation,
drug response
OA secretome

OA proteome

Dynamic
loading
OA secretome

PTOA,
inflammation
PTOA,
inflammation
Inflammation

PTOA,
inflammation
PTOA,
inflammation
PTOA,
inflammation
Inflammation

Treatments
+ (IL-1p/TNF-a)

+ (OSM/TNF-q,
IL-17A)
+1L-1p

+ IL-1f, + nicotine

Macrosopically
normal

+IL-1a, £ IL-1Ra

Chondrogenesis
BMSCs

+ IL-1a, £ IL-1B

+IL-1B, =
carprofen
+IL-la

+ [L-1a, wt,
Adamts5Acat
+IL-1P

+IL-1B, =
miRNA-140
+LPS, + TGF-$ RI
inhibitor

+ (IL-1p/TNF-a)

IL-1p + chondroitin
sulfate

Different zones (N,
UOA, WOA)

N vs OA
chondrocytes
Loading + IGF-1

or + TGF-f
Different zones (N,
UOA, WOA)

+ (injury, TNF-a,
IL-10)

+ injury, + (IL-6/
TNF/SIL6R), + Dex
+IL-18 (N vs OA
synoviocytes)

+ (injury, TNF-a,
IL-1ar)

+ injury, + (IL-6/
TNF/sIL6R)

+ injury, + (IL-6/
TNF/sIL6R), + Dex
+IL-la

Species
Equine

Bovine
Human
Human
Human

Bovine

Human

Porcine

Canine
Bovine
Mouse

Human
Human
Human
Equine
Human
Human
Human
Bovine
Human
Bovine
Bovine
Human
Bovine
Human
Bovine,

Human
Bovine

Analytical methods
SDS-PAGE, LC-MS,
NMR metabolomics
ELISA, LC-MS

SILAC, SDS-PAGE,
LC-MS (MALDI)
SILAC, 2D LC-MS
(MALDI)

SILAC, SDS-PAGE,
LC-MS

LC-MS

SILAC, SDS-PAGE,
LC-MS

MMP activity, NO,
SGAG release,
aggregate modulus,
permeability

SDS PAGE, LC-MS,
machine learning
MMP activity assay,
SDS PAGE, LC-MS
SDS-PAGE, LC-MS,
microarray

2D SDS-PAGE,
MALDI

RT-qPCR, LC-MS,
Western blot

ELISA

sGAG, RT-qPCR,
Western blot

LC, MALDI

2D SDS-PAGE,
LC-MS
SDS-PAGE, LC-MS
ELISA

iTRAQ, 2D LC-MS
SDS PAGE, LC-MS
LC-MS

IHC, LC-MS

2D LC-MS

LC-MS

LC-MS

ELISA, LC-MS

MS
method
Discovery
(DDA)
Discovery
(DDA)
MALDI
MSMS
MALDI
MSMS
Discovery
(DDA)
Discovery
(DDA)

Discovery
(DDA)
No MS

Discovery
(DDA)
Discovery
(DDA)
Discovery
(DDA)
MALDI
MSMS
Discovery
(DDA)
No MS

No MS

MALDI
MSMS
Discovery
(DDA)
Discovery
(DDA)
No MS

MALDI
MSMS
Discovery
(DDA)
Discovery
(DDA)
Discovery
(DIA)
ITRAQ

Targeted
(MRM)
Discovery
(DDA)
Targeted
(MRM)

Reference

[2]

[51]
[10]
[31]
[44]

[37]

[46]

[36]

[54]
[45]
[59]
[47]
[24]
[15]
[35]
[9]

[26]
[57]
[13]
[32]
[52]
[7]

[55]
[53]
[58]
[6]

[14]
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Fig. 4.1 Schematic workflow of an in vitro model using
proteomics. Tissue explants or cells are kept in culture and
exposed to different treatment conditions e.g. cytokines vs
control. Cell culture media is replaced every 2-3 days and
various time points are collected for further MS sample
preparation (reduction, alkylation, ethanol precipitation,
trypsin digestion, excess GAG removal, desalting) before

characterize the inflammatory processes
involved cartilage degradation, induced by
IL-1a in bovine cartilage explants, and moni-
tor interactions with the complement system.
Following cytokine stimulation, the authors
found a decrease in proteoglycan and colla-
gen content in the cartilage, and activation of
the complement.

MRM was also used in a study to character-
ize cartilage response to mechanical injury and
cytokine treatment [58]. The targeted approach
allowed the authors to monitor a predefined set
of potential molecular biomarkers including
cleavage neoepitopes, see also Fig. 4.2. In this
work, both the explant culture media (individ-
ual time points) and the final explant, represent-
ing the sum of events during the entire culture
period, were measured. The neo-epitope mea-
surements give extra biological value as it rep-
resents an active proteolytic event being
measured in addition to the overall protein
release.

4.6.2 Discovery Proteomics
Applications

4.6.2.1 Cell Cultures

Several comparative proteomic analyses that aim
to describe the proteome of OA have been con-
ducted as cell culture models analyzed using

Trypsin digestion Sample cleanup

LC-MS/MS

Analysis
peptides are separated using reversed phase liquid chro-
matography (nano-LC) and finally analyzed by mass
spectrometry. The data generated is processed using spe-
cific software and searched against a protein sequence

database or spectral library for identification and
quantification

discovery-based acquisition methods. One such
study used 2D SDS-PAGE and subsequent dis-
covery MS to analyze the proteome of human
articular chondrocytes and described the phos-
phorylation status of differentially expressed pro-
teins in OA progression [26]. Another study
reported on the role of hypertrophy-like altera-
tions in chondrocytes in OA using high resolu-
tion MS [57].

Secretome analysis can provide information
on the mechanisms behind remodeling of ECM
in response to drug treatment or mechanical load
and thereby provide insights into the pathogene-
sis of OA. The effect of chondroitin sulfate in the
presence of IL-1f on proteins in chondrocyte sec-
retome was examined in a study from 2012 by 2D
SDS-PAGE and SILAC in a discovery workflow
[9]. The study found 75 proteins in the secre-
tome, 18 of which were modulated by chondroi-
tin sulfate, and provided evidence of its
anti-angiogenic, anti-inflammatory, and anti-
catabolic properties.

Using bovine cartilage explant monoculture
and cartilage-synovium co-culture, a recent study
investigated the role of cartilage-synovium cross-
talk in a discovery-based mass spectrometry
experiment [37]. Sustained doses of IL-1Ra were
shown to suppress cytokine-induced catabolism
in cartilage more effectively in the presence of
synovium, which was associated with endoge-
nous production of anti-catabolic factors.
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Fig. 4.2 Collagen type III cleavage neo-epitope release
into explant culture media over 21 days (E) and the
remaining peptide left in explant after the complete cul-

Though most of the discovery workflows relied
on data dependent acquisition (DDA), one study,
focusing on the difference in the phosphoproteome
of OA and acute joint fracture in synovial tissue,
used data independent acquisition (DIA) in an
IL-1p—treated human synoviocyte (HS) in vitro
model to verify their results [55]. The study found
that IL-1f8 could induce HS to secrete proteins
associated with the endosomal/vacuolar pathway,
endoplasmic reticulum/Golgi secretion, comple-
ment activation, and collagen degradation.

4.6.2.2 Explant Cultures

Cartilage degradation is a well-established pro-
cess in OA pathogenesis, and as such, a com-
monly studied model is the degradation of
cartilage upon cytokine stimulation in explant
culture. Several proteomic studies have employed
this model to measure the effects of pro-
inflammatory cytokines on articular cartilage.
One study from 2016 investigated the chondro-
cyte response to IL-1a within native cartilage tis-
sue and its secretome using discovery LC-MS and
whole-genome expression profiling using micro-
array [59]. The study was the first to report on the
effects of IL-1a in native cartilage and cartilage
lacking the catalytic domain of ADAMTSS
(aggrecanase) and identified more than 150 pro-
teins modulated by IL-1a. Additionally, the com-
bined LC-MS and microarray analysis permitted
the authors to differentiate between proteins mod-
ulated by IL-la on gene expression level and
those which were a product of ECM degradation.

control  Inj Cyt Cyt+inj

ture period (F). Values are average peak intensities of two
technical replicates using targeted proteomics (MRM).
Modified figure reprinted with permission from [58]

Discovery LC-MS using DDA was used in a
metabolomics and proteomics study published in
2020, where Anderson et al. studied OA patho-
genesis using an equine cartilage explant model
[2]. In the study, nine potential novel OA neoepi-
tope peptides were discovered.

Unbiased labeled approaches such as Isobaric
Tag for Relative and Absolute Quantitation
(ITRAQ) were used in two studies. Stevens et al.
used traumatic injury, IL-1f or TNF-a compared
to control showing increased levels of MMPs and
proteins of the innate immunity while the mechan-
ical injury mainly led to an increased release of
intracellular proteins [53]. Lourido et al. con-
ducted a comparative profiling of proteins in
early- versus late-stage OA, and subsequent clus-
tering analysis and found upregulation of perios-
tin and downregulation of osteoprotegerin in OA
[32]. In a recent study a cartilage injury model
was described using articular cartilage explants
treated with cytokines and mechanical injury [7].
The addition of dexamethasone was shown to res-
cue the catabolic response but not the anabolic
dysregulation. The treatment effects in this model
are illustrated in a heatmap (Fig. 4.3).

4,7 Concluding Remarks

and Future Perspectives

In this review, we have shown an increased use
of proteomics applications within in vitro mod-
els during the last decade and this trend will
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Fig. 4.3 Heatmap of proteins significantly affected by
disease treatment. Treatment effects were evaluated by
pairwise comparisons of MS abundance data of different
disease treatments within each animal replicate. Proteins
were selected that had a differential effect of C or IC treat-
ments and that were present in at least three time points
across at least one consistent treatment condition between
all three biological replicates, resulting in 188 selected
proteins. The raw abundance value for each filtered pro-
tein was summed over all time points and log,-transformed.
For visualization, the log,-transformed values were nor-
malized via z-scoring across all treatment conditions,
excluding injury alone and injury with Dex: control (N),

most likely continue. The high sensitivity and
selectivity offered by current and future MS
instruments allow identification and quantifica-
tion of a large number of proteins in highly
complex samples. These information-rich data
sets further allow much more detailed results to
be obtained including individual peptide levels
(relative abundances), post-translational modifi-
cations (e.g. measuring catabolic proteolytic
events, phosphorylation states and protein syn-
thesis), hence making this a very attractive tech-
nology. Novel developments in  MS
instrumentation, data acquisition methods as
well as improved tools for data processing and
evaluation tools will enable an increased depth
of the proteome improving the bioinformatic

cytokine (C), injury + cytokines (IC), Dex (D), cytokines
+ Dex (CD), and injury + cytokines + Dex (ICD). Proteins
are plotted on the horizontal axis and ordered based on
their hierarchical clustering (Euclidian distance) across all
six selected treatment conditions. Each individual repli-
cate is plotted on the vertical axis, ordered by treatment
condition and then by animal. The clustering reveals three
major patterns of protein release: increased release by
cytokines alone (1Cyt), an increase by both cytokines and
injury + cytokines (1Cyt, tInj + Cyt), and decreased
release by cytokines and injury + cytokines (JCyt,
1Inj + Cyt). (Figure reproduced from [7] under a Creative
Common license)

evaluation of the data to identify proteins
involved in specific functional pathways and
interpretation of protein-protein association net-
works. Clustering analysis can also identify pro-
teins following similar patterns e.g. grouping
proteins according to their kinetic release pro-
file [6].

In comparison to cell culture models, explant
models better represent the extracellular matrix
environment in vivo and also possess the ability
to perform mechanical loading experiments. The
kinetics of specific proteins release can easily be
addressed as the culture medium needs to be
replaced every 2-3 days creating a longitudinal
experiment that can reflect both early-, mid- and
late stages in the model. This is a great potential
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when healthy donors are available as early
changes can be investigated. In vitro models are
also well suited for molecular therapeutic inter-
ventions e.g. applying potential drug candidates
for treatment purposes. One example is the glu-
corticoid dexamethasone that has been exten-
sively studied with somewhat conflicting results
in the past [5] but in explant culture, the combi-
nation of dexamethasone with insulin-like growth
factor-1 inhibited both the loss of soluble proteo-
glycan (sGAG) and collagen, rescued the sup-
pression of matrix biosynthesis and inhibited loss
of chondrocyte viability induced by IL-1a treat-
ment [28]. Drug delivery is an important aspect
to this as without a carrier, intra-articular injec-
tions of the drug is rapidly cleared from the joint
cavity. The Grodzinsky group has circumvented
this drawback by linking the drug to a basic car-
rier enabling rapid uptake and sustained delivery
both in vitro [3] and in vivo [4]. The Dex treat-
ment effect was further investigated using pro-
teomics in a post-traumatic in vitro model where
it suppressed most of the proteins affected by
cytokine+injury treatment versus control [6, 7].

The ground-breaking work of Prof.
Grodzinsky and his contributions to the research
community has been widely recognized by
numerous awards. He is considered as a world
leader in his field and in 2021, he received the
most prestigious Lifetime Achievement Award
by the Osteoarthritis Research  Society
International.
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Abstract

Articular cartilage is a hydrated macromolec-
ular composite mainly composed of type II
collagen fibrils and the large proteoglycan,
aggrecan. Aggrecan is a key determinant of
the load bearing and energy dissipation func-
tions of cartilage. Previously, studies of carti-
lage biomechanics have been primarily
focusing on the macroscopic, tissue-level
properties, which failed to elucidate the
molecular-level activities that govern cartilage
development, function, and disease. This
chapter provides a brief summary of Dr. Alan
J. Grodzinsky’s seminal contribution to the
understanding of aggrecan molecular mechan-
ics at the nanoscopic level. By developing and
applying a series of atomic force microscopy
(AFM)-based nanomechanical tools,
Grodzinsky and colleagues revealed the
unique structural and mechanical characteris-
tics of aggrecan at unprecedented resolutions.
In this body of work, the “bottle-brush”-like
ultrastructure of aggrecan was directly visual-
ized for the first time. Meanwhile, molecular
mechanics of aggrecan was studied using a

physiological-like 2D biomimetic assembly of
aggrecan on multiple fronts, including com-
pression, dynamic loading, shear, and adhe-
sion. These studies not only generated new
insights into the development, aging, and dis-
ease of cartilage, but established a foundation
for designing and evaluating novel cartilage
regeneration strategies. For example, building
on the scientific foundation and methodology
infrastructure established by Dr. Grodzinsky,
recent studies have elucidated the roles of
other proteoglycans in mediating cartilage
integrity, such as decorin and perlecan, and
evaluated the therapeutic potential of biomi-
metic proteoglycans in improving cartilage
regeneration.

Keywords

Proteoglycan - Nanomechanics - AFM -
Aggrecan - Decorin

5.1

Introduction

Articular cartilage is the soft tissue at the end of
bones that enables joint locomotion, energy dis-
sipation, and lubrication [40]. These functions are
endowed by the specialized extracellular matrix
(ECM) of cartilage, a hydrated composite of col-
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lagens and proteoglycans that are synthesized by
residing  chondrocytes [26] (Fig. 5.1a).
Osteoarthritis (OA), the most prevalent musculo-
skeletal disease, is characterized by the irrevers-
ible breakdown of cartilage ECM, resulting in
severe joint pain and limited motion [45]. Due to
its avascular and dense nature, cartilage has very
limited self-repair capabilities, and regenerative
therapies often fail to restore the structure and
function of healthy tissue [29]. This renders it cru-
cial to understand the establishment, homeostasis,
and disease-induced degeneration of cartilage
ECM. The ECM mainly consists of ~65-70%
w/w water, ~20-30% collagens, ~5-10% proteo-
glycans [40] as well as DNAs and other minor
proteins/proteoglycans (Fig. 5.1a—) [28]. In vivo,
the collagen network is primarily responsible for
cartilage tensile stiffness, while aggrecan and its
negative fixed charges are the key determinants of
cartilage compressive resistance and fluid flow-
associated energy dissipative properties [40].

In the past few decades, there have been many
attempts in understanding cartilage biomechan-
ics in health and disease, in the hope to gain new
insights into disease progression and functional

a

link protein hyaluronan
1 1

regeneration. In the 1980’s, Mow and colleagues
applied the biphasic poroelasticity theory [2] to
interpret the time-dependent, energy dissipative
properties of cartilage. This theory addressed the
key role of molecular friction arising from water-
solid matrix interactions during fluid flow in con-
tributing to energy dissipation [42]. Grodzinsky
and colleagues further integrated the concept of
electrical streaming potential with cartilage
mechanical deformation and underscored the
crucial role of fixed charges in overt tissue bio-
mechanics [16, 17]. These seminal studies estab-
lished the foundation of modern -cartilage
biomechanics theory. At the same time, numer-
ous experimental tools have been implemented to
delineate the contributions of each matrix con-
stituent to cartilage mechanical properties,
including confined and unconfined compression,
indentation, dynamic oscillatory loading, and
shear [39]. For instance, investigating the biome-
chanics of normal and glycosaminoglycan
(GAG)-depleted cartilage have shown that aggre-
can and its fixed charges directly contribute to
~50% compressive modulus of cartilage [60].

p— i !
collagen /IX/XI fibril

Fig. 5.1 An overview of articular cartilage extracellular
matrix (ECM). (a) Schematic illustration of the major
constituents in cartilage ECM: type II/IX/XI collagen
fibril network and aggrecan-hyaluronan (HA) aggregates.
(b) Depth-dependent nanostructure of collagen fibril net-

work visualized by helium ion microscopy on
proteoglycan-removed rabbit cartilage. Adapted with per-
mission from Ref. [56]. (¢) Nanostructure of aggrecan-
HA aggregates imaged by transmission electron
microscopy. (Adapted with permission from Ref. [3])
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Despite these advances in tissue-level studies,
disease intervention and regeneration remain elu-
sive. This is at least partly because the tissue-
level investigatory approaches are unable to
account for the salient heterogeneity and a high
level of complexity of cartilage structural hierar-
chy from nm-to-mm scales. For example, the col-
lagen network is dominated by types II/IX/XI
collagen heterotypic fibrils [15], with a minor
amount of type III collagen co-assembling on the
surface of collagen II fibrils [58]. The collagen
fibrils (diameter ~ 30-80 nm) vary in orientation
and diameter with depth in the tissue [9], from
being transverse in the superficial layer, to ran-
dom in the middle layer, then predominantly per-
pendicular in the deep layer, accompanied by an
increasing gradient of fibril diameter and proteo-
glycan concentration (Fig. 5.1b) [56]. Aggrecan,
the major proteoglycan, has a “bottle-brush”
structure, and is decorated with highly negatively
charged chondroitin sulfate (CS) and keratan sul-
fate (KS) GAGs along its core protein [26]. In
vivo, aggrecan is end-attached to the linear hyal-
uronan (HA) molecules via its G1 domain at the
N-terminal [27], and this interaction is further
stabilized by link protein [4]. In the ECM, these
supramolecular aggregates are entrapped within
~100 nm nanopores between collagen fibrils at
~50% molecular compressive strain [59], thereby
adopting a highly compacted configuration that
endows the tissue with its high fixed charge den-
sity and osmotic swelling pressure. The electron
microscopy study by Buckwalter and Rosenberg
highlighted the complexity in the assembly and
retention of aggrecan in vivo, and provided the
first direct visual evidence of the aggrecan-HA
aggregation (Fig. 5.1c) [3]. Given these complex-
ities, understanding the ECM from the molecular
level is necessary for developing effective disease
intervention and tissue regeneration.

Dr. Grodzinsky is the pioneer in studying the
molecular mechanics of cartilage ECM constitu-
ents. Through collaboration with Dr. Christine
Ortiz, a world-renowned scientist in polymer
nanomechanics and atomic force microscopy, this
team has made numerous transformative discov-
eries on the nanostructure and nanomechanics of
cartilage, with a focus on the major proteoglycan,

aggrecan. This chapter provides a brief summary
of Grodzinsky’s contributions to the understand-
ing of aggrecan within the context of cartilage
function, disease, and regeneration. This chapter
begins with the summary of the ultrastructural
and nanomechanical studies of native aggrecan
(Sect. 5.2), followed by the overview of applying
the knowledge of aggrecan to understanding car-
tilage aging, disease and tissue engineering (Sect.
5.3), and then, the discussion of more recent stud-
ies on other native and biomimetic proteoglycans
that were directly inspired by the Grodzinsky’s
work (Sect. 5.4), and finally, concludes with a
summary and future outlook (Sect. 5.5).

Ultrastructure
and Nanomechanics
of Aggrecan

5.2

One seminal contribution by Grodzinsky and col-
leagues is the direct visualization of the ultra-
structure of aggrecan and its GAG side chains,
which was the first of its kind [43]. In this study,
Ng et al. deposited aggrecan molecules extracted
from fetal epiphyseal and mature nasal bovine
cartilage samples onto
3-aminopropyltriethoxysilane (APTES)-treated,
positively charged, atomisticly flat mica surfaces.
The nanostructure of aggrecan was then revealed
via tapping mode AFM-imaging at a spatial reso-
lution of ~2 nm. Imaging aggrecan at such unprec-
edented resolution enabled not only visualization
of its “bottle-brush”-like molecular architecture,
but also direct quantification of its structural
parameters (Fig. 5.2a). This includes the core pro-
tein contour length, L., end-to-end distance, R,,,
degree of extension, R,/L., and the packing den-
sity and length of GAG bristles. In turn, the per-
sistence length, L, as calculated from the
worm-like chain model (~110 nm for fetal epiph-
yseal aggrecan), illustrated the highly extended
conformation of aggrecan in its equilibrium state.
Conversely, this study also showed that in vivo,
aggrecan adapted a highly compacted conforma-
tion, for that the in vivo concentration is at least
40x higher than the densely packed form imaged
on mica (Fig. 5.2b). To this end, the contrast
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Fig. 5.2 Ultrastructure of aggrecan via tapping mode
atomic force microscopy (AFM) imaging. (a)
Nanostructure of individual fetal bovine epiphyseal and
mature bovine nasal aggrecan deposited on atomicly flat
mica surface. (b) Nanostructure of densely packed fetal

between aggrecan from fetal epiphyseal versus
mature nasal cartilage highlighted the large varia-
tion of its ultrastructure with tissue source and age
(Fig. 5.2a). Furthermore, these high resolution
images clearly illustrated the dominating role of
longer CS-GAGs in contributing to the molecular
conformation of aggrecan. Indeed, a follow-up
study by Lee et al. compared the structure and
conformation of aggrecan from a 29-year-old
human donor subjected to chondroitinase ABC
and keratanase II treatment, and confirmed that
the extension and conformation of aggrecan is
predominantly governed by the longer CS-GAGs,
rather than the shorter KS-GAG chains [36].

In addition to nanostructure, Grodzinsky and
colleagues also, for the first time, assessed the
nanomechanics of aggrecan under multiple
deformation modes, including compression,
energy dissipation, shear, and adhesion. Building
on earlier work of CS-GAG nanomechanics [51—
53], Dean et al. chemically functionalized aggre-
can with thiol-groups at its N-terminal, and
end-attached thiol-functionalized aggrecan onto
gold-coated planar silicon substrates and micro-
spherical AFM colloidal tips (R = 2.5 pm). This
set-up established a 2D biomimicry assembly of
aggrecan at ~50 mg/mL, near its physiological
packing density (~20-80 mg/mL), thus enabling
the studies of aggrecan interactions under in
vivo-like conditions. With this biomimetic sys-

Mature Nasal

bovine epiphyseal aggrecan monomers, illustrating the
highly compressed conformation of aggrecan in vivo (~
40x higher than the aggrecan packing imaged here).
(Panels (a) and (b) are adapted with permission from Ref.
(43D

tem, the team performed an in-depth analysis of
key molecular mechanical behaviors of aggrecan.
First, compressive nanomechanics was quantified
using force spectroscopy and contact mode AFM
imaging in aqueous solutions with varied ionic
strength (IS) conditions [10, 11]. As expected,
the long-range repulsion force between two
opposing aggrecan layers extended to >1 pm in
IS = 0.001 M solution, while the distance and
magnitude of compression resistance decreased
drastically with increasing IS from 0.001 to
1.0 M (Fig. 5.3a). Applying Poisson-Boltzmann-
based models, this study confirmed that the elec-
trical double layer (EDL) repulsion interactions
arising from CS-GAGs play a dominating role in
the compressive nanomechanics of aggrecan, in
comparison to other non-electrostatic factors
such as steric hindrance and conformational
entropy. Importantly, under in vivo conditions
(IS = 0.15 M), given that the Debye length,
k7' ~ 0.8 nm, is at the same order of GAG-GAG
packing distance (~ 2-3 nm), the salient hetero-
geneity in electrical potential was a key factor in
determining the magnitude of repulsion. While
the continuum Donnan model substantially over-
estimated the repulsion force, both the unit cell
model [5] and charged rod model [12], which
accounted for the nanoscale spatial heterogeneity
of electrical potential, accurately predicted the
aggrecan-aggrecan repulsion [10].
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Fig. 5.3 Nanomechanics of aggrecan measured between
two opposing layers of aggrecan via atomic force micros-
copy (AFM)-based  nanomechanical  modalities.
Experiments were performed applying aggrecan function-
alized colloidal tips (R =~ 2.5 pm, except that R ~ 22.5 pm
for panel (b) to aggrecan-functionalized planar substrates
in NaCl aqueous solutions at different ionic strengths
(IS = 0.001-1.0 M). Left panels: Schematics of experi-
mental set-ups. For panel (c), the substrate was prepared
via micro-contact printing to form micropatterned surface
of hydroxyl-terminated self-assembled monolayer
(OH-SAM, HS(CH,);;OH) and aggrecan monolayer.
Right panels: (a) Compressive force-versus distance

Following the studies of elasticity, Nia et al.
probed the energy dissipative, poroelastic nano-
mechanics of aggrecan using the custom-built
AFM-nanorheometer [44]. Similar to the case of
elastic modulus, the energy dissipation of aggre-
can layer is also largely governed by the EDL
repulsion, as illustrated by the salient dependence
of phase angle on bath IS (Fig. 5.3b). Meanwhile,
the dynamic oscillatory loading responses of
three specimens were compared: normal carti-
lage, GAG-depleted cartilage, and the end-
attached aggrecan monolayers. In the low
frequency elastic domain, the modulus of GAG-
depleted cartilage, E;, was ~1.5 x lower than that
of the normal cartilage, while the modulus of
aggrecan layer is ~7 x lower. Despite this much
lower modulus, the aggrecan monolayer had
comparable hydraulic permeability, k, to the
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curves as a function of bath IS via colloidal molecular
force spectroscopy. Adapted with permission from Ref.
[10]. (b) The magnitude of phase angle, ¢, of newborn
human aggrecan as a function of dynamic frequency and
bath IS via AFM-based nanorheometric test (mean + 95%
CI, n = 6). Adapted with permission from Ref. [44]. (c)
Lateral versus applied normal force curves as a function
of bath IS via lateral force microscopy (mean + SD,
n = 8). Adapted with permission from Ref. [24]. (d) The
total aggrecan-aggrecan adhesion energy as a function of
surface dwell time and bath IS via molecular force spec-
troscopy (mean + SEM, n > 30). (Adapted with permis-
sion from Ref. [23])

native cartilage, while that of the GAG-depleted
cartilage was ~24 x higher. Such contrast under-
scored the direct contribution of aggrecan and its
SGAGs to cartilage fluid flow and pressurization
capabilities. This is because the closely spaced
GAG chains of aggrecan, with an effective pore
size ~2-4 nm, provide the main resistance to
intra-tissue fluid flow in cartilage, as manifested
in the GAG-GAG nanomolecular model of
hydraulic permeability [14], while the collagen
network has a much larger pore size (~100 nm),
resulting in elevated hydraulic permeability.
Similar to the case of elasticity, a more complex
structural model was needed to capture the mag-
nitude of aggrecan-endowed energy dissipation.
The fiber-reinforced model [55] or transversely
isotropic model [54], which accounted for carti-
lage tension-compression asymmetry, were able
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to quantitatively capture the degree of energy dis-
sipation, while an isotropic poroelastic model
would markedly underestimate these values.
Applying lateral force microscopy (LFM),
Han et al. elucidated the shear nanomechanics of
both single and two opposing aggrecan layers
[24, 25]. The shear resistance of aggrecan was
quantified as a function of aggrecan layer height
and applied normal force under varied IS. The
lateral linearity ratio, g (= dFyera/@Fnormal), Was
found to vary significantly with both IS (Fig. 5.3c)
and lateral displacement rate, suggesting that the
shear resistance was also largely governed by
both EDL repulsion and fluid flow. At lower IS,
given the dominance of EDL repulsion, aggrecan
exhibited a more extended conformation.
Therefore, a lower lateral proportional coefficient
could be attributed to the minimal interdigitation
between opposing aggrecan and strong water
hydration effects surrounding negative charges,
similar to the highly lubricative case of nega-
tively charged synthetic polyelectrolytes. To this
end, the shear of two opposing aggrecan layers
also yielded a lower lateral coefficient, due to
stronger EDL repulsion than just one single layer.
In addition, divalent Ca** ions (~2—4 mM in car-
tilage [40]) were also found to mediate the shear
behavior through extra screening of EDL repul-
sion and potentially the ion bridging effect.
Collectively, EDL repulsion dominates not only
the compressive, but also shear nanomechanics
of aggrecan. It is also worth noting that the low
lateral coefficient, p, observed here does not
imply a role of aggrecan in cartilage lubrication,
as the concentration of aggrecan on cartilage sur-
face is very low, and the synovial fluid is domi-
nated by fragmented aggrecan, which lacks the
G1-domain that enables its binding to HA [50].
Interestingly, despite the dominance of strong
EDL repulsion, aggrecan also exhibited marked
adhesive interactions with adjacent aggrecan
molecules [23], and with collagen II fibrils [49].
When compressed at physiological-like molecu-
lar strain (~50% [59]) for 0-30 seconds, aggre-
can was found to undergo pronounced adhesion,
with a magnitude at ~1 pN between per pair of
aggrecan-aggrecan, and ~ 0.3 pN per aggrecan
molecule versus collagen II fibrils in

physiological-like solution. Such adhesion was
attributed to non-specific interactions, such as
hydrogen bonding, hydrophobicity, ionic interac-
tions as well as physical entanglement. Increasing
EDL repulsion by lowering IS effectively limited
the intermolecular contact and reduced the adhe-
sion between the layers (Fig. 5.3d). On the other
hand, Ca?*-mediated ion bridging further
enhanced the adhesion by providing additional
ionic linkage. Given that the highly compressed
state of aggrecan mimics the physiological
molecular strain in unloaded cartilage, these non-
specific interactions were hypothesized to be an
important biophysical factor that helps stabiliz-
ing the retention of fragmented aggrecan in
healthy cartilage and contributes to the integrity
of cartilage ECM.

5.3  Implications for Aging,

Disease and Regeneration

Following these fundamental studies of aggre-
can, Grodzinsky and colleagues further applied
the experimental paradigm to gain new molecular
insights into cartilage disease pathogenesis and
regenerative medicine. One important applica-
tion was to assess age-associated changes of
aggrecan polymorphism using human cartilage
samples. Applying tapping mode AFM imaging
and force spectroscopy, Lee et al. compared
aggrecan molecules from newborn and 38-year-
old adult donors [36]. Aggrecan from newborn
cartilage exhibited superior nanostructure and
compressive nanomechanics relative to that from
adult cartilage. First, the adult aggrecan popula-
tion consisted of substantially more fragmented
monomers that did not have the G1 or G3 globu-
lar domain (Fig. 5.4a, left panel). Such observa-
tion illustrated that aggrecan fragmentation could
be a normal homeostasis process during growth
and aging, and is a prevalent feature even in
healthy adult cartilage. It also indicated that the
retention of aggrecan in vivo may require addi-
tional mechanisms beyond the aggrecan-HA
association, such as the aggrecan-aggrecan and
aggrecan-collagen II adhesion [23, 49]. And,
even for the sub-population of full length aggre-
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Fig. 5.4 Applications of AFM in the studies of aggrecan
in cartilage aging, disease initiation and tissue engineer-
ing. (a) Left panel: Tapping mode AFM height images of
newborn and adult (38-year-old) human aggrecan mono-
mers. Arrow heads: globular domains. Right Panel:
Compression resistance curves of end-attached newborn
and adult human aggrecan monolayer measured at 0.01 M
ionic strength via colloidal force spectroscopy. (Adapted
with permission from Ref. [36]). (b) Left panel: Schematic
illustration of immunofluorescence (IF)-guided AFM
nanomechanical mapping on mature murine cartilage
cryosection using a microspherical colloidal tip; the peri-

can, the newborn aggrecan exhibited longer core
protein length, longer CS-GAG length, and
denser packing of CS-GAGs, contributing to
much stronger compression resistance (Fig. 5.4a,
right panel). Taken together, these results provide
direct molecular-level evidence about the effects
of age on cartilage matrix changes, which may
assist the intervention of age-associated cartilage
degeneration and OA initiation.

Despite being part of the natural homeostatic
process, aggrecan fragmentation is more aggra-
vated during the initiation of OA. Inspired by the
molecular-level studies by Grodzinsky, Chery
et al. investigated how aggrecan degeneration
alters the micromechanics of pericellular matrix
(PCM), the immediate microenvironment of
chondrocytes, and in turn, the mechanotransduc-
tion of chondrocytes in post-traumatic OA. In the
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cellular matrix (PCM) is immunolabeled with collagen
VI. Right panel: Representative indentation modulus
maps show the early reduction of PCM and territorial/
inter-territorial extracellular matrix (T/IT-ECM) modulus
at 1 week after applying the destabilization of the medial
meniscus (DMM) surgery to 3-month-old male wild-type
mice, relative to the Sham control. (Adapted with permis-
sion from Ref. [6]). (¢) Tapping mode AFM height images
of aggrecan ultrastructure synthesized by adult equine

bone marrow stromal cells (BMSCs) and chondrocytes.
(Adapted with permission from Ref. [33])

5 pm —

destabilization of the medial meniscus (DMM)
murine model [18], the micromodulus of PCM
was measured by immunofluorescence (IF)-
guidled AFM  nanomechanical = mapping
(Fig. 5.4b), and was found to show significant
reduction as early as 3 days post-surgery relative
to the Sham control. This reduction preceded
both changes of overt tissue-level mechanical
properties measured by classical AFM-
nanoindentation (1 week after) [13], and appear-
ance of histological cartilage damage
(4-8 weeks after) [18]. This weakening of the
PCM can be attributed to accelerated aggrecan
degradation in OA, as the aggrecan neo-epitopes
(e.g., VDIPEN) were found to be mainly local-
ized in the pericellular domain at this early stage.
In alignment with the PCM degeneration, at
3 days after DMM, chondrocytes also exhibited
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demoted intracellular calcium signaling, [Ca*],,
activities, one of the earliest, fundamental cell
responses to mechanical stimuli [8]. This effect
was most pronounced under hypo-osmotic stim-
uli, which simulate the amplified GAG-GAG
EDL repulsion and increased cell strain during
compressive joint loading. Conversely, when the
aggravated catabolism was attenuated by small
molecule inhibitor, GM6001, the reduction of
PCM modulus and disruption of [Ca*"]; activities
could be effectively rescued. Thus, aggravated
aggrecan degradation represents a key molecular
event in the initiation of OA, which not only
impacts the tissue-level mechanical properties,
but disrupts chondrocyte mechanotransduction
by impairing the PCM.

Understanding the molecular aspects of aggre-
can in normal aging and disease initiation also
shed light on the development of novel tissue
engineering and regeneration strategies. In tissue
engineering, the use of primary chondrocytes is
challenged by the limited amount of cells and
donor site morbidity. Bone marrow stromal cells
(BMSCs) are often used as the alternative cell
source [41]. When undergoing chondrogenesis,
BMSCs were found to synthesize full length
aggrecan within 1-2 weeks of chondrogenic cul-
ture [33, 37]. Adult equine BMSCs undergoing
chondrogenesis within hydrogel cultures could
synthesize aggrecan molecules having CS-GAG
chains that were almost 2x longer than the
CS-GAGs synthesized by primary chondrocytes
harvested from those same horses (Fig. 5.4c).
Importantly, it was also discovered via
fluorophore-assisted carbohydrate electrophore-
sis (FACE) analysis that the aggrecan made by
these adult BMSCs demonstrated CS-GAG sul-
fation patterns typical of those observed in new-
born growth cartilage, even though these cells
were originated from adult animals. The BMSC-
derived aggrecan also showed higher compres-
sive stiffness, close to that of newborn human
aggrecan as seen in Fig. 5.4a. On the other hand,
in comparison to primary chondrocytes, BMSCs
had a lower synthesis rate of collagen and proteo-
glycans, as well as a lower retention rate of newly
synthesized aggrecan in its neo-matrix. This
resulted in a lesser assembled matrix with lower
SGAG content in the BMSC neo-matrix [1].

When assessed via AFM-nanorheometer, BMSC
neo-matrix showed a higher degree of energy dis-
sipation and similar elastic modulus at lower fre-
quencies, but lower modulus at high frequency
relative to that of chondrocyte neo-matrix [34,
35]. Therefore, despite its capability of synthe-
sizing more superior aggrecan, BMSCs may also
have inferior capabilities in biosynthesis and neo-
matrix assembly. These factors need to be consid-
ered and modulated at both molecular and cellular
levels to enhance the quality of regenerative
tissues.

Other Native and Biomimetic
Proteoglycans

54

In addition to aggrecan, cartilage matrix also
consists of many other proteoglycans and glyco-
proteins, including small leucine rich proteogly-
cans (SLRPs), perlecan, lubricin, matrilins and
cartilage oligomeric matrix protein (COMP)
[28]. These molecules are present at minor quan-
tities, and thus, do not directly contribute to tis-
sue biomechanics. However, they could have
important roles in regulating matrix assembly or
cell-matrix interactions through specific interac-
tions with other matrix molecules, cell surface
receptors, and/or cytokines [32]. Regulatory roles
of individual proteoglycans have been studied by
assessing the phenotype of various genetic
knockout murine models [28]. Previously, analy-
sis of murine cartilage phenotype has been
mainly limited to gross-level assays, such as bulk
chemistry, histology, immunohistochemistry, and
micro-computed tomography (uCT). Assessment
of the functional relevance of these molecules
was challenged by the small volume and irregular
shape of murine cartilage, which renders conven-
tional biomechanical tools not applicable.

The nanomechanical paradigm established by
Grodzinsky and colleagues enabled direct quanti-
fication of murine cartilage biomechanical prop-
erties, providing a new path for pinpointing the
activities of individual proteoglycans [22]. For
example, a recent study by Han et al. investigated
the role of decorin in cartilage biomechanical
function and OA progression [21]. Decorin is a
class I SLRP containing ~40 kDa leucine rich
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core protein with one CS- or dermatan sulfate
(DS)-GAG chain attached near its N-terminal. In
human cartilage, the concentration of decorin is
~ 15 nmol/ml, comparable to that of aggrecan (~
20 nmol/ml) [47], which implies its potential
importance to cartilage integrity. In both decorin-
null (Dcn™") and inducible decorin knockout
mice (Dcn?/Rosa26Cre™®, or Dcn’®©), loss of
decorin resulted in reduced aggrecan and sGAG

a Saf-OlFastG Aggrecan d

Pore Pressure (Pa)

Aggrecan + Decorin

b Ind (Mpa) k (m*(N-s))
. * e
. _ 101 _é Decorin-Mediated
T 10° 15 .!:
_ " )
0 WT Dcn™ o WT Dcn™

Aggrecan Adhesion

content in the ECM (Fig. 5.5a). When tested
under the AFM-nanorheometer, decorin-deficient
cartilage demonstrated compromised biome-
chanical properties, including lower modulus,
higher hydraulic permeability and reduced fluid
pressurization (Fig. 5.5b, c). These observations
highlighted a crucial role of decorin in regulating
the integrity of aggrecan in cartilage ECM. This
hypothesis was supported by molecular-level

Aggrecan Only

Structural Integrity of Aggrecan
Network in Cartilage ECM

link protein HA
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Fig. 5.5 Decorin regulates the integrity of aggrecan and
biomechanics of cartilage ECM. a-c) Structural and bio-
mechanical phenotype of Dcn™~ murine cartilage relative
to the wild-type (WT) control at 3 months of age. (a)
Safranin-O/Fast Green histology and IF images show the
reduction of sulfated glycoaminoglycans (sGAGs) and
aggrecan in Dcn™~ cartilage. (b) AFM-based nanoinden-
tation and nanorheometric tests show the reduction of
indentation modulus, Ej,, and the increase of hydraulic
permeability, k, of cartilage. (¢) Maximum pore pressure
calculated from the fibril-reinforced poroelastic finite ele-

decorin aggrecan

ment model at the peak frequency (~10 Hz) correspond-
ing to maximum phase angle. (d) Tapping mode AFM
height imaging shows the formation of interconnected
supramolecular network when aggrecan is reconstituted
with free decorin protein, and individual aggrecan mono-
mers when reconstituted without. (e) Schematic illustra-
tion of the structural role of decorin in regulating the
molecular adhesion of aggrecan-aggrecan and aggrecan-
collagen fibrils, and thus, the integrity of cartilage ECM.
(Panels (a)—(e) are adapted with permission from Ref.

(21D
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nanomechanical experiments. First, when free
decorin protein was added to the solution, molec-
ular adhesions between two opposing aggrecan
layers, and between aggrecan and collagen II
fibrils, were both significantly increased. Second,
when decorin protein and aggrecan monomers
were reconstituted on a mica surface, they formed
interconnected supramolecular networks, despite
the presence of strong EDL repulsion (Fig. 5.5d).
These results corroborate the observation that
Dcn™~ chondrocytes synthesized a similar
amount of sGAGs, but a lesser portion was
retained in the neo-matrix. Therefore, in carti-
lage, decorin could serve as a “physical linker”,
which in turn, strengthens the aggrecan-aggrecan
and aggrecan-collagen II molecular adhesion,
enhancing the integration of aggrecan network in
cartilage (Fig. 5.5¢) [21].

The impact of decorin on aggrecan integrity
also regulates chondrocyte mechanotransduction.
Applying  immunofluorescence  (IF)-guided
AFM, Chery et al. showed that the PCM of
Dcn™~ cartilage was impaired during post-natal
growth, leading to demoted chondrocyte intracel-
lular calcium signaling, [Ca®*], activities in situ
[7]. This study further confirmed that such
impairment can be attributed to the reduction of
aggrecan and sGAG content in the PCM, sup-
porting the role of decorin in mediating chondro-
cyte mechanobiology through regulating the
integrity of aggrecan in the PCM. In the DMM
model, both Dcn™ and Dcn'®© mice exhibited
accelerated loss of sGAGs and fibrillation of car-
tilage surface, contributing to more severe OA
relative to the control [38]. The mediation of
aggrecan assembly was also found to be specific
to decorin. Biglycan is another class I SLRP,
whose core protein has ~57% structural homol-
ogy to that of decorin, but harbors two, rather
than one, CS/DS-GAG side chains near its
N-terminal [30]. In contrast, such aggravated OA
was not detected in biglycan inducible knockout
mice (Bgn”/Rosa26Cre®) subjected to DMM
surgery [20]. Therefore, building on the founda-
tion established by Grodzinsky, these recent stud-
ies highlighted an indispensable role of decorin
in regulating the integrity of aggrecan network in
cartilage matrix, and thus, the ECM biomechan-
ics and chondrocyte mechanotransduction.

Meanwhile, decorin also contributes to the slow-
down of OA progression by attenuating the loss
of fragmented aggrecan and inhibiting cartilage
fibrillation.

Besides decorin, the impact of perlecan on
cartilage development and homeostasis has also
been studied from the nanomechanics perspec-
tive. Perlecan is a basement membrane-specific
heparan sulfate ~ proteoglycan (HSPG,
M,, ~ 470 kDa), and contains three heparan sul-
fate (HS)-GAG or CS-GAG chains near its
N-terminal. In cartilage, perlecan is localized in
the PCM, and is suggested to interact with colla-
gens VI and XI to stabilize the matrix compart-
ment [62]. It also directly regulates cell surface
mechanosensing [19] and activation of fibroblast
growth factor-2 (FGF-2) [57]. Applying
IF-guided AFM, Wilusz et al. demonstrated
direct contribution of perlecan and its HS-GAGs
to PCM integrity. Heparinase III digestion was
shown to increase the micromodulus of porcine
cartilage PCM, but not that of the bulk ECM [61].
It was hypothesized that the HS-GAG chain of
perlecan could contribute to the local fixed
charges and osmotic swelling pressure, while its
enzymatic removal may reduce the swelling of
PCM and in turn, increase the apparent local
modulus. Furthermore, in newborn perlecan
knockdown mice (Hspg2+~), Xu et al. observed
reduced cartilage matrix stiffness as well as
defective PCM formation. Production of an abun-
dance of matrix proteins was elevated, including
atypical sGAGs, which was hypothesized to
compensate for the loss of perlecan, illustrating
an important role of perlecan in mediating initial
matrix assembly [63].

Marcolongo and colleagues synthesized a
family of biomimetic proteoglycans (BPGs) to
recapitulate the biophysical characteristics of
native aggrecan at the molecular level [48].
Specifically, BPG10 is a synthetic polymer con-
sisting of a ~ 10 kDa synthetic poly(acrylic acid)
(PAA) core, decorated with ~5-7 CS-GAG bris-
tles (Fig. 5.6a). Similar to that of aggrecan,
BPG10 exhibits the “bottle-brush” architecture,
with CS-GAGs packed at 3—4 nm spacing along
the PAA core [48], comparable to the 2-3 nm
spacing of CS-GAGs along aggrecan core protein
[43]. When infiltrated into bovine -cartilage
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explants, these BPGs were able to localize in the
PCM and territorial domain [46] (Fig. 5.6b).
Kahle et al. applied IF-guided AFM to BPG10-
augmented bovine cartilage explant, and showed

that its localization increased the micromodulus
of PCM without altering properties of the matrix
bulk (Fig. 5.6¢) [31]. Such effect was attributed
to the increased fixed charge density within the
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Fig. 5.6 Biomimetic proteoglycan, BPG10, strengthens
cartilage pericellular matrix (PCM) and modulates chon-
drocyte mechanotransduction through integrating with
the aggrecan network in the PCM. (a) BPG10 is synthe-
sized by grafting natural chondroitin sulfate glycosami-
noglycan (CS-GAG) bristles to an enzymatically
resistant, synthetic poly (acrylic acid) (PAA) core. (b) IF
images of adult bovine cartilage explants infiltrated with
fluorescently-labeled BPG10 and co-stained with colla-
gen VI demonstrate the preferred distribution of BPG10
within the PCM and nearby territorial domain. (c)
Representative indentation modulus, E;,4, maps of control
and BPG10-treated cartilage in 20 x 20 pm? regions of
interest (ROIs) containing well-defined PCM rings
(40 x 40 indents) via IF-guided AFM nanomechanical

mapping illustrate the increase of PCM micromodulus by
the infiltration of BPG10. (d) Left panel: Representative
IF images of intracellular calcium signaling, [Ca*'];, of
adult bovine chondrocytes in situ. BPG10 enhances
mechanosensing of chondrocytes in both isotonic and
hypotonic (osmotically-simulated compression) condi-
tions, as illustrated by an increase in the percentage of
responding cells, %R, (mean + 95% CI, > 445 cells
from n = 3 animals). (e) Schematic illustration of bio-
physical adhesion interactions between BPGI10 and
aggrecan, which enables the integration of BPG10 with
the aggrecan-enriched cartilage PCM, and thus, the pre-
ferred localization of BPG10 in the PCM. (Panels (a)—(e)
are adapted with permission from Ref. [31])
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PCM due to the localization of BPG10. In turn,
residing chondrocytes in BPG10-augmented
PCM exhibited enhanced in situ [Ca®*]; activities
(Fig. 5.6d). When tested by molecular force spec-
troscopy, these BPG10 molecules demonstrated
the capability of undergoing molecular adhesion
with other BPG10 molecules and with native
aggrecan, at a similar adhesion magnitude as
aggrecan-aggrecan self-adhesion. Thus, it was
hypothesized that by mimicking the “brush-like”
ultrastructure and polyanionic nature of aggre-
can, BPG10 can integrate with aggrecan in native
cartilage  through  biophysical adhesions
(Fig. 5.6e), and thus, has the potential to be used
for harnessing cell mechanoresponses and modi-
fying disease progression [31].

5.5 Summary and Outlook

This chapter summarized the transformative
impact of Dr. Grodzinsky’s contributions to the
understanding of aggrecan molecular mechanics
at the nanoscale. By developing and applying an
array of AFM-based nanomechanical modalities
to cartilage molecules, cells, and tissues, this
body of work established a new front in under-
standing the origins of cartilage ECM functions,
cell-ECM interactions, and disease initiation
events. In addition, as discussed in this chapter,
this nanotechnology paradigm established by Dr.
Grodzinsky opened the door for further in-depth
studies on the roles of other minor proteoglycans
and proteins in cartilage biomechanics and mech-
anobiology, as well as the evaluation of novel
molecular therapeutic strategies for OA treat-
ment. It is expected that many future studies will
benefit immensely from this molecular founda-
tion established by Dr. Grodzinsky, which is one
of the many fronts that he has contributed in mus-
culoskeletal research.
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to Cartilage Failure
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Abstract

Over several decades the perception and there-
fore description of articular cartilage changed
substantially. It has transitioned from being
described as a relatively inert tissue with lim-
ited repair capacity, to a tissue undergoing
continuous maintenance and even adaption,
through a range of complex regulatory pro-
cesses. Even from the narrower lens of biome-
chanics, the engagement with articular
cartilage has changed from it being an inter-
esting, slippery material found in the hostile
mechanical environment between opposing
long bones, to an intriguing example of mech-
anobiology in action. The progress revealing
this complexity, where physics, chemistry,
material science and biology are merging, has
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been described with increasingly sophisti-
cated computational models. Here we describe
how these computational models of cartilage
as an integrated system can be combined with
the approach of structural reliability analysis.
That is, causal, deterministic models placed in
the framework of the probabilistic approach of
structural reliability analysis could be used to
understand, predict, and mitigate the risk of
cartilage failure or pathology. At the heart of
this approach is seeing cartilage overuse and
disease processes as a ‘material failure’,
resulting in failure to perform its function,
which is largely mechanical. One can then
describe pathways to failure, for example,
how homeostatic repair processes can be over-
whelmed leading to a compromised tissue. To
illustrate this ‘pathways to failure’ approach,
we use the interplay between cartilage con-
solidation and lubrication to analyse the
increase in expected wear rates associated
with cartilage defects or meniscectomy.

Keywords
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Cartilage - Injury
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6.1 Introduction

Over the past ~40 years, incredible advances
have been made in cartilage biology. We are
thinking about the finding that transient compres-
sive stiffness arises from low hydraulic conduc-
tivity of cartilage and collagen network stiffness,
how the equilibrium cartilage compressive stiff-
ness arises primarily from repulsion between
negatively charged aggrecan, the interplay
between the aggrecan compression and the col-
lagen tension to maintain normal cartilage
stiffness, and how turnover of these ECM com-
ponents is regulated by chondrocytes via chemi-
cal, electromechanical and mechanical signals
[1-8]. These insights, often gained by patient
work on individual processes or isolated mole-
cules, have been integrated to present a compel-
ling story of how this tissue functions in both the
short term (to an individual loading) and the
long-term (to repeated cyclic loadings), and
potential pathways to pathology [8]. With the
insight made possible by understanding this inte-
grated system, we are only just beginning to
develop rational strategies to intervene at the tis-
sue scale to maintain or reverse cartilage
damage.

Meanwhile great advances have also occurred
in imaging and computational biomechanics,
genetics and genetic manipulations that may
soon enable patient (or cohort) specific data to be
incorporated into cartilage treatment strategies
[9, 10]. How best to do this is still in its infancy,
and so largely an open question, but it holds such
promise. Our belief is that this way forward will
no doubt be computational (i.e. based on deter-
ministic quantitative mechanistic models of carti-
lage tissue turnover in response to its mechanical
and chemical environment), but will also neces-
sarily include statistical aspects (e.g. variable
loadings and model tissue parameters over time
and/or population). More to our point, we believe
the concepts of risk analysis borrowed from reli-
ability engineering, provides a promising frame-
work to shepherd our hard-won understanding of
cartilage biology into the clinic [11, 12]. Here we
will expand on these ideas. In doing so we will
necessarily review some cartilage biology.

However, the focus will be on identifying strate-
gies cartilage uses to maintain and repair itself,
and the pathways to cartilage ‘failure’, however
failure may be defined. This approach promises
to enable the risk associated with various ‘disease
pathways’ in an individual or patient cohort to be
rationally quantified, and then managed.

6.2  Articular Cartilage,

an Extraordinary Tissue

Articular cartilage faces extraordinary mechani-
cal challenges during daily physical activities.
For example, knee cartilages in adults experience
contact forces up to 5 times the body weight dur-
ing stair climbing [13], leading to contact stresses
up to 18 MPa. To get this loading in perspective,
we note that a large stiletto heel exerts about
10 MPa pressure on the ground, and this contact
stress is well-known for damaging some wooden
floors—while cartilage tissue repeatedly experi-
ences stresses that are almost twice as great.
Probably due to this harsh mechanical environ-
ment, cartilage is an avascular tissue with a sparse
chondrocyte to extracellular matrix (ECM) distri-
bution, which limits its repair capacity. All tis-
sues that normally repair quickly have abundant
blood supplies, while in contrast, cartilage relies
solely on diffusion/advection of nutrients and
oxygen from synovial fluid that bathes its contact
surface, with the subchondral bone- cartilage
interface generally considered impermeable in
healthy joints. Consequently, articular cartilage
function and homeostasis largely rely on com-
plex interactions between its main extracellular
components: interstitial fluid, aggrecan and a
Type II collagen network [5, 8]. For example, the
rate of tissue strain under sustained load largely
depends on the interstitial fluid movement
through the cartilage tissue and across the carti-
lage surfaces, influencing the mechanical and
chemical microenvironments continually being
sensed by chondrocytes, while the fluid contrib-
utes to synovial joint lubrication [5, 14]. When
cartilage is subjected to compressive loading, it
consolidates. The load is initially carried by the
fluid phase, which is slowly squeezed out of the
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extracellular matrix, helping to sustain very low
frictional force between two opposing cartilage
surfaces. As cartilage interstitial fluid exudes
through the tissue surface, load is gradually
transferred to the solid matrix, resulting in a

gradual increase in friction at contacting
surfaces.
6.3 Cartilage Damage Mechanics

The ability of cartilage to maintain its physio-
logical function in this hostile mechanical envi-
ronment depends on the tissue’s ability to
continually synthesize extracellular matrix
components, while avoiding excessive strain, an
attribute normally conferred by its composite
structure. Aggrecans are negatively charged
molecules that have counter ions in a diffuse
double-layer to maintain overall electroneutral-
ity. Overlapping double-layers repel and so nor-
mally expand and imbibe water. However, this
expansion is resisted by the collagen network
[15]. The aggrecan molecules within the colla-
gen network normally provide the equilibrium
compressive stiffness for cartilage tissue [16],
and ensure a very small hydraulic permeability
which delays consolidation of the tissue to its
equilibrium state. Consequently, when loaded, a
long consolidation time follows (e.g. up to three
or more hours).

As shown schematically in Fig. 6.1, a dam-
aged collagen network is not able to effectively
retain a high enough concentration of aggrecan
molecules within the collagen network, which
leads to cartilage softening [17]. Reduced aggre-
can content also leads to larger hydraulic conduc-
tivity, more rapid consolidation and larger strains.
This means the aggregate, collagen tissue net-
work and chondrocytes are more likely to be
damaged by excessive strain (following even nor-
mal load), leading to further loss of aggrecan
[18]. This positive feedback cycle is just one
important pathway that can lead to disease such
as osteoarthritis. One can imagine many more
and so osteoarthritis is not just one disease [8,
19]. Its management is likely to also differ
depending on the etiology.

6.4 Role of Computational
Modelling to Capture

Complex Interactions

A key attraction of computational modeling is
that it can be employed to reveal the spatial and
temporal distribution of tissue microenviron-
ments experienced by chondrocytes embedded
within articular cartilage. This involves interpo-
lating sparse experimental data sets, often mea-
sured at tissue boundaries, to define local
conditions experienced by chondrocytes through-
out the cartilage tissue. This immediately opens
up the possibility of beginning to define previ-
ously inaccessible variables that are likely to be
driving local ECM damage and chondrocyte
repair processes within articular cartilage. This
new capability, together with experimentally cal-
ibrated computational damage and repair func-
tions, then naturally leads to predictions about
the integrity of cartilage under various short and
long-term scenarios.

Through this process, computational model-
ing can provide a pathway from laboratory data
to quantitative predictions about future tissue
states under various scenarios. This should be of
great interest to clinicians, as they are in the busi-
ness of advising patients as to the optimal path to
follow in response to their problem. The process
of building and calibrating computational models
of cartilage tissue also offers up the possibility of
a new pathway to more effective use of the new
data being generated by ‘precision medicine’ for
individual patients.

There are many chemical molecules and
mechanical cues that regulate articular cartilage
homeostasis. Therefore, to realistically define
cartilage microenvironments requires consider-
ation of interactions between many specific and
rather detailed computational modules (involving
multi-physics and multiphasic modelling). The
theory of porous media has been widely employed
to simulate the mechanical behaviour of biologi-
cal soft tissues, such as articular cartilage [20—
25] and fracture callus [26-28]. Here the
extracellular matrix and interstitial fluid interac-
tion contributes to the time-dependent observed
tissue stiffness and deformation behaviour. By



86

S. Miramini et al.

Cartilage collagen
damage at surface ¥

> @ = - S
\‘\-._ Nt . . .
94 i @ = D ~~ Collagen fibre orientation
A e oo I
3 O i ® = Aggrecan

¥
B ® [ ® ®
® @ @ e
@ ( é @ Chondrocyte
® ( ® e @®
® @' e @

Fig.6.1 Schematic shows damage to superficial collagen
network results in escape of aggrecans and water mole-
cules from the cartilage tissue, which may significantly

combining the porous media theory with trans-
port models and chemical reactions, we can also
simulate three-dimensional diffusion and advec-
tion of different molecules in cartilage, and use
this information to predict different cellular
activities [14, 29-36]. For example, insulin-like
growth factors mediate cartilage cellular activi-
ties such as cell proliferation, differentiation,
apoptosis and synthesis of extracellular matrix
[32, 37, 38]. We have built a spatial model for
IGF in cartilage tissue that includes many simul-
taneous chemical reactions, as well as transport
parameters [36]. Each of these parameters
depends on the actual chemical structure of IGF
and its binding proteins, as these determine the
chemical rate constants that define their interac-
tions. These rate constants depend on the amino
acid sequence in each molecule, which in turn
depends on the genetic code in that individual. If
the genetic code is known, as revealed by preci-
sion medicine, it should be possible to predict the
effect of that person’s genetic code on the
chemical rate constants, enabling the creation of
customized computational models for each indi-
vidual’s IGF system for their cartilage. By this
means, we can bridge the information gap
between genetic data and what this data actually
means in the context of a tissue.

increase strain locally. This can lead to local damage of
the extracellular matrix and chondrocytes

This same principle can be applied to all the
other chemical molecules found in cartilage tis-
sue. For example, the inflammatory cytokine
IL-1a is known to modulate biochemical degra-
dation of cartilage tissue following a traumatic
joint injury, so we built a detailed model of
IL-1beta in cartilage, and calibrated the model
using detailed experimental data generated exclu-
sively in the Grodzinsky lab [37]. The model
simulated the experimental observation of bio-
chemical degradation of bovine articular carti-
lage explants. The developed model can help
improve our understanding of in vivo events after
a joint injury and potentially be employed for
assessing the influence of different therapeutic
molecules on osteoarthritis management [39, 40].

Since the biochemical signaling pathways are
influenced by the mechanical microenvironment
of cartilage, we built a mechanical model of car-
tilage. We have developed and published a state-
of-the-art biphasic model of cartilage mechanics
that is validated against ex-vivo mechanical
experiments on human osteochondral plugs sub-
ject to cyclic loading [22]. The model takes into
account tensile loading being carried by the col-
lagen network, and compressive load carried by
water and aggrecan. The model has a non-linear
compressive stiffness and non-linear hydraulic
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permeability based on the aggrecan concentra-
tion, which changes as the cartilage tissue
deforms. As such this model represents a new
constitutive model of articular cartilage, which
helps provide a sound foundation for new models
describing cartilage damage and repair modelling
(Fig. 6.2).

6.5 Using Models to Investigate

Pathways to Cartilage Failure

Synovial joint lubrication is one of the key roles
of articular cartilage. Synovial joints can experi-
ence very small frictional force, with initial fric-
tion coefficient ranging from 0.005 to 0.02, while
bearing extremely large mechanical stress [41,
42]. However, experimental studies have shown
that the cartilage friction coefficient can rise with
time (~minutes) under loading [43, 44]. Our
computational modelling in conjunction with
experimental observations have shown that there
is a strong correlation between cartilage friction
coefficient and the degree of cartilage consolida-
tion. This suggests that after prolonged period of
loading, in particular stationary activities (e.g.
standing), consolidation has occurred and fric-
tion coefficient rises (Fig. 6.3). The cartilage sur-
face can experience relatively large friction
coefficient (e.g. 0.2-0.3, with subsequent addi-
tional cartilage damage likely as motion
recommences).

Number of Cycles

It is known that large frictional force at the
joints can result in elevated cartilage surface wear
and damage and cartilage delamination. A well
calibrated and patient-specific computational
modelling can help us simulate the likely impact
of physical activities on synovial joint health and
thereby design patient-specific physical therapy
activities for management of osteoarthritis We
have incorporated different joint states such as
meniscectomy and cartilage surface defects, and
simulated cartilage time-dependent lubrication.
As shown in Fig. 6.4, the response of damaged
cartilage, to the same loading conditions, was a
faster rate of consolidation and quicker increase
in surface friction coefficient. The expectation
then is these compromised joints will experience
a higher average friction coefficient, than a
healthy cartilage, and so a higher surface wear
rate. Knowing this, from medical history (e.g.
observation of defects in MRI) it is possible to
devise activities that minimize the likelihood of
these adverse situations occurring, thereby
increasing the likelihood cartilage will maintain
its functional integrity.

Although we have shown above that defects
and meniscectomies can increase consolidation
and extend the time a cartilage surface experi-
ences high friction, we still do not know how
critical this is in a particular individual. The load
the joint experiences depends on factors such as
body weight, joint size and shape, limb geometry
and lifestyle. Some of these biomechanical
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Fig. 6.4 A faster 0%
consolidation is

predicted for cartilage

with meniscectomy and

the one with a full 20%
thickness defect. (This c
figure has been adapted S
from Miramini et al. g 40%
[45] with permission) ?,
c
o
o
© 60%
[0}
o
[
o)
o
80%
100%

—1-Intact cartilage

—2-Cartilage with partial meniscectomy
—3-Cartilage with complete meniscectomy
—4-Cartilage with partial thickness defect
—>5-Cartilage with full thickness defect

aspects can be incorporated for an individual
through a combination of imaging and gait analy-
sis to predict joint loads. In addition, the func-
tional mechanical properties of the cartilage
tissue are also expected to vary in a population
due to genetic and environmental histories. These
factors can be also incorporated in patient -spe-
cific simulation.
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Computational modelling can also assist clini-
cians in assessment of cartilage health. For exam-
ple, we can assess cartilage tissue functional
properties by combined fluoroscopic and MRI
imaging of the knee in a standing still posture and
measuring the degree of joint closure over time
[46]. The calculated degree of consolidation of
knee joint together with computational modelling
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enable evaluation of knee joint ability to sustain
interstitial fluid pressure and so experience a nor-
mal low surface friction coefficient [45].

6.6  Probabilistic Modelling
and Osteoarthritis Risk

Assessment

As alluded to above, there are numerous uncer-
tainties and variability associated with the param-
eters affecting cartilage behaviour. For example,
cartilage loading condition depends on many fac-
tors including physical activity, body weight and
joint anatomy. In addition, the physical proper-
ties of cartilage also remain uncertain and depend
on factors such as age, joint health and genetic
factors. Therefore, it is of critical importance to
consider the uncertainty and variability of differ-
ent factors when simulating cartilage behaviors.
Probabilistic analysis has been traditionally
developed and employed for reliability assess-
ment of engineering structure such as bridges and
nuclear power stations. Compared with a deter-
ministic approach that adopts a discrete value for
a specific model parameter, a probabilistic mod-
elling approach takes into account the distribu-
tion of environmental factors and model
parameters in the deterministic calculation and
therefore generates a distribution of tissue trajec-
tories (including pathways to disease) and there-
fore outcomes. In the context of engineering, we
can define the ‘probability of failure’ as the like-

lihood of exceeding some pre-determined state
critical to the functional performance of the engi-
neered structure. For example, it might be the
probability of a load exceeding the structure’s
(e.g. a bridge’s) strength, or the probability of a
load exceeding a certain level of deformation in
the structure, or the probability of environmental
factors causing a certain level of material damage
(e.g. component fatigue damage, irradiation dam-
age, or corrosion damage). Reliability can be
defined as one minus the probability of failure. In
the context of loading a structure, the probability
of failure can be defined as the overlap between
the probability density function of a ‘generalized
loading’ applied on the structure and probability
density function of the structure ‘generalized
resistance’, as shown in Fig. 6.5.

Recently, we have used this approach to pre-
dict the likelihood of knee osteoarthritis [9]. This
was done on the basis of a simple model of chon-
drocyte ECM synthesis in response to loading
and the possibility for chondrocyte apoptosis
under that load. Failure was defined by the ability
to resist a test load (i.e. not exceed a maximum
strain threshold). The model predicted that low
activity leads to low ECM synthesis and so a
gradual softening of the tissue. High activity
increases ECM synthesis but also exposure to
excessive loads. The probabilistic predictions
had the median time to onset of failure occurred
earlier in the low activity model, and with a rela-
tively narrow uncertainty in onset time. The high
activity level had a delayed median onset, but had

Fig.6.5 The
probability of failure of
a structure can be
estimated by finding the
overlapping area under
the probability density
functions of generalized
load and generalized
resistance. (Figure
adapted with permission
from Miramini and Yang
(47D
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[48])

much wider distribution of failure onset, relative
to the low activity predictions [9].

In addition, we have recently developed a
multi-scale probabilistic computational model
(Fig. 6.6) to simulate the cartilage lubrication
behaviour by incorporating the uncertainties
associated with the key variables governing car-
tilage contact gap mechanics [48-50]. The
model takes into account the internal relation
between different variables and their correlated
influence on cartilage lubrication. The simula-
tion results show that an increase of polymer
brush border thickness at the cartilage surface
improves the hydrodynamic lubrication of carti-
lage, while the increasing surficial GAG content
of the cartilage and increasing asperity stiffness
could negatively affect hydrodynamic lubrica-
tion. Finally, we note that this probabilistic

approach has also been adopted to estimate the
probability of delayed bone fracture healing
[47, 51].

6.7  Conclusion

To conclude, we are reaching a stage where it is
now possible to connect all the pieces together
into a whole picture of articular cartilage homeo-
stasis and to identify pathways to disease.
Computational modeling seems to be the natural
platform upon which to integrate, into their
proper context, the many interacting processes
involved. Here we presented various mechanistic
sub-models describing aspects of articular carti-
lage health. However we have also advocated for
the merging of these mechanistic sub-models
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with the statistical-based models or approaches
from (structural) reliability engineering. This
then can provide a ‘bridge’ between the molecu-
lar and cell biology, biomechanics and epidemi-
ology of osteoarthritis to give a rational basis for
patient specific treatments. Although all the com-
putational approaches are present to make this
approach possible, the barriers to its adoption
depends, not the least, on the adoption by
clinicians.
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Gene Delivery to Chondrocytes
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Abstract

Delivering genes to chondrocytes offers new
possibilities both clinically, for treating condi-
tions that affect cartilage, and in the laboratory,
for studying the biology of chondrocytes.
Advances in gene therapy have created a num-
ber of different viral and non-viral vectors for
this purpose. These vectors may be deployed in
an ex vivo fashion, where chondrocytes are
genetically modified outside the body, or by
in vivo delivery where the vector is introduced
directly into the body; in the case of articular
and meniscal cartilage in vivo delivery is typi-
cally by intra-articular injection. Ex vivo deliv-
ery is favored in strategies for enhancing
cartilage repair as these can be piggy-backed on
existing cell-based technologies, such as autolo-
gous chondrocyte implantation, or used in con-
junction with marrow-stimulating techniques
such as microfracture. In vivo delivery to articu-
lar chondrocytes has proved more difficult,
because the dense, anionic, extra-cellular matrix
of cartilage limits access to the chondrocytes
embedded within it. As Grodzinsky and col-
leagues have shown, the matrix imposes strict

limits on the size and charge of particles able to
diffuse through the entire depth of articular car-
tilage. Empirical observations suggest that the
larger viral vectors, such as adenovirus
(~100 nm), are unable to transduce chondro-
cytes in situ following intra-articular injection.
However, adeno-associated virus (AAV;
~25 nm) is able to do so in horse joints. AAV is
presently in clinical trials for arthritis gene ther-
apy, and it will be interesting to see whether
human chondrocytes are also transduced
throughout the depth of cartilage by AAV fol-
lowing a single intra-articular injection. Viral
vectors have been used to deliver genes to the
intervertebral disk but there has been little
research on gene transfer to chondrocytes in
other cartilaginous tissues such as nasal, auricu-
lar or tracheal cartilage.

Keywords

Chondrocyte - Gene therapy - Cartilage -
Osteoarthritis

7.1

Introduction: Why Transfer
Genes to Chondrocytes?

Gene transfer has emerged as a valuable technol-
ogy serving both as a therapeutic modality and as
a research tool. In the context of diseases that
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affect cartilage, genetic modification of chondro-
cytes promises to improve the treatment of
osteoarthritis (OA) and other arthritides, as well
as to promote the regeneration of damaged carti-
lage. As a research tool, gene transfer enables the
biology of chondrocytes to be interrogated in
new and unique ways. To exploit this potential, it
is necessary to develop technologies allowing the
efficient transfer of genes to chondrocytes and
the expression of those transgenes in controlled,
predictable ways. This chapter summarizes prog-
ress made in these endeavors.

7.2 A Gene Transfer Primer

7.2.1 Viral Vectors

Genes do not spontaneously enter cells in a
fashion that allows their meaningful expression.
Instead genes or, more usually, their complemen-
tary (c)DNA equivalents, are purposefully trans-
ferred to cells by vectors that cross the cell
membrane and deliver their genetic payloads to
the nucleus of the cell where the transcriptional
machinery resides. The most powerful vectors for
gene transfer take advantage of the natural ability
of viruses to enter cells and deliver their own
genomes in a manner where the virally encoded
genes are expressed efficiently. Gene transfer
using viruses is known as transduction.

Vectors for gene delivery have been exten-
sively reviewed in a number of recent publica-
tions [1-3]. Although several different viruses are
in pre-clinical development as a basis for gene
therapy vectors [4], the main viruses that have
been successfully modified for gene therapy in
human clinical trials are retrovirus, adenovirus
and adeno-associated virus (AAV). Two different
types of retrovirus have been employed in this
fashion, y-retrovirus and lentivirus. The main rel-
evant properties of the major viral vector groups
are summarized in Table 7.1.

Retroviruses were the first viruses to be devel-
oped usefully for human gene therapy. On enter-
ing cells, their RNA genomes are reverse
transcribed into DNA (hence the word retrovirus)
which then integrates into genomic DNA within
the host nucleus where the transferred coding

sequences (transgenes) are expressed. Because
integration occurs at unpredictable sites there is a
finite possibility of insertional mutagenesis lead-
ing to malignant transformation. Although the
likelihood of this is low, it has been observed in
clinical trials [5]. Of practical concern,
y-retroviruses require host cell division for trans-
duction to occur whereas lentiviruses transduce
both dividing and non-dividing cells. Because of
the safety concerns raised by insertional muta-
genesis, retroviruses are unlikely to be used clini-
cally to treat diseases affecting cartilage but they
remain powerful research tools.

Adenoviruses are non-integrating DNA
viruses that are relatively straightforward to con-
struct and propagate. They transduce a wide
range of dividing and non-dividing cells.
Depending on the promoter used in the vector,
transgene expression can be very high. Because
the viral DNA remains episomal it is rapidly lost
from dividing cells and adenoviral vectors tend to
provide high levels of transgene expression for a
limited period time. The ability of adenovirus to
activate both the innate and adaptive immune
systems is a disadvantage for in vivo applica-
tions. The innate immune system is triggered
because infection of cells with adenovirus stimu-
lates mitogen-activated protein (MAP) kinases,
leading to the activation of nuclear factor kappa-
B (NF-xB), a pro-inflammatory transcription fac-
tor. Adaptive immunity occurs in response to
highly antigenic adenoviral capsid proteins. Cells
infected with early generation adenovirus vectors
express low levels of these proteins and are killed
by the resulting CD8+ T-cell response. Later gen-
eration vectors have addressed this issue by
removing additional viral DNA leading to the
construction of high-capacity vectors (also
known variously as “gutted”, ‘“gutless” or
“helper-dependent” adenovirus) that lack all ade-
novirus coding sequences. These vectors can
accommodate a DNA cargo as large as 36 kb but
are difficult to manufacture.

AAV is a small parvovirus with a single-
stranded DNA genome. It is attractive for human
gene therapy because the wild-type virus is
endemic in human populations yet causes no
known disease. However, the single-stranded
genome presents a limitation for gene therapy
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Table 7.1 Salient properties of commonly used viral vectors

Viral vector
Adenovirus

Adeno-associated
virus (AAV)

Retrovirus
(Moloney murine
leukemia virus
derived)

Lentivirus

Advantages

Easy to produce in high
titers

Transduces both dividing
and non-dividing cells
Relatively good freeze-
thaw stability

Easy to procure and
produce (first and second
generation vectors)
Transduces both dividing
and non-dividing cells
Relatively good freeze-
thaw and thermal stability
Capable of transducing
chondrocytes in vivo

No human disease
associated with AAV
Multiple serotypes allow
for directed tropism
Easy to produce
Selection of transduced
cells straightforward

Transduces both dividing
and non-dividing cells
Selection of transduced
cells straightforward

Disadvantages

Immunogenic

Difficult to procure and produce
(third generation)

Does not transduce chondrocytes
in situ

Difficult to procure and produce
Gene carrying capacity is small
Large number of the human
population have pre-existing
neutralizing antibodies to certain
serotypes

Expensive

Modest titers

Does not transduce non-dividing
cells

Risk of insertional mutagenesis
Does not transduce chondrocytes
in vivo

Risk of insertional mutagenesis
Does not transduce chondrocytes
in vivo

Other properties

~1 in every 50-100 viral
particles is infectious
Non-integrating

Carrying capacity 8-30 kb
Transient transduction of
dividing cells

Depending on serotype ~1 in
50 particles is infectious
Transducing capacity varies
widely between serotypes,
cells, species and different
preparations
Non-integrating

~1 in every 100-1000 viral
particles is infectious

~8 kb of packaging capacity
Integrating

~1 in every 100-1000 viral
particles is infectious

~8 kb of packaging capacity
Integrating

because second-strand synthesis is required
within the nucleus of the host cell before gene
expression can occur. In certain types of cells
and in certain species second strand synthesis is
very inefficient. The development of self-
complementing AAV genomes comprising
double-stranded DNA has overcome this prob-
lem at the expense of reducing the packaging
capacity of AAV from an already modest 5 kb to
2.5 kb DNA. However, this capacity is ample for
the small cytokine molecules and growth factors
relevant to many aspects of chondrocyte biology.
The genomes of recombinant AAV vectors are
non-integrating but exist as stable, concatemeric
episomes which provide the basis for long-term
expression in non-dividing cells. Multiple years
of transgene expression in liver and eye have
been noted in human clinical trials [6]. AAV has
a number of distinct serotypes, both natural and
synthetic, which display different tropisms.

Practical aspects of chondrocyte transduction
have been described recently by Nagelli et al. [3].

7.2.2 Non-viral Vectors

Although viral vectors are very powerful and
dominate clinical application, there is also inter-
est in non-viral vectors. Non-viral vectors prom-
ise to be simpler, less expensive and possibly
safer than viral vectors; they are also less likely to
have packaging constraints. Gene transfer with
non-viral vectors is known as transfection.
Plasmids are the simplest of non-viral vectors.
Although they do not provoke adaptive immunity
in the same way as viral vectors, unmethylated
cytosine-phosphate-guanine (CpG) dinucleotide
motifs in DNA activate innate immunity by inter-
acting with toll-like receptors. Moreover, trans-
fection efficiency is inversely proportional to the
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size of the construct; plasmid uptake and expres-
sion is very low with constructs >3 kb in length;
it is most efficient with mini-circles of 650 bp or
less [7, 8]. Transfection is very inefficient in non-
dividing cells.

The negative charge of DNA impedes cell
uptake because the surfaces of cells also have a
net negative charge. Various cationic agents may
be added to mask the repulsive electrostatic
charges and may additionally facilitate uptake by
condensing the DNA. Physical methods to
improve uptake include electroporation, hydro-
dynamic injection, ultrasound, and “magnetofec-
tion”. In general, transfection provides low and
transient transgene expression, especially in pri-
mary cells. Non-viral gene delivery is reviewed
in references [9, 10].

There is much recent interest in the use of
RNA as a therapy and a research tool [11].
Delivery of mRNA serves to enhance expression
of the encoded protein, albeit transiently, while
RNA inhibition suppresses expression of specific
transcripts. Transfection with chemically modi-
fied mRNA encoding bone morphogenetic pro-
tein-2 (BMP-2) has recently been shown to
promote the formation of cartilage within an
osseous defect in the rat femur [12].

7.2.3 Gene Activated Matrices

Gene activated matrices (GAMs), combining
vectors with scaffolds, are of interest in the
context of tissue regeneration. For most envis-
aged applications the GAM is implanted into a
defect where host cells infiltrate the matrix
during which process they become genetically
modified by the associated vectors. Genes
encoding regenerative products are thus
expressed locally by host cells within the defect
where they stimulate a reparative response.
First introduced in for bone healing [13], GAMs
have also been explored in the context of carti-
lage repair and regeneration [14]. The original
formulations combined plasmid DNA with a
collagen sponge, but later iterations include
viral vectors, RNA and more elaborate scaf-
folds [15].

7.3  Gene Delivery

to Chondrocytes

For in vitro genetic modification, chondrocytes in
monolayer culture need only be incubated with
the vectors of choice using techniques of the type
described by Nagelli et al. [3]. A sizeable litera-
ture dating back 25 years confirms that cultures
of chondrocytes can be transduced efficiently
with viral vectors [16-18].

For in vivo genetic modification, in which
genes are transferred to the articular cartilage
within a joint, there is the choice of ex vivo or in
vivo delivery (Fig. 7.1). For ex vivo delivery the
cells are transduced in vitro and then implanted
into the cartilage. For in vivo delivery, the vector

Therapeutic Gene

Vector
(Viral, Non-Viral)

- <— NN <—DNIX

v v

In Vivo Ex Vivo

@

" Genetically
Cells _— © Modified
o Cells

[

DISEASED JOINT
Endogenous Transplanted

Cells » © w_ Cels
@

— ©
@
L]

DAMAGED TISSUE

Fig. 7.1 Principles of local gene therapy to chondrocytes
and cartilage. The therapeutic gene, usually in its cDNA
form, is incorporated into a viral or non-viral vector and
delivered to the site of cartilage disease or damage in an in
vivo or ex vivo fashion. For in vivo delivery, the vector is
administered directly to the relevant site. For ex vivo
delivery, the vector transfers genes to cells outside the
body, and the genetically modified cells are then adminis-
tered to the relevant site. (Reproduced from [1])
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is introduced directly into the body and transduc-
tion occurs in situ. In vivo gene delivery to articu-
lar chondrocytes has several barriers to overcome.
Particles, such as vectors, delivered systemically
barely enter joints and, in any case, articular car-
tilage is avascular. Direct injection of vectors into
the joint by-passes the systemic circulation but
there are two further barriers to the genetic modi-
fication of chondrocytes. The first is rapid efflux
via lymphatic drainage which removes particles,
including vectors, from joints [19]. The second
is the dense, extra-cellular matrix (ECM) of car-
tilage that prevents the vectors from gaining
access to the chondrocytes embedded within it
(Fig. 7.2) [20].

Much of what we know about diffusion
through the ECM of cartilage comes from the
work of Grodzinsky and colleagues at MIT who
have studied the ability of molecules to diffuse
into articular cartilage from both empirical and

theoretical perspectives [21-23]. The dominating
parameters are the size and charge of the diffu-
sate; shape may also be a factor. The high, fixed,
negative charge of glycosaminoglycans (GAGs)
within the cartilaginous ECM excludes anionic
materials electrostatically, while the dense pack-
ing of proteoglycans sterically excludes particles
with a Stoke’s radius larger than about 15 nm.
Although a positive surface charge neutralizes
the electrostatic exclusion of a particle from car-
tilage, an excessive positive charge is counter-
productive because the affinity of the particles for
cartilage GAGs will be too high, in which case
particles will accumulate at the surface and fail to
diffuse through the full thickness of cartilage. To
enter cartilage in a useful way, it is thus necessary
for a vector to have a net positive charge, but one
that is not too high, and an affinity for GAGs
whose off-rate permits progress through the
matrix. In this context, Bajpayee et al studied the

Drug delivery Synovial joint Lymph
vessel
H—Lymph vessel
Capsule with V:nuTe O
synovial i
membrane Synovial cavity
Articular cartilage
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o ° |
(+]
O O
[+]
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Fig. 7.2 Delivering drugs to chondrocytes in situ by
intra-articular injection. Although drugs can be easily
injected into joints, most materials within the joint space
are rapidly removed by lymphatic drainage or by diffusion
into the subsynovial capillaries. Penetration of the articu-
lar cartilage, where the chondrocytes reside, is restrained

sterically and electrostatically by the high concentration
of anionic (—) glycosaminoglycans (GAGs). Particles
with an appropriate positive (+) surface charge bind
reversibly to the anionic GAG chains enabling transport
through the cartilage to the chondrocytes, where vectors
can deliver their genetic payload. (Reproduced from [20])
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diffusion of the cationic protein avidin through
the ECM of bovine articular cartilage, noting that
its weak and reversible binding to cartilage GAGs
(Kp ~ 150 pM) allowed it to diffuse through the
entire thickness of the matrix as it underwent
sequential binding and release (Fig. 7.2) [22].
Under these circumstances, the higher concentra-
tion of GAGs in the deeper zones of the cartilage
may have helped diffusion through the entire
depth of the tissue. Thus a vector must satisfy
strict biophysical requirements to be able to
transduce chondrocytes in situ throughout the
full thickness of cartilage.

Because in vivo delivery of genes to chondro-
cytes seemed extremely difficult, ex vivo gene
delivery to cartilage was the early strategy of
choice [16, 24]. There was initial optimism that
genetically-modified chondrocytes would adhere
to the surface of cartilage following intra-articular
injection, especially to sites of damage, thus pro-
viding a new strategy for cartilage repair.
However, subsequent research has confirmed that
the injected cells do not adhere to cartilage but
are rapidly cleared from the joint [25-27]. A
more promising approach has been to implant
genetically modified chondrocytes, or chondro-
progenitors, surgically. To do this effectively it is
necessary to use an appropriate scaffold, discussion

Fig. 7.3 Expression of
GFP in chondrocytes of
cartilage 2 weeks after
the intra-articular
injection of 5 x 10"
viral genomes of AAV.
GFP into the intercarpal
joint of the horse

of which lies beyond the scope of this chapter
(see Ref. [28] for a recent review).

The prospect of in vivo delivery of genes to
chondrocytes has been recently revisited on the
basis of experiments in which AAV encoding
green fluorescent protein (GFP) was injected into
the joints of horses [29]. An unexpectedly high
proportion of articular chondrocytes throughout
the full thickness of the cartilage became GFP+
(Fig. 7.3). This had not been seen in earlier
experiments using rats and rabbits, suggesting
that the pharmacokinetics of the larger joints dif-
fer from those of smaller animals. The greater
thickness of the equine cartilage was probably an
additional major factor because the kinetics of
diffusion-reaction transport through -cartilage
depend on the square of its thickness. In agree-
ment with this, Bajpayee et al showed 5-6 times
longer half-lives of avidin in rabbit cartilage
than in rat cartilage following intra-articular
injection [30].

AAV is an icosahedron, about 20-25 nm in
size. This is larger than the 15 nm cut-off deter-
mined by Grodzinsky and colleagues [21-23],
but entry into the cartilage of horse joints may be
facilitated by the pumping action occurring as the
horse moves and the articular cartilage intermit-
tently bears weight; the apparatus used at MIT
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provides a static system which does not subject
the cartilage to loading. Age may be a second fac-
tor. The studies by Grodzinsky’s group used calf
cartilage in which the proteoglycan chains are
very long and the fixed charge density very high.
In adult horses the fixed charge density is likely
to be lower and the matrix of the cartilage sub-
jected to some degree of degradation as happens
during natural aging. In a disease such as osteoar-
thritis (OA) the matrix is further degraded, allow-
ing greater access to AAV and possibly other,
larger vectors such as adenovirus as the disease
progresses.

7.4  Progressin the Clinical
Application of Gene Transfer
to Chondrocytes

7.4.1 Osteoarthritis

Osteoarthritis (OA) is the one application that has
advanced to clinical trials [1]. The first approach
used ex vivo gene delivery and built on the earlier
success of delivering genes in this fashion to
human metacarpophalangeal joints affected by
rheumatoid arthritis [31]. Almost all examples of
ex vivo gene therapy use autologous cells as the
vehicle for gene transfer. The method of Ha et al
[32] broke new ground in using allogeneic cells,
derived from the finger joints of an infant with
polydactyly, to deliver a gene to human joints.
Cultures of the donor chondrocytes obtained
from the amputated finger were divided into two
lots, one of which was retrovirally transduced to
express large amounts of transforming growth
factor-beta (TGF-f). Because of the potential for
insertional mutagenesis, as described earlier in
this paper, the transduced cells were irradiated at
a dose that prevented cell division but maintained
TGF-p production. Before intra-articular injec-
tion into joints of patients with knee OA, the
transduced cells were mixed with untransduced
chondrocytes from the same allogeneic donor
finger joints.

Phase [, IT and III clinical trials of this product
in South Korea met their primary end points and

the gene therapeutic was approved in 2017 by the
Korean authorities as the drug Invossa [33]. This
was the first gene therapy approved in Korea. In
2019 this approval was revoked [34]. The geneti-
cally modified cells were identified as HEK293
cells, a line of human embryonic kidney cells, not
chondrocytes. The initial preclinical work had
been performed with chondrocytes. HEK293
cells are used as a producer line for generating
retrovirus, so it is possible that some of these
cells were inadvertently introduced into the chon-
drocyte cultures during retroviral transduction.
The high growth rate of HEK293 cells would
enable them to out-compete the chondrocytes,
which have a slower growth rate. At the time of
writing, the fate of Invossa in Korea is uncertain.
However, the FDA has allowed a Phase III trial of
Invossa in knee OA (National Clinical Trial
Identifier (NCT) 03291470) and a Phase I/II trial
in hip OA (NCT 05276011) to proceed in the
USA.

The second approach in clinical trials uses in
vivo gene delivery by intra-articular injection into
knee joints with OA. Three such trials are under-
way. NCT 03477487 uses a plasmid to deliver a
variant of interleukin- (IL-) 10. For reasons dis-
cussed earlier in this chapter, it is unlikely to
transduce chondrocytes. NCT 03477487 uses a
high-capacity adenovirus to deliver the IL-1
receptor antagonist (IL-1Ra) and it is not known
whether gene transfer to chondrocytes occurs.
Adenoviral transduction of chondrocytes in situ
following intra-articular injection has not be reli-
ably observed in pre-clinical models. In particu-
lar, a detailed study by Goossens et al [35] using
rhesus monkeys failed to observe transgene
expression in cartilage following intra-articular
injection of adenovirus vectors even though the
adjacent synovium was transduced efficiently.
Clinical trial NCT 04119687 also uses IL-1Ra as
the transgene product, but with AAV2.5 as the
vector. This is the same serotype vector shown to
transduce chondrocytes after injection into
equine joints (Fig. 7.3), so there is the expecta-
tion that human chondrocytes will be similarly
transduced. This possibility is enhanced by the
similar thickness of human and equine cartilage
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in large joints (1.5-2 mm). Both of the trials with
viral vectors are in Phase I, whereas evaluation of
the plasmid vector has progressed to Phase II.

7.4.2 Cartilage Regeneration

There is considerable interest in promoting carti-
lage regeneration using genetically modified
chondrocytes or chondroprogenitor cells [36,
37]. Data from in vitro experiments and prelimi-
nary studies in small animals are encouraging,
but there has been limited progress towards the
large animal studies that are a necessary prelude
to human clinical trials.

Using equine models, Nixon and colleagues
evaluated the effects of ex vivo gene transfer on
the repair of chondral defects using a variation of
the autologous chondrocyte implantation
approach. Allogeneic chondrocytes were trans-
duced in vitro with adenovirus vectors expressing
insulin-like growth factor-1 (IGF-1) [38] or bone
morphogenetic protein-7 (BMP-7) [39]. The cells
were encapsulated in a fibrin gel and arthroscopi-
cally introduced into experimental chondral
lesions. In both cases, early healing was greatly
accelerated by gene transfer but at later time
points healing by the control chondrocytes had
caught up. A subsequent study in which AAV was
used to deliver IGF-1 to autologous chondrocytes
provided longer lasting improvement, but it is
unknown whether this was due to the choice of
vector or the use of autologous cells [40].

Pascher et al [41] developed an abbreviated ex
vivo gene transfer method based on the technique
of microfracture that is frequently used to repair
damaged cartilage. Microfracture and similar
marrow-activating techniques allow chondropro-
genitor cells from the underlying bone marrow to
enter the lesion where they produce an inferior,
but often serviceable, cartilagenous repair tissue
that degenerates with time. Knowing that gene
transfer can enhance the chondrogenic differen-
tiation of mesenchymal stromal cells (MSCs)
derived from bone marrow [42, 43], a technique
was developed whereby bone marrow is aspi-
rated and mixed with adenovirus vectors while it

clots [41]. The clotted marrow, containing trans-
duced marrow cells as well as free virus, is then
press-fit into the lesion. Sieker et al obtained
promising results when using BMP-2 and Indian
hedgehog as the transgenes [44] in an osteochon-
dral defect model in rabbits, but similar experi-
ments with a TGF-f transgene gave equivocal
results [45]. Use of a similar TGF-f construct in
a chondral defect in sheep also gave equivocal
results [46].

An alternative approach to improving the
microfracture technique has been pioneered by
Madry and Cucchiarini [47-51]. In this method,
AAV vectors are directly applied to the osteo-
chondral lesion as the marrow enters the defect.
A number of different chondrogenic genes have
been applied in a rabbit model with promising
results [48, 49]. Similar studies delivering fibro-
blast growth factor-2 (FGF-2) [51] or Sox 9 [50]
in a sheep osteochondral defect, and TGF-f in a
minipig have also given promising early results
[47]. In a refinement of this technique, this group
has developed GAMs for the delivery of these
vectors to osteochondral lesions [52].

Invossa has been applied in human patients
with cartilage damage (NCT 01825811). The
genetically modified cells were embedded in a
fibrin gel and implanted in cartilage lesions pres-
ent in joints of patients with knee OA. It is not
known whether the genetically modified cells
were chondrocytes or HEK293 cells. The prom-
ising results from this study have been presented,
but not published.

7.5 Additional Considerations

Space does not permit discussion of additional
matters related to gene transfer to chondrocytes.
For example, the choice of promoters that drive
transgene expression is important and chondro-
cytes express several genes, such as COL2A1,
that permit tissue specific gene expression.
Sub-sets of chondrocytes may also be targeted
in this way. Expression of superficial zone
proteoglycan, for example, is restricted to the
superficial zone chondrocytes in cartilage,
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although there is also expression by synovial
fibroblasts. Various constitutive and inducible
promoters are also available. The repertoire of
interesting gene products continues to expand
and includes various types of non-coding RNA
as well as the machinery of gene-editing.
Payloads such as these that operate intra-cellu-
larly will usually need to be delivered by vectors
able to reach chondrocytes throughout the entire
cartilage, which may be challenging.

Gene transfer to additional cartilagenous tis-
sues such as meniscus and the intervertebral disc
has also been achieved using the same sorts of
approaches as discussed in this chapter. There is
considerable interest in using gene transfer to
treat intervertebral disc degeneration. Pre-clinical
experiments have confirmed the immune privi-
lege of the nucleus pulposus, with expression of
[-galactosidase, a highly antigenic bacterial pro-
tein, for over a year in the rabbit following deliv-
ery by intra-discal injection of a first-generation
adenovirus vector, itself highly antigenic [53].

7.6  Conclusions

Transfer of genes to chondrocytes promises to
advance the clinical management of OA and
other forms of arthritis which destroy cartilage.
Several clinical trials have been initiated in the
field of OA. Gene therapy also has the potential
to promote cartilage regeneration; one clinical
study has taken place, but the data have not been
published. As a laboratory tool, the ability to
manipulate the genetics of chondrocytes offer
many opportunities to learn more of their biol-
ogy. The tools for both ex vivo and, more recently,
in vivo delivery to chondrocytes both in culture
and in articular cartilage are available to further
these endeavors. Other cartilaginous tissues are
also amenable to these approaches.

Acknowledgements The authors’ recent work in this
area has been supported by the Musculoskeletal
Regeneration. Partnership Fund by Mary Sue and Michael
Shannon. CVN has been supported by the National
Institute of Arthritis and Musculoskeletal and Skin
Diseases grant T32AR56950. CHE’s research is sup-
ported in part by the John and Posy Krehbiel Professorship
in Orthopedics.

References

1. Evans CH, Ghivizzani SC, Robbins PD (2021)
Orthopaedic gene therapy: twenty-five years on. JBJS
Rev 9. https://doi.org/10.2106/JBJS.RVW.20.00220

2. Ghivizzani SC, Watson-Levings RS, Palmer GD,
Levings PP, Dacanay AE, Evans CH (2022) Gene
therapy in orthopaedics: progress and challenges
in pre-clinical development and translation. Front
Bioeng Biotechnol 10:901317

3. Nagelli CV, Evans CH, de la Vega, RE (2023) Viral
gene delivery in chondrocytes. In: Stoddart MJ,
Della Bella E, Armiento AR (eds) Cartilage tis-
sue engineering. Methods in molecular biology,
vol 2598. Humana, New York, NY. https://doi.
org/10.1007/978-1-0716-2839-3_20

4. Lundstrom K (2018) Viral vectors in gene therapy.
Diseases 6:42

5. Hacein-Bey-Abina S, Von Kalle C, Schmidt M,
McCormack MP, Wulffraat N, Leboulch P, Lim
A, Osborne CS, Pawliuk R, Morillon E, Sorensen
R, Forster A, Fraser P, Cohen JI, de Saint Basile G,
Alexander I, Wintergerst U, Frebourg T, Aurias A,
Stoppa-Lyonnet D, Romana S, Radford-Weiss I,
Gross F, Valensi F, Delabesse E, Macintyre E, Sigaux
F, Soulier J, Leiva LE, Wissler M, Prinz C, Rabbitts
TH, Le Deist F, Fischer A, Cavazzana-Calvo M
(2003) LMO2-associated clonal T cell proliferation in
two patients after gene therapy for SCID-X1. Science
302:415-419

6. George LA, Monahan PE, Eyster ME, Sullivan
SK, Ragni MV, Croteau SE, Rasko JEJ, Recht M,
Samelson-Jones BJ, MacDougall A, Jaworski K,
Noble R, Curran M, Kuranda K, Mingozzi F, Chang T,
Reape KZ, Anguela XM, High KA (2021) Multiyear
factor VIII expression after AAV gene transfer for
Hemophilia A. N Engl J Med 385:1961-1973

7. Kreiss P, Cameron B, Rangara R, Mailhe P, Aguerre-
Charriol O, Airiau M, Scherman D, Crouzet J, Pitard B
(1999) Plasmid DNA size does not affect the physico-
chemical properties of lipoplexes but modulates gene
transfer efficiency. Nucleic Acids Res 27:3792-3798

8. Yin W, Xiang P, Li Q (2005) Investigations of the effect
of DNA size in transient transfection assay using dual
luciferase system. Anal Biochem 346:289-294

9. Zu H, Gao D (2021) Non-viral vectors in gene ther-
apy: recent development, challenges, and prospects.
AAPS J 23:78

10. Slivac I, Guay D, Mangion M, Champeil J, Gaillet
B (2017) Non-viral nucleic acid delivery methods.
Expert Opin Biol Ther 17:105-118

11. Damase TR, Sukhovershin R, Boada C, Taraballi F,
Pettigrew RI, Cooke JP (2021) The limitless future of
RNA therapeutics. Front Bioeng Biotechnol 9:628137

12. De La Vega RE, van Griensven M, Zhang W, Coenen
MJ, Nagelli CV, Panos JA, Peniche Silva CJ, Geiger
J, Plank C, Evans CH, Balmayor ER (2022) Efficient
healing of large osseous segmental defects using opti-
mized chemically modified messenger RNA encoding
BMP-2. Sci Adv 8:eabl6242


https://doi.org/10.2106/JBJS.RVW.20.00220
https://doi.org/10.1007/978-1-0716-2839-3_20
https://doi.org/10.1007/978-1-0716-2839-3_20

104

C.V.Nagelli et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Bonadio J, Smiley E, Patil P, Goldstein S (1999)
Localized, direct plasmid gene delivery in vivo: pro-
longed therapy results in reproducible tissue regenera-
tion. Nat Med 5:753-759

Raisin S, Belamie E, Morille M (2016) Non-viral gene
activated matrices for mesenchymal stem cells based
tissue engineering of bone and cartilage. Biomaterials
104:223-237

Cam C, Segura T (2013) Matrix-based gene delivery
for tissue repair. Curr Opin Biotechnol 24:855-863
Kang R, Marui T, Ghivizzani SC, Nita IM, Georgescu
HI, Suh JK, Robbins PD, Evans CH (1997) Ex vivo
gene transfer to chondrocytes in full-thickness articu-
lar cartilage defects: a feasibility study. Osteoarthr
Cartil 5:139-143

Baragi VM, Renkiewicz RR, Jordan H, Bonadio J,
Hartman JW, Roessler BJ (1995) Transplantation of
transduced chondrocytes protects articular cartilage
from interleukin 1-induced extracellular matrix deg-
radation. J Clin Invest 96:2454-2460

Palmer GD, Gouze E, Gouze JN, Betz OB, Evans CH,
Ghivizzani SC (2003) Gene transfer to articular chon-
drocytes with recombinant adenovirus. Methods Mol
Biol 215:235-246

Evans CH, Kraus VB, Setton LA (2014) Progress in
intra-articular therapy. Nat Rev Rheumatol 10:11-22
Evans CH (2018) Catering to chondrocytes. Sci Transl
Med 10:eaav7043

Krishnan Y, Rees HA, Rossitto CP, Kim SE, Hung
HK, Frank EH, Olsen BD, Liu DR, Hammond PT,
Grodzinsky AJ (2018) Green fluorescent proteins
engineered for cartilage-targeted drug delivery:
insights for transport into highly charged avascular
tissues. Biomaterials 183:218-233

Bajpayee AG, Wong CR, Bawendi MG, Frank EH,
Grodzinsky AJ (2014) Avidin as a model for charge
driven transport into cartilage and drug delivery for
treating early stage post-traumatic osteoarthritis.
Biomaterials 35:538-549

Bajpayee AG, Grodzinsky AJ (2017) Cartilage-
targeting drug delivery: can electrostatic interactions
help? Nat Rev Rheumatol 13:183-193

Baragi VM, Renkiewicz RR, Qiu L, Brammer D,
Riley JM, Sigler RE, Frenkel SR, Amin A, Abramson
SB, Roessler BJ (1997) Transplantation of adenovi-
rally transduced allogeneic chondrocytes into articular
cartilage defects in vivo. Osteoarthr Cartil 5:275-282
ter Huurne M, Schelbergen R, Blattes R, Blom A, de
Munter W, Grevers LC, Jeanson J, Noel D, Casteilla
L, Jorgensen C, van den Berg W, van Lent PL (2012)
Antiinflammatory and chondroprotective effects
of intraarticular injection of adipose-derived stem
cells in experimental osteoarthritis. Arthritis Rheum
64:3604-3613

Horie M, Choi H, Lee RH, Reger RL, Ylostalo J,
Muneta T, Sekiya I, Prockop DJ (2012) Intra-articular
injection of human mesenchymal stem cells (MSCs)
promote rat meniscal regeneration by being activated
to express Indian hedgehog that enhances expression
of type II collagen. Osteoarthr Cartil 20:1197-1207

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ozeki N, Muneta T, Koga H, Nakagawa Y, Mizuno
M, Tsuji K, Mabuchi Y, Akazawa C, Kobayashi E,
Matsumoto K, Futamura K, Saito T, Sekiya I (2016)
Not single but periodic injections of synovial mesen-
chymal stem cells maintain viable cells in knees and
inhibit osteoarthritis progression in rats. Osteoarthr
Cartil 24:1061-1070

Cucchiarini M, Madry H (2019) Biomaterial-guided
delivery of gene vectors for targeted articular cartilage
repair. Nat Rev Rheumatol 15:18-29

Watson Levings RS, Broome TA, Smith AD, Rice
BL, Gibbs EP, Myara DA, Hyddmark EV, Nasri E,
Zarezadeh A, Levings PP, Lu Y, White ME, Dacanay
EA, Foremny GB, Evans CH, Morton AJ, Winter M,
Dark MJ, Nickerson DM, Colahan PT, Ghivizzani SC
(2018) Gene therapy for osteoarthritis: pharmacoki-
netics of intra-articular self-complementary adeno-
associated virus Interleukin-1 receptor antagonist
delivery in an equine model, vol 29. Hum Gene Ther
Clin Dev, pp 90-100

Bajpayee AG, Scheu M, Grodzinsky AJ, Porter RM
(2015) A rabbit model demonstrates the influence of
cartilage thickness on intra-articular drug delivery and
retention within cartilage. J Orthop Res 33:660-667
Evans CH, Robbins PD, Ghivizzani SC, Wasko MC,
Tomaino MM, Kang R, Muzzonigro TA, Vogt M,
Elder EM, Whiteside TL, Watkins SC, Herndon JH
(2005) Gene transfer to human joints: progress toward
a gene therapy of arthritis. Proc Natl Acad Sci U S A
102:8698-8703

Ha CW, Noh MJ, Choi KB, Lee KH (2012) Initial
phase I safety of retrovirally transduced human
chondrocytes expressing transforming growth factor-
beta-1 in degenerative arthritis patients. Cytotherapy
14:247-256

Evans CH, Ghivizzani SC, Robbins PD (2018)
Arthritis gene therapy is becoming a reality. Nat Rev
Rheumatol 14:381-382

Evans CH (2019) The vicissitudes of gene therapy.
Bone Joint Res 8:469-471

Goossens PH, Huizinga TW (2002) Adenoviral-
mediated gene transfer to the synovial tissue. Clin
Exp Rheumatol 20:415-419

Graceffa V, Vinatier C, Guicheux J, Evans CH,
Stoddart M, Alini M, Zeugolis DI (2018) State of
art and limitations in genetic engineering to induce
stable chondrogenic phenotype. Biotechnol Adv
36:1855-1869

Palmer G, Pascher A, Gouze E, Gouze JN, Betz O,
Spector M, Robbins PD, Evans CH, Ghivizzani
SC (2002) Development of gene-based therapies
for cartilage repair. Crit Rev Eukaryot Gene Expr
12:259-273

Goodrich LR, Hidaka C, Robbins PD, Evans
CH, Nixon AJ (2007) Genetic modification of
chondrocytes with insulin-like growth factor-1
enhances cartilage healing in an equine model. J Bone
Joint Surg Br 89:672-685

Hidaka C, Goodrich LR, Chen CT, Warren RF,
Crystal RG, Nixon AJ (2003) Acceleration of



Gene Delivery to Chondrocytes

105

40.

41.

42.

43.

44.

45.

46.

cartilage repair by genetically modified chondrocytes
over expressing bone morphogenetic protein-7. J
Orthop Res 21:573-583

Ortved KF, Begum L, Mohammed HO, Nixon AJ
(2015) Implantation of rAAVS5-IGF-I transduced
autologous chondrocytes improves cartilage repair in
full-thickness defects in the equine model. Mol Ther
23:363-373

Pascher A, Palmer GD, Steinert A, Oligino T, Gouze
E, Gouze JN, Betz O, Spector M, Robbins PD, Evans
CH, Ghivizzani SC (2004) Gene delivery to cartilage
defects using coagulated bone marrow aspirate. Gene
Ther 11:133-141

Palmer GD, Steinert A, Pascher A, Gouze E, Gouze
JN, Betz O, Johnstone B, Evans CH, Ghivizzani SC
(2005) Gene-induced chondrogenesis of primary mes-
enchymal stem cells in vitro. Mol Ther 12:219-228
Steinert AF, Palmer GD, Pilapil C, Noth U, Evans CH,
Ghivizzani SC (2009) Enhanced in vitro chondrogen-
esis of primary mesenchymal stem cells by combined
gene transfer. Tissue Eng Part A 15:1127-1139
Sieker JT, Kunz M, Weissenberger M, Gilbert F, Frey
S, Rudert M, Steinert AF (2015) Direct bone morpho-
genetic protein 2 and Indian hedgehog gene transfer
for articular cartilage repair using bone marrow coag-
ulates. Osteoarthr Cartil 23:433-442

Nagelli CV, De La Vega RE, Coenen M, De Padilla
CL, Panos JA, Tovar A, Miiller SA, Evans CH (2022)
Expedited gene delivery for osteochondral defect
repair in a rabbit knee model: a one-year investiga-
tion. Osteoarthr Cartil Open 4:100257

Ivkovic A, Pascher A, Hudetz D, Maticic D, Jelic
M, Dickinson S, Loparic M, Haspl M, Windhager R,
Pecina M (2010) Articular cartilage repair by geneti-
cally modified bone marrow aspirate in sheep. Gene
Ther 17:779-789

47.

48.

49.

50.

S1.

52.

53.

Cucchiarini M, Asen AK, Goebel L, Venkatesan JK,
Schmitt G, Zurakowski D, Menger MD, Laschke
MW, Madry H (2018) Effects of TGF-beta overex-
pression via rAAV gene transfer on the early repair
processes in an osteochondral defect model in minip-
igs. Am J Sports Med 46:1987-1996

Cucchiarini M, Madry H (2014) Overexpression of
human IGF-I via direct rAAV-mediated gene transfer
improves the early repair of articular cartilage defects
in vivo. Gene Ther 21:811-819

Cucchiarini M, Orth P, Madry H (2013) Direct rAAV
SOX9 administration for durable articular carti-
lage repair with delayed terminal differentiation and
hypertrophy in vivo. ] Mol Med (Berl) 91:625-636
Lange C, Madry H, Venkatesan JK, Schmitt G,
Speicher-Mentges S, Zurakowski D, Menger MD,
Laschke MW, Cucchiarini M (2021) rAAV-mediated
sox9 overexpression improves the repair of osteo-
chondral defects in a clinically relevant large animal
model over time in vivo and reduces perifocal osteoar-
thritic changes. Am J Sports Med 49:3696-3707
Morscheid YP, Venkatesan JK, Schmitt G, Orth P,
Zurakowski D, Speicher-Mentges S, Menger MD,
Laschke MW, Cucchiarini M, Madry H (2021) rAAV-
mediated human FGF-2 gene therapy enhances osteo-
chondral repair in a clinically relevant large animal
model over time in vivo. Am J Sports Med 49:958-969
Madry H, Venkatesan JK, Carballo-Pedrares N, Rey-
Rico A, Cucchiarini M (2020) Scaffold-mediated
gene delivery for osteochondral repair. Pharmaceutics
12:930

Nishida K, Kang JD, Suh JK, Robbins PD, Evans CH,
Gilbertson LG (1998) Adenovirus-mediated gene
transfer to nucleus pulposus cells. Implications for the
treatment of intervertebral disc degeneration. Spine
(Phila Pa 1976) 23:2437-2442. discussion 2443

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative Commons license,

unless indicated otherwise in a credit line to the material. If material is not included in the chapter’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder.


http://creativecommons.org/licenses/by/4.0/

®

Check for
updates

Mechanical Articular Cartilage
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Abstract

This chapter details how Alan Grodzinsky and
his team unraveled the complex electromecha-
nobiological structure-function relationships
of articular cartilage and used these insights to
develop an impressively versatile shear and
compression model. In this context, this chap-
ter focuses (i) on the effects of mechanical
compressive injury on multiple articular carti-
lage properties for (ii) better understanding
the molecular concept of mechanical injury,
by studying gene expression, signal transduc-
tion and the release of potential injury bio-
markers. Furthermore, we detail how (iii) this
was used to combine mechanical injury with
cytokine exposure or co-culture systems for
generating a more realistic trauma model to
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(iv) investigate the therapeutic modulation of
the injurious response of articular cartilage.
Impressively, Alan Grodzinsky’s research has
been and will remain to be instrumental in
understanding the proinflammatory response
to injury and in developing effective therapies
that are based on an in-depth understanding of
complex structure-function relationships that
underlay articular cartilage function and
degeneration.
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Cartilage - Injury - Compression -
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8.1 Introduction

As a tribute to the tremendously important work
of Grodzinsky and colleagues in the context of
mechanical articular cartilage injury models, the
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following text sections detail how Grodzinsky
and colleagues have set out to unravel the com-
plex and, at that time, unknown electrokinetic,
biomechanical and biosynthetic characteristics of
articular cartilage, implementing the cartilage
injury machine as the go-to model to develop
structure-function relationships. Over time, this
led to model-based insights and an in-depth
understanding of mechanical injury mechanisms
and therapeutic strategies with fundamental clini-
cal relevance.

8.2 From
Electromechanobiological
Structure-Function
Relationships to Developing
a Versatile Shear

and Compression Model

for Understanding

the Injurious Response

of Articular Cartilage

8.2.1 Unraveling Central
Electrokinetic

and Biomechanical Properties
of Articular Cartilage -

The Basis for Understanding
Tissue Failure Under Injurious
Compressive Loads

In earlier works, which began in the 1980s and
preceded the arrival of the worldwide famous
cartilage “injury machine”, Grodzinsky and col-
leagues examined the compressive stiffness of
articular cartilage in oscillatory (sinusoidal) con-
fined compression over a wide frequency range
including high frequencies relevant to impact
loading. Interestingly, the currently well-
established non-linear behavior of cartilage under
load was initially found in this early study, which
related this non-linear behavior of cartilage to a
compression amplitude that exceeds a threshold
value, which, in turn, is frequency-dependent.
For linear viscoelastic behavior, stiffness defined
in the usual sense was shown to depend on ionic
strength and proteoglycan content, as well as the
electrostatic forces between matrix charge groups

over a frequency range of 0.001 to 20 Hz.
Extending these findings, Grodzinsky and col-
leagues used the observed sinusoidal streaming
potentials generated by oscillatory compression
to relate the streaming potential field to the fluid
velocity field [1]. These studies showed that
interstitial fluid flow is significant to cartilage
behavior over this entire frequency range.

Based on the knowledge that oscillatory com-
pression of cartilage using physiological loads
produces electrical potentials resulting from an
electrokinetic streaming transduction mecha-
nism, Grodzinsky and Frank reported in two par-
allel studies two electromechanical phenomena,
namely, ‘streaming current’ and ‘current-
generated stress’ [2], and subsequently formu-
lated a continuum model for linear electrokinetic
transduction in cartilage [3]. In another study,
Grodzinsky and colleagues developed an electro-
mechanical model that focused on ionic transport
as the rate limiting step in chemically modulating
electrical interactions between the charged mac-
romolecules of the extracellular matrix (ECM).
This aided in predicting the kinetics of changes in
swelling and isometric compressive stress that
occur in charged, hydrated tissues, including
articular cartilage and corneal stroma, due to
changes in salt concentration [4]. Not surpris-
ingly, Grodzinsky and colleagues further
advanced this topic and revealed that the modula-
tion of *H-proline (collagen synthesis marker)
incorporation by both loading and load release is
faster than that of *>S-sulfate (sulfated glycosami-
noglycans (sGAG) synthesis marker) incorpora-
tion, and that the response to dynamic loading is
not determined simply by the time average com-
ponent of the dynamic load, as the response to
unloading is not just the inverse of the response
to loading and is characterized by an overshoot-
ing response [5]. Subsequently, this team devel-
oped an organ culture system to study the effects
of static compression and physico-chemical
changes [6]. Subjecting cartilage explants from
the epiphyseal plate of 1 to 2-week-old calves to
static compressive stresses of 0—3 MPa in uncon-
fined compression, the Grodzinsky team demon-
strated, as it is well-known today, that the
SH-proline and  *S-sulfate  incorporation
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decreases monotonically with increasing stress,
which suggested in conjunction with later studies
the beneficial, regenerative effects of dynamic
compression over static compression. Perhaps
less known today is that this study also demon-
strated that *H-proline and **S-sulfate incorpora-
tion independently of mechanical compression
strongly depended on pH, but was independent of
SO4%~ and K* in the range studied, suggesting
that compression-induced changes in local, inter-
stitial pH may contribute to the biosynthetic
response to static compression.

Using atomic force microscopy (AFM),
Grodzinsky and colleagues in 2015 investigated
the dynamic nanomechanical properties of
murine cartilage over a wide frequency range of
1 Hz to 10 kHz [7]. Specifically, they studied the
role of GAGs on the dynamic modulus and poro-
elastic properties of murine femoral cartilage by
inducing GAG deletion. Interestingly, this study
showed that poroelastic (i.e., fluid-flow-
dependent) properties such as the hydraulic per-
meability, which is related to the resistance of the
ECM matrix to fluid flow, and the high frequency
modulus, which is related to fluid pressurization
and the fibrillar network of the ECM, are more
sensitive indicators of GAG loss induced by loss
of mechanical function, compared to the equilib-
rium properties in which fluid flow is negligible.
From this work, a fibril-reinforced finite element
model was developed to estimate the poroelastic
properties of mouse cartilage over a wide range
of loading rates, which may be useful for under-
standing early cartilage aggrecan degradation rel-
evant to mouse models of OA.

8.2.2 The Invention of a Successful
In Vitro Cartilage Injury Model

In 1989, Grodzinsky, Robert Sah and colleagues
designed two culture chambers for the uniaxial
radially unconfined compression and mechanical
testing of live cartilage explants [8]. They used
one chamber inside a standard incubator and
equipped the other chamber with a mechanical
spectrometer to record load and displacement
during compression. To the best of the knowl-

edge of the authors, this design represents the ini-
tial prototype of Alan Grodzinsky’s so-called
cartilage “injury machine”, which contributed to,
and to no small extent, the overall understanding
of tissue and cellular responses to compressive
injury.

In the beginning, the focus was not injury per
se. The authors used dynamic stiffness measure-
ments of cartilage explants cut into standardized
3-mm diameter explants and identified a charac-
teristic frequency of 0.001 Hz (cycles/s) that
separated low- and high-frequency regimes [8].
At0.0001-0.001 Hz, significant fluid was exuded
from the explants, but at a frequency range of
0.01-1 Hz, the hydrostatic fluid pressure
increased within explants, illustrating a
frequency-dependent flow and deformation phe-
nomena. Although the authors reported deforma-
tion of chondrocytes and matrix at all frequencies,
this important early study demonstrated differen-
tial effects on dynamic compression on chondro-
cyte biosynthesis. Interestingly, the currently
well-known effects of dynamic compression of
stimulating cellular biosynthesis were shown to
be present at the higher frequencies even at rela-
tively low amplitudes of 1-5% with *H-proline
and ¥S-sulfate incorporation increasing by ~20%
and ~40%, respectively, with tissue volume
remaining almost constant. In contrast, at lower
frequencies of <0.001 Hz, low amplitudes of
1-5% had negligible effects and higher ampli-
tudes were needed to induce increased biosynthe-
sis with collagen (*H-proline) exceeding sGAG
(*¥S-sulfate) incorporation. These insights are
today perhaps even more relevant than they were
at publication in 1989, as a rapidly growing body
of literature documents the fundamental impor-
tance of biomechanical forces from the nanome-
ter to the macroscopic scales. From today’s
perspective, another exciting point is that the
authors noted that the reported in vitro findings
were in general agreement with the in vivo stud-
ies on joint loading and motion of that time,
which helped establish that in vitro studies on
cartilage compression might aid in testing and
optimizing therapeutic strategies to combat dis-
eases of cartilage [8]. In a subsequent study,
Grodzinsky and colleagues reported on the
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effects of compression on the loss of newly syn-
thesized proteoglycans and proteins from carti-
lage explants [9]. Interestingly, they demonstrated,
to the best of our knowledge for the first time,
that high amplitude dynamic cyclic compression
(20%, 40%, and 60%) at a slow frequency (2 h of
compression and 2 h of release for 24 h) induced
convective fluid flow, which thereby enhanced
the loss of *S- and *H-labeled macromolecules
(sGAG and collagen) from the tissue into
medium. In contrast, prolonged static compres-
sion induced matrix consolidation, which hin-
dered the diffusional transport and loss of sGAG
and collagen macromolecules. Thus, both early
studies [8, 9] together demonstrated that the
effects of dynamic compression on induced bio-
synthesis vs. ECM component loss from the tis-
sue are subject to complex time-, frequency, and
amplitude-dependent effects, and, importantly,
that higher frequencies of 0.01-1 Hz even at low
amplitudes of 1-5% induce anabolic, biosyn-
thetic effects in articular cartilage tissue.

In the late 1990s, Grodzinsky and colleagues
focused on the metabolic effects of mechanical
injury, as those were and continue to be relevant
to the development of strategies for cartilage
repair [10, 11]. In healthy tissue, matrix deposi-
tion and turnover were spatially dependent, with
the highest rates of proteoglycan deposition,
turnover and the lowest rates of collagen deposi-
tion (*H-proline autoradiography) occurring in
the pericellular matrix. Interestingly, many of the
well-known effects of injurious compression
today were already reported in these studies.
Hence mechanical injury of calf explants resulted
in macroscopic tissue damage, led to mechanical
failure, a subtotal decrease in cell viability with
the emergence of an apparently inactive cell pop-
ulation but also containing catabolically active,
abnormally large cells, and sustained, elevated
rates of proteoglycan turnover in the cell-
associated matrices of viable cells. The authors
also formulated the idea of using the mechanical
injury model as an in vitro model for understand-
ing the responses of chondrocytes and the carti-
lage extracellular matrix to mechanical injury,
which led to a range of studies using the well-
known cartilage “injury machine”, which was

further developed and described by EH Frank
et al. [12], as described below.

8.2.3 The Effects of Mechanical
Compressive Injury
on Articular Cartilage
Biomechanics, Metabolic
Behavior and Cell Viability
and Their Strain-, Strain
Rate- and Peak
Stress-Dependency

Based on the initial studies by Sah et al. [8, 9] and
Quinn et al. [10, 11], the impact of injurious com-
pression on relevant parameters of articular carti-
lage integrity were studied in more detail by
Grodzinsky and colleagues, using the injury
machine, a specially designed computer-
controlled and incubator-housed shear- and
compression-device, described in [12]. In the
original setup, cartilage disks of 3 mm diameter
and approximately 1 mm thickness (obtained
from the femoropatellar groove of 1-2 week old
calves) were held between impermeable platens
in an unconfined culture medium-filled chamber
(Fig. 8.1). Uniaxial movement or rotation of the
upper platen induced either compression or shear
forces to the tissue, with displacement and load
being monitored and controlled by the software.
The nature of injury-related cell death was of
interest since programmed cell death might be a
target for therapeutic approaches and repair
mechanisms. Grodzinsky’s group used an injuri-
ous compression protocol that consisted of six
repetitive on/off cycles of displacement-
controlled strain, ranging from 30-50%, applied
at a strain rate of 1000 mm/s (=1/s). They reported
that injury-induced apoptosis is maximal by
24 hours after injury and occurs at peak stresses
as low as 4.5 MPa and increases dose-dependently
with injurious peak stress. Moreover, a peak
stress-dependent increase in tissue swelling,
which was significant at 13 MPa, and GAG
release, which was significant from 6 to 13 MPa
peak stress, together with a decreased equilib-
rium and dynamic tissue stiffness, which was sig-
nificant at 12 and 7 MPa peak stress, suggested
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Fig. 8.1 A versatile shear and compression apparatus
design by Grodzinsky and colleagues. Frank et al.
described in 2000 [12], in detail, the setup of the shear/
compression apparatus, which was used for the majority
of the injury studies described in this chapter. Fig. a (left):
Image of the incubator-housed loading device. An axial
linear stepper motor (A) in a bearing/carriage assembly
(B) applies axial compression to tissue explants located in
a sample chamber (C), which is positioned on a rotary
position table (R; driven by stepper motor behind the
table) for application of shear forces. Load and shear
stress are measured by a load (L) and torque cell (T). The
adjustable plate may be moved to accommodate other fix-

damage to or degradation of the collagen fibril
network as well as GAG release in this range of
peak stresses [13]. Thus, the peak stresses caus-
ing matrix damage and degradation were higher
than those that induced apoptosis. Cell death was
further investigated using a single impact of com-
pression. While TUNEL-positive cell rates
increased from 7% in unloaded controls to 33%
after injury, in electron microscopy (EM) data the
apoptosis rate increased from 5% in unloaded
controls to 62% in injured cartilage and proved
that the dead cells in injured tissue were 97%
apoptotic based on cellular morphology [14].
Kurz et al. [15] investigated the effects of
strain rate on cell viability, cartilage matrix bio-
synthesis and mechanical properties after 50%
strain using a single injurious compression. A
strain rate of 0.01/s resulted in no measured effect
on the cells or on the ECM, although peak stresses
reached levels of about 12 MPa, whereas faster
strain rates of 0.1 and 1/s induced peak stresses of

! >rotaTion

tures. The “Linear Variable Differential Transformer”
(LVDT), an electromechanical transducer that converts its
displacement into a corresponding electrical signal, is
placed on the left of the sample chamber (C). Fig. b
(right): Design of the autoclavable polysulphone sample
chamber with a lid and base. Cartilage explants are placed
in medium-filled wells in the chamber base. The platens
of the nonrotating lid compress the cartilage and rotation
of the base induces shear stress to the cartilage disks/
explants. The design of the sample chamber allows stimu-
lation of up to 12 explants and single explant chambers
were also designed (not shown). (Figs. a and b are
reprinted from [12] with permission from Elsevier)

~18 and ~24 MPa, increased cell death, and sig-
nificantly decreased both proteoglycan and total
protein biosynthesis. Comparably, increasing
strain rate was associated with impaired mechan-
ical properties and the remaining viable cells had
lost their ability to have their biosynthesis stimu-
lated by low-amplitude sinusoidal compression,
suggesting an impaired reparative capability of
the surviving population, in agreement with the
emergence of an apparently inactive cell
population in Quinn et al. [10], discussed above.
This clinically relevant inability to exhibit a
reparative response to dynamic compressive
stimulation was most extensive after injury was
applied with the highest strain rates suggesting
that strain rate as well as peak stress, or strain are
important parameters that define the post-
injurious fate of injured cartilage.

Grodzinsky and colleagues then investigated
the relationship between injurious peak stress
and post-injurious proteoglycan loss in bovine
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cartilage, and also in human knee and ankle car-
tilage. In bovine cartilage, the injury-related
GAG release was highest during the first 4 h after
injury, but remained higher than that in controls
during the first 24 hours post-injury [16]. For
experiments on human knee and ankle cartilage
with no history of OA, the team applied a uniax-
ial unconfined injurious compression of 65%
strain at 2/s, which was quicker than the bovine
injurious compression model. Increased injurious
peak stress (at a constant final strain and com-
pression rate) was associated with less proteogly-
can loss after injury [17], corroborating studies
on bovine articular cartilage [13, 16]. When
injured, fewer human ankle vs. knee cartilage
explants suffered macroscopic damage and nei-
ther a post-injurious increase in proteoglycan
loss from injured ankle cartilage relative to con-
trols nor a relationship between peak stress and
proteoglycan loss was observed as opposed to
knee cartilage explants. Besides uncovering dif-
ferences in the response of human knee and ankle
cartilage to injury, this study suggested that peak
stress itself did not appear to be an important
cause of proteoglycan loss from human
cartilage.

8.2.4 Understanding the Molecular
Concept of Mechanical Injury
by Studying Gene Expression,
Signal Transduction
and the Release of Potential
Injury Biomarkers

Several studies of Grodzinsky and colleagues
have used the injury model to investigate signal-
ing pathways and gene expression patterns after
mechanical overload. The first demonstrated that
the angiogenesis factor VEGF (vascular endothe-
lial growth factor) might play an important auto-
crine or paracrine role in the progression of
post-traumatic OA (PTOA) [18]. Mechanical
injury induced the expression of the transcription
factor hypoxia-inducible factor-1 (HIF-1), a
known promoter of VEGF expression. The sub-
sequent expression of VEGF activated autocrine
production of MMPs (MMP-1, -3 and -13) in

chondrocytes, whereas tissue inhibitor of metal-
loproteinases-1 and -2 (TIMP-1 and -2), the
inhibitors of MMPs, were reduced. Motivated by
these interesting results, a more detailed study of
injury-related gene expression followed [19].
mRNA levels in non-injured, free swelling
bovine cartilage varied over five orders of magni-
tude with matrix molecules being the most highly
expressed, while cytokines, MMPs (except
MMP-3), aggrecanases (ADAMTS-5), and tran-
scription factors showed lower expression levels.
Specifically, the matrix molecules fibronectin
and type I collagen, as well as TNF, GAPDH, and
B-actin and finally IGF-1, IGF-2, and ADAMTS-4
as well as type II collagen, aggrecan, fibromodu-
lin, link protein, and IL-1 showed little change in
expression after injury vs. non-injured cartilage,
whereas MMP-3 increased 250-fold, ADAMTS-5
increased 40-fold, and TIMP-1 increased 12-fold.
The MMP-activating transcription factors c-fos
and c-jun showed an immediate transient up-
regulation followed by a rapid decline within
hours and a slowly increasing expression pattern
was seen for most other MMPs and their inhibi-
tors [19].

Two other studies on bovine cartilage charac-
terized proteins lost to the medium from cartilage
explant cultures after either injurious mechanical
compression or treatment with IL-18 or TNFa,
using mass spectrometry [20, 21]. While cyto-
kines predominantly promoted the release of pro-
teins that are involved in inflammation and a
stress response including acute-phase and com-
plement proteins, injury caused the release of
intracellular proteins, including Grp58, Grp78,
4-actinin, pyruvate kinase, and vimentin and also
caused increased release and evidence of
proteolysis of type VI collagen subunits, cartilage
oligomeric matrix protein, and fibronectin. These
data suggested loss of cartilage integrity such as
matrix damage primarily of the pericellular
matrix (PCM), supporting the idea of a high turn-
over in the PCM or increased damage to the PCM
with injury. The data also suggested cell mem-
brane disruption, which could be responsible for
reported decreases in tissue compression and
shear stiffness or cell apoptosis, changes in gene
expression, or for the decrease in the ability of
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the remaining viable cells to up-regulate biosyn-
thesis in response to anabolic loading as described
in the above section. Although MMP-2 appeared
to decrease overall in that study, mechanical
injury but not cytokines increased the release of
MMP-14 (MT1-MMP) and TIMP-2, which are
known to interact together to activate pro-
MMP-2, and many of the proteins identified as
being increased in the medium in that study are in
fact substrates of MMP-2 including osteopontin,
galectin 1, HSP-90, and CTGEF, all of which are
shown to be elevated with injury or cytokine
treatment. Therefore, the authors suggest a pos-
sible role for MMP-2 in overall regulation of cell
surface-associated molecules in cartilage. Of the
aggrecanases, only a single ADAMTS-4 peptide
was identified likely because of the enzymes
ADAMTS-4 and -5 being present at a very low
concentration. An observed decrease in the
release of C-terminal telopeptides of several col-
lagen types following both cytokine- and injury-
treatment was interpreted as decreased collagen
synthesis. Another study used a targeted pro-
teomics approach to follow the progression of
matrix degradation in response to mechanical
damage and cytokine treatment of human knee
cartilage explants in order to study the kinetics of
cartilage degradation (IL-6 and TNFa). They
identified candidate proteases, including MMP-
1, MMP-3, MMP-10 and MMP-13, and the
absence of collagen pro-peptides and elevated
levels of specific cartilage oligomeric matrix pro-
tein (COMP) and COL3Al neo-epitopes as
potential biomarkers for the earliest events in
PTOA [22]. Together these studies show the dif-
ferential effects of cytokines vs mechanical dam-
age on pro-inflammatory and stress-related vs.
damage-associated protein release.

8.2.5 Elucidating the Zonal, Age
and Species-Dependency
of Injurious Compression

Next to the impact of strain, strain rate and peak
stress as described above, Grodzinsky and our
two groups investigated the zonal dependence of
biomechanical, biochemical, and matrix-

associated changes caused by compressive injury
[23]. Our teams biomechanically characterized,
injured (strain: 50%, strain rate 1/s) and re-
characterized cartilage explants from the superfi-
cial and deeper zones of bovine calves. Having
added histology, diffraction-enhanced x-ray
imaging, and texture analysis to biochemical and
biomechanical methods, the study elucidated that
injured superficial zone explants showed surface
disruption, compaction, and importantly, imme-
diate biomechanical impairment after injury,
whereas injured deeper zone explants showed
collagen crimping but remained undamaged and
biomechanically intact. Moreover, superficial
zone explants that appeared intact on histology
exhibited textural alterations, whereas deeper
zone explants showed collagen crimping but
were otherwise histologically and biomechani-
cally intact. Overall this showed that the softer
superficial zone was more vulnerable to com-
pressive injury than the deeper zones, which, in
conjunction with delayed superficial proteogly-
can loss, may predispose the injured articular sur-
face to further softening and tissue damage, thus
increasing the risk of development of PTOA.

In another study our groups injured bovine
cartilage explants with or without the superficial
zone being present. Neither the peak stresses dur-
ing compression nor the rate of apoptotic cell
death specifically in deeper zones were signifi-
cantly different in the two groups. It was specu-
lated that the superficial zone might be too thin
and soft, and that its relative contribution to the
effects measured on the total tissue in a full area-
loaded and unconfined 50% compression model
are negligible. However, explants with an intact
superficial zone showed a different macroscopic
appearance, with the lower ends showing larger
swelling laterally than the upper end of the
explants, probably due to the fact that superfi-
cially the fibrils are oriented parallel to the platen
which may stabilize the integrity of that particu-
lar side of the explant. However, the overall
release of GAG was up to five-fold lower in
explants containing the superficial zone [24]. On
a side note, the superficial zone harbors the
majority of chondrocytes, which suggests a sig-
nificant role of the superficial zone in mediating
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post-injurious effects related to the tissue’s cells.
Another study by Grodzinsky and colleagues
investigated injured superficial zone tissue alone
in comparison to tissue from deeper cartilage lay-
ers and found increased lubricin biosynthesis to
be an early transient response of the superficial
layer of cartilage, whereas the deeper layers
exhibited reduced expression after injury.
Histologic and immunohistochemical analyses
revealed that superficial zone explants exhibited
marked cellular depletion and displayed an amor-
phous/swollen surface architecture with dimin-
ished GAG and collagen content after injury,
whereas deeper zone explants, injured without
the superficial layer, displayed some loss in GAG
and collagen content, but the effect was not as
prominent as for the superficial tissue alone [25].
Together these studies demonstrate a significant
role of the superficial zone in mediating the
effects of injury.

Together with our groups Grodzinsky also
investigated age and maturation of the articular
cartilage as a factor of the injurious response by
using tissue from newborn calves compared to
cartilage from more mature animals [26, 27].
Injurious compression induced significantly
more apoptosis in newborn calves (22% of cells)
than in cartilage from adult cows (2-6%), and
there was less GAG loss and no significant reduc-
tion in *H-proline and *S-sulfate incorporation in
cartilage from 2-year-old animals in contrast to
the data from Kurz et al. [15], where a single
compression induced significant GAG loss and
reduction in biosynthetic activity in tissue from
2-week-old animals suggesting that immature
cartilage tissue might be more vulnerable to
matrix destruction after cartilage injury, which
could be of clinical importance, since joint inju-
ries in the younger, more active population are
increasing. Since load stresses during compres-
sion increase with maturation of the tissue (a
single axial compression of strain of 50% with a
strain rate of 1 s induces mean peak stresses of
17-23 MPa in newborn tissue vs. 25 MPa in
younger (6—16-month-old) tissue vs. approxi-
mately 29 MPa in 22-23-month-old tissue [26]),
peak stresses do not seem to be responsible for
the maturation-dependent differences in tissue

response to injury, since most parameters of tis-
sue damage increase with increasing peak stress
in general.

Grodzinsky and colleagues also demonstrated
a species dependency of the effects of injury by
transferring the bovine in vitro model, whose
parameters were at that time well established, to
tissues of human [28] or horses [29]. The team
screened specimens cultured for 28 days with
subsequent histological analysis [29]. At a strain
rate of 1/s the threshold strain necessary for
inducing morphological and biochemical ECM
changes was 60% and, thus, higher than in bovine
cartilage. Patwari et al. [28] needed a uniaxial
unconfined injurious compression of 65% strain
at 4/s in human knee and ankle cartilage in order
to induce comparable tissue damage. Both stud-
ies demonstrate that the established injury model
is applicable to different species but that the
strain, strain rate and peak stress leading to
“injured” cartilage is species-dependent.

8.2.6 Combining Mechanical Injury
with Cytokine Exposure or
Co-culture Systems
for Generating a More
Realistic Trauma Model

A further study of Grodzinsky and colleagues
investigated the effects of injury alone vs. in
combination with IL-1a or TNFa on the amount
of proteoglycan loss using newborn bovine as
well as matched knee and ankle tissues from
adult healthy human donors. The team demon-
strated that in bovine cartilage MMP-3 but not
MMP-13 mRNA levels increased. The proteogly-
can loss, which was at that time well-known to
occur after injury, was significantly increased,
although its extent of only 2% of the total content
and loss only over the first 3 days following
injury was surely surprising. Importantly, the
combination of injury with either IL- 1o (1 ng/ml)
or TNFa (100 ng/ml) caused, during the same
time frame, substantial increases of 35% and
54% in proteoglycan loss. In human knee carti-
lage, comparable interactions between cytokine
and injury effects were observed after injury but
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with lower magnitude than in bovine cartilage.
Consistent with current knowledge, there was no
significant interaction between injury and IL-1a
in human ankle cartilage [28]. Overall, incorpo-
rating cytokines into the in vitro mechanical
injury model was successful and helpful for
studying the interactions between mechanical
forces and pro-inflammatory cytokines that may
be persistently present after joint trauma, adding
insight into subsequent degradative pathways of
PTOA progression.

A further study demonstrated that interactions
between injured cartilage and other joint tissues
are important in matrix catabolism and gain more
complexity into the system [30]. The authors
found that mechanically injured cartilage co-
cultured with the joint capsule tissue alters chon-
drocyte expression patterns and increases
ADAMTS-5 production and subsequent GAG
loss. In a related study Swird et al. [31] found
additional aggrecan fragment types released at an
earlier time after injury when synovial joint tis-
sue was present, indicative of different proteo-
Iytic pathways for aggrecan degradation under
co-culture conditions, with increased aggrecan-
ase and MMP activity toward aggrecan. On the
other hand, Lee et al. [29] demonstrated that syn-
oviocytes protect cartilage from the effects of
injury in vitro under certain circumstances. Thus,
synoviocytes extracted from normal equine
synovium exerted both positive and negative
effects on injured equine cartilage, but ultimately
protected injured cartilage from progressing
toward an OA phenotype. Co-culture of synovio-
cytes and injured cartilage significantly reduced
the expression of ADAMTS-4 and -5, but also
increased the expression of MMP-1 and reduced
the expression of TIMP-1 in synoviocytes. In
contrast, injured cartilage cultured with synovio-
cytes increased the expression of both collagen
type 2 and ADAMTS-5. Moreover, an additional
protective effect of synoviocytes on injured carti-
lage was the reduction of both focal cell loss and
chondrocyte cluster formation, two major hall-
marks of OA. This is supported by an early study
by Kurz et al. [32] showing that articular chon-
drocytes are protected against the negative effects
of reactive oxygen species-induced cytotoxicity

and lipid peroxidation under co-culture condi-
tions with synoviocytes indicating that more
research is needed to understand the interaction
between different joint cell types.

8.2.7 Predicting Articular Cartilage
Properties and Injurious
Damage on the Structural,
Biochemical
and Biomechanical Level

Throughout the years Grodzinsky and colleagues
have developed several models for predicting the
properties and injurious damage of articular car-
tilage on the structural, biochemical as well as
biomechanical level. This began as early as 1987,
as briefly discussed above, when Grodzinsky and
colleagues developed an electromechanical
model for predicting the kinetics of changes in
swelling and isometric compressive stress that
can be induced by changes in salt concentration
in charged, hydrated tissues [4]. In 2015,
Grodzinsky and colleagues developed a fibril-
reinforced finite element model to estimate the
poroelastic properties of mouse cartilage over a
wide range of loading rates [7]. In 2013,
Grodzinsky and our two groups demonstrated
that biomechanical stress, which occurs during
compressive injury, predetermines the biome-
chanical, biochemical, and structural conse-
quences of articular cartilage as well as the
structural and functional damage that occurs
when the tissue fractures [33]. Interestingly,
damage prediction in a blinded experiment using
stress-vs-time grades was 100% correct and also
sensitive enough to differentiate the complexity
of cartilage matrix disruptions. Moreover, the
injuriously dissipated energy and the maximum
stress rise during injury correlated with the extent
of biomechanical and biochemical damage in
zonal analyses. Thus, we introduced a novel
method based on the interpretation of compres-
sive yielding for accurately predicting the extent
of structural damage during injury [33].

In 2018, Orozco et al. [34] investigated the
fixed charge density of proteoglycans in injured
immature cartilage and subsequently dynami-
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cally compressed cartilage for up to 12 days to
induce biosynthesis. Based on these data they
introduced a novel model that implemented devi-
atoric and maximum shear strain and also fluid
velocity-controlled algorithms with the goal of
simulating the loss of the fixed charge density of
proteoglycans over time. Interestingly, the homo-
geneity and localization of the predicted loss of
the fixed charge density depended on the degen-
eration algorithm being driven by fluid velocity
vs. shear strain. Using a novel finite element
model that incorporates (1) diffusion of the pro-
inflammatory cytokine IL-1 into tissue, and (2)
the effect of excessive levels of shear strain near
chondral defects during physiologically relevant
loading, Grodzinsky and colleagues developed
this further to a computational model which sim-
ulates spatial and temporal changes of fixed
charge densities in injured cartilage in order to
predict the simultaneous effect of tissue inflam-
mation and abnormal biomechanical loading on
loss of cartilage proteoglycans [35]. Their data
suggests that the presence of lesions plays a role
in cytokine diffusion-driven degradation and also
predisposes cartilage for further biomechanical
degradation. These models are promising in
silico tools for predicting disease progression,
recognizing lesions at high risk, simulating treat-
ments, and ultimately optimizing treatments to
postpone the development of PTOA.

8.3  Therapeutic Modulation

of the Injurious Response

Throughout the years, Grodzinsky and colleagues
extended the mechanical articular cartilage injury
model to test a spectrum of disease-modifying
agents, which will be discussed in detail below,
and have proven that an array of therapeutics can
protect against injury-related responses (dexa-
methasone, IL-10, IGF-1, MnTMPyP anti-
oxidant MnTMPyP, E2 estrogen, and 10-20%
dynamic compressive loading) and sometimes
even promote a pro-regenerative response to
injury or inflammatory insult of healthy cartilage
(dexamethasone, IL-10), OA-injured cartilage
(IL-10) and chondrocyte-containing collagen

ACI  grafts (IL-10, BMP-2). Moreover,
Grodzinsky and associates developed charged-
nanoscale sized carrier systems to efficiently
transport therapeutics (dexamethasone or IGF-1)
into the cartilage, offering cartilage-targeting
therapies. Some of the therapeutics advanced to
clinical testing such as dexamethasone in preven-
tion of PTOA (ClinicalTrials.gov Identifier:
NCT02318433). These promising targets remain
at the horizon of advancing cartilage injury-
related therapeutic strategies and could pave the
way forward for the development of clinical ther-
apies that will enhance the repair of cartilage
after injury (Fig. 8.2).

8.3.1 Dexamethasone

and 17b-Estradiol - Steroid
Hormone Treatment

of Mechanically-Injured
Articular Cartilage

and in an In Vivo PTOA Model

Lead to Clinical Assessment

A large body of work by Grodzinksy and col-
leagues has focused on use of dexamethasone, a
corticosteroid used to treat a wide-spectrum of
conditions, in preventing degenerative responses
in cartilage and the onset of PTOA after injury
[36—45]. In both healthy human and bovine carti-
lage explant mechanical injury models of injury
alone or in combination with subsequent
inflammatory (TNF-o alone or in combination
with IL-6 and sIL-6R) insult, continuous dexa-
methasone treatment inhibited the production of
pro-inflammatory cytokines, MMPs and nitric
oxide (NO), prevented GAG loss, reduced the
release of aggrecan and COMP fragments, and
promoted proteoglycan synthesis [36, 38, 39, 44]
demonstrating that dexamethasone protects
against injury-related changes. Moreover, in non-
injured IL-o stimulated bovine cartilage, dexa-
methasone significantly increased the mRNA
expression of ACAN and COL2A1 and decreased
IL-6, caspase-3, ADAMTS-4, MMP-3 and -13,
and COX2 4 days after treatment [37]. These
studies show that dexamethasone provides pro-
tection against not only injury-related effects but
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Fig. 8.2 Summary of
the potential treatment
strategies investigated
by Grodzinsky and
colleagues in cartilage
injury models with
cartilage-protective
effects
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also pro-inflammatory cytokines that may be per-
sistently present after joint trauma.

While these studies clearly show that dexa-
methasone is protective against injury-related
trauma and that dexamethasone could be a poten-
tial treatment to regulate many early cartilage
degradative changes associated with joint injury,
as reviewed by Grodzinsky and Black [46], some
studies suggest that dexamethasone may have
catabolic effects on the cartilage tissue by pro-
moting apoptosis and reducing proliferation of
healthy chondrocytes. However, these effects
have been attributed to high doses or non-
localized long-term treatment. Adverse effects
have also associated with long-term systemic
dexamethasone use, including stunting the
growth of developing cartilage and bone and
causing bone density loss thereby decreasing
load potential. Therefore, Grodzinsky and other
groups started to engineer biomaterial-based
strategies to improve and extend the residence
time of dexamethasone by preventing its joint

Potential treatment
strategies evaluated in
cartilage injury models

with
cartilage-protective effects

17b-
estradiol

MMP
inhibitor
10:20% CGS 27023A

compressive

loading

clearance and allowing penetration of the carti-
lage as a means of delivering a low dose and
more localized treatment strategy [43]. One such
strategy developed by Grodzinsky and colleagues
involved covalently linking a low dose of dexa-
methasone to the small, highly cationic molecule
avidin. Due to avidin’s net charge (+20), electro-
static interactions between the cationic avidin
and anionic cartilage allow dexamethasone-
nanosized carriers [45] to penetrate the full depth
of the cartilage within 24 hours of application.
Moreover, within thicker cartilage explants such
as rabbits, as opposed to thinner rat cartilage,
which better resembles the human -cartilage
thickness, the dexamethasone-carriers were
retained within the cartilage tissue for up to
3 weeks offering a prolonged intra-articular
localized treatment strategy [39—42]. Compared
to a single bolus treatment, prolonged dexameth-
asone treatment was more effective in reducing
synovial joint inflammation in rabbits by half
and, whereas prolonged treatment did not prevent
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MMP-3 and -13 mRNA expression and GAG
loss, it was capable of significantly decreasing
the mRNA expression of IL-1, MMP-1, and
ADAMTS-5 and it restored ACAN to normal
expression levels 3 weeks after anterior cruciate
ligament transection (ACLT) injury [39, 42].

Another study investigated the effects the E2
estrogen hormone 17b-estradiol, which is the
most widely clinically used estrogen in oral con-
traceptive pills and in hormone replacement ther-
apy in the treatment of symptoms related to
menopause, in mechanically-injured mature
bovine articular cartilage. Physiological concen-
trations of E2 prevented mechanical injury-
related cell death (nuclear blebbing and TUNEL
staining; effect reversable by addition of fulves-
trant, an E2 antagonist) and reduced GAG release
[24] suggesting that therapeutic compounds con-
taining the E2 estrogen may regulate and protect
against joint-related trauma. Since dexametha-
sone and E2 both are steroid hormones, it might
be speculated that higher concentrations of one
or the other might trigger effects through cross-
binding to different subtypes of steroid
hormones.

Collectively, these studies and the work of
others as summarized [46], show that dexametha-
sone inhibits the early processes involved in
PTOA development. In view of all of this data, a
pilot clinical study at the Mayo Clinic
(ClinicalTrials.gov Identifier: NCT02318433)
was initiated to test whether a single, intra-
articular injection (4 mg) of dexamethasone
given soon after intra-articular fracture of the dis-
tal radius reduces the incidence or severity of
PTOA.

8.3.2 Interleukin 10 (IL-10)
Treatment of Mechanically-
Injured Articular Cartilage

and Cell-Laden ACI Grafts

Together with our two groups, Grodzinsky inves-
tigated the therapeutic effects of the anti-
inflammatory IL-10 cytokine on injured cartilage
using a pre-injury [47] and post-injury [48, 49]
treatment approach. In the pre-injurious treat-

ment study, a single (10 ng/ml) dose of IL-10 sig-
nificantly decreased injury-related cell death,
release of GAG and NO and the mRNA expres-
sion of NOS2, MMP-3 and -13 and ADAMT-S4 4
days after injury of mature bovine articular carti-
lage [47]. In the post-injurious treatment study,
continuous low doses of IL-10 were applied to
mature bovine cartilage directly after injury and
post-injurious effects were assessed up to 3 weeks
after injury. In both non-injured and injured carti-
lage, IL-10 was capable of inducing the mRNA
expression of COL2A1, ACAN, and SOX9 3 days
after treatment. In injured cartilage, IL-10 treat-
ment additionally significantly inhibited the
expression of mechanical injury-induced
COLIAI and COLIOAI. Moreover, continuous
post-injurious IL-10 treatment inhibited injury-
related apoptosis, restored type 2 collagen in the
ECM, and inhibited the loss of aggrecan, hyal-
uronic acid, and GAG 1 to 3 weeks after injury.
These studies show that pre- and post-treatment
of articular cartilage with low doses of IL-10
(e.g., 100 pg/ml) is highly protective against
injury-related damage [48].

The effects of continuous low-dose (100 pg/
ml) IL-10 treatment alone or in combination with
the growth factor bone morphogenetic protein 2
(BMP-2) of post-operative material containing
human chondrocytes seeded in type I/III collagen
was also measured to assess the potential of
IL-10 to support graft maturation in this clini-
cally applied autologous chondrocyte
implantation (ACI) transplant material (Novocart
3D®). Three weeks after injury, IL-10 signifi-
cantly increased the GAG content within the
grafts vs. non-treated grafts. The combination of
continuous IL-10 + BMP-2 also significantly up-
regulated COL2AI, ACAN, and SOX9 and
reduced injury-related COLIAI mRNA expres-
sion and the COLIAI/COL2A1 ratio compared to
IL-10 or BMP-2 treatment alone 3 days post-
injury [48] suggesting that the combination of
IL-10 and BMP-2 may enhance the repair of
autologous transplanted chondrocytes after carti-
lage injury.

The chondro-regenerative effects of post-
injurious application of IL-10 alone or in combi-
nation with lysed platelet concentrate (PC) was
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additionally assessed in the treatment of
mechanically-injured human OA articular carti-
lage and chondrocyte-containing ACI grafts from
patients undergoing ACI treatment. In OA injured
explants, IL.-10 and PC similarly reduced apopto-
sis 4 days after injury. Whereas IL-10 treatment
did not modulate the gene expression in OA
injured cartilage explants, PC significantly
increased COL2AI and ACAN expression and
decreased COLIOAI expression 3 days after
injury. However, continuous IL-10 treatment had
better ECM preserving effects in sGAG retention
and reduction of type 1 collagen in the ECM after
cartilage injury compared to PC treatment, which
was less protective. Moreover, PC did not recover
the loss of type 2 collagen in the superficial zone
of the cartilage explants, and in fact, treatment
increased type 1 collagen deposition, indicative
of fibro-cartilage [49]. In the ACI samples, the
combination of continuous PC and IL-10 was
most effective in enhancing COL2A] mRNA
expression but had no effect on ACAN expres-
sion. The combination treatment also enhanced
sGAG and collagen 2 neosynthesis in the
ECM. However, similar to the injured OA carti-
lage, PC induced COLIAI and COLI10AT mRNA
expression, which was reduced by co-treatment
with IL-10 [49]. Thus, IL-10 was more potent in
preserving ECM integrity and mitigating the
potentially negative effects of PC suggesting that
IL-10 is better in controlling injury-induced
degenerative pathways.

Together these studies show that IL-10 treat-
ment can control the post-traumatic environment
when applied pre- or post-injury and that IL-10
can additionally support neo-cartilage formation,
graft integration and maturation thereby enhanc-
ing cartilage repair following ACI treatment.

8.3.3 IGF-1inTreatment
of Mechanically-Injured
Articular Cartilage

and in an In Vivo PTOA Model

Several studies by Grodzinsky and colleagues
have shown that the growth factor insulin-like
growth factor 1 (IGF-1) is another potential ther-

apeutic that protects against cartilage injury-
related effects [37, 43, 50, 51]. As interleukins,
such as IL-1a are typically present in the joint
following joint trauma, one study investigated
whether IGF-1 alone or in combination with
dexamethasone could modulate moderately
aggressive (high dose) cytokine IL-1a effects in
young healthy bovine cartilage explants and an
adult human healthy articular cartilage sample. In
young bovine non-injured cartilage, continuous
dexamethasone treatment more favorably
reversed IL-la-mediated effects on the mRNA
level of ACAN, COL2AI, IL-6, caspase-3,
ADAMTS4, MMP-3 and -13, and COX2 4 days
after treatment. However, the combination of
IGF-1 and dexamethasone significantly inhibited
the loss of sGAG and type II collagen, rescued
the suppression of matrix (proteoglycan) biosyn-
thesis, and inhibited the loss of chondrocyte via-
bility caused by IL-1a treatment 1-2 weeks after
continuous treatment. In adult healthy human
cartilage, only IGF-1 rescued matrix biosynthe-
sis, while dexamethasone alone inhibited sGAG
loss and improved cell viability within the carti-
lage explants [37].

To improve the pharmacokinetics of IGF-1,
nanoscale-sized cartilage-penetrating nanocarri-
ers were developed by Grodzinsky and the
Hammond group that enable the encapsulation
and delivery of IGF-1 throughout the full depth
of cartilage tissue [43, 50, 51]. These nanocarri-
ers allow ionic complexation of cationic IGF-1
with anionic poly (L-glutamic acid), which has
clinically been used in other FDA-approved
polymer-drug conjugate systems. The surface is
further modified with an excess of positive charge
using cationic poly (L-arginine) that allows trans-
port of the therapeutic growth factor across cell
membranes and transport through the negatively
charged cartilage ECM and full depth of cartilage
[50]. Their groups further developed the nanocar-
riers by covalently conjugating some of the cat-
ionic side groups with polyethylene glycol (PEG)
oligomers, creating a small library of nanoscale
molecules with varying surface charge. With
increasing surface charge and a corresponding
decreasing PEGylation, increased cartilage bind-
ing was observed. Compared to free IGF-1,
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which was cleared within 7 days, a single dose of
the IGF-1 via the nanoscale carrier enhanced the
joint residence time to 4 weeks in an in vivo rat
knee PTOA model of cartilage injury (anterior
cruciate ligament (ACL) transection and medial
meniscus resection (ACLT1MMXx)) when admin-
istered within 48 hours of injury. Moreover, a
single injection of PEG-containing-IGF-1 carri-
ers reduced synovial inflammation, the width of
cartilage degeneration by 60% and volumetric
osteophyte burden by 80% vs. untreated rats at
4 weeks post-surgery and was far better than free
IGF-1 [51].

The results indicate the potential of a charged
cartilage-targeting approach that enables delivery
of IGF-1 to target cells within cartilage and over
an extended period of time. Moreover, these stud-
ies show that IGF-1 is another potential early
interventional therapy that could delay or prevent
the onset of PTOA following joint injury.

8.3.4 Anti-IL-6 Fab-Fragment
in Treatment of Mechanically-
Injured Articular Cartilage

IL-6 is highly present after joint trauma, making
it a relevant target for controlling injury-related
responses. Since full-sized antibodies are too
large to penetrate beyond the cartilage surface
due to steric hindrance of the dense matrix,
Grodzinsky’s group investigated the transport of
smaller (48 kDa) anti-IL-6 antigen Fab-fragments
in healthy human and bovine cartilage [52, 53].
Uptake of the anti-IL-6 Fab significantly
increased following mechanical injury, and an
additional increase in uptake was observed in
response to combined mechanical injury and
inflammatory insult with TNFa. This may be due
to a combined increase in injury-related tissue
swelling which causes an increase in tissue
hydration and water content and a decrease in
GAG density following injury allowing the Fab-
fragment to move with less hindrance within the
cartilage, resulting in an increased uptake ratio
[52]. While pre-treatment with the anti-IL-6 Fab-
fragment had no effect on SGAG loss after injury
alone or by TNFa treatment alone, the anti—IL-6

Fab-fragment partially (by approximately 20%)
reduced sGAG loss due to the combination of
injury plus TNFa treatment in bovine and human
explants [53]. This may be attributed to the
incomplete non-uniform penetration and slow
diffusion of the anti—IL-6 Fab into the cartilage
tissue [52]. However, this data nonetheless sup-
ports that joint trauma and the inflammatory
response following joint injury play a critical role
in altering the transport properties of damaged
cartilage, especially if the molecules or therapeu-
tics are smaller than 42 kDa.

8.3.5 Antioxidant Treatment
of Mechanically-Injured
Articular Cartilage

Inhibition of reactive oxygen species has also
been explored. Apoptotic cell death due to
mechanical injury was almost completely inhib-
ited when mature bovine cartilage was either pre-
treated or treated immediately after injury with a
compound (manganese(IIl)tetrakis (1-methyl-4-
pyridyl) porphyrin pentachloride; MnTMPyP)
that mimics native superoxide dismutase (SOD)
and acts as a peroxynitrite and hydrogen peroxide
scavenger [26]. Vitamin E (a-tocopherol) was
also tested but had no effect on reducing the num-
ber of post-injury apoptotic cells. This data sug-
gests that therapies having an antioxidant
component or diets enriched in antioxidants may
help decrease mechanically-induced cell death in
articular cartilage.

8.3.6 MMP Inhibitors and a VEGFR-2
Kinase Inhibitor in Treatment
of Mechanically-Injured
Articular Cartilage

Several MMP inhibitors have also been tested.
Injury-related GAG release from bovine tissue 1
to 7 days post-injury was reduced by the MMP
inhibitor CGS 27023A whereas the biosynthesis
inhibitor cycloheximide, MMP inhibitor GM
6001 and aggrecanase activity inhibitor SB
703704 had no effect [16]. A VEGF receptor 2
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(VEGFR-2) kinase inhibitor was able to reduce
the injury-dependent expression of the MMPs
(MMP-1, -3, and -13), whereas TIMP-1 and -2,
the inhibitors of MMPs, were reduced, which
might make the HIF-1o/VEGF pathway a poten-
tial target for therapeutic approaches of PTOA
[18].

8.3.7 Moderate vs. High Dynamic
Compressive Loading
of Mechanically-Injured
Articular Cartilage

Grodzinksy’s research also indirectly showed
that dynamic loading of the joint following a
joint trauma may be a beneficial physical therapy
regime to promote healing of cartilage tissue
since moderate (10% and 20% strain) but not
high (30%) dynamic compression inhibited the
pro-catabolic response of combined mechanical
injury and subsequent persistent inflammation
(TNF-a, IL-6, sIL-6R). Thus, 10% and 20%
strain prevented GAG loss, diminished aggreca-
nase activity and decreased apoptosis in injured
bovine cartilage explants. Moreover, in the pres-
ence of cytokines alone, 10% and 20% strain sig-
nificantly upregulated COL2AI expression
levels. Importantly, this study also showed that,
compared to 10% and 20% strain, loading carti-
lage with 30% strain amplitudes significantly
increased apoptosis and induced the upregulation
of inflammatory (COX-2) and ADAMTS-5, the
main aggrecanase involved in articular cartilage
breakdown and the loss of ECM [54]. Together,
this suggests that appropriate moderate loading
of the joint in post-injury rehabilitation may
improve cell and tissue function and generate
stronger hyaline cartilage and that higher loads
may be detrimental to cartilage.

differences between the surface and deepest
regions of cartilage [55]. This important publica-
tion related the magnitude-, sign- and time-
dependence of the induced electrical potentials to
the, at that time, known features of cartilage
mechanics and fluid flow and, effectively,
‘explained’ how mechanically induced electric
fields in vivo may help regulate the transport of
ions and interstitial fluid in charged, hydrated tis-
sues. In the opinion of the authors of this book
chapter, two additional key points among the
many relevant contributions during 40 years of
research are not only outstanding but truly rele-
vant. Grodzinsky and colleagues have trans-
formed our understanding of how complex
structure-function relationships govern the tis-
sue’s behavior, define the tissue’s response to
injury, and can be utilized to overcome injury to
the tissue by dynamic stimulatory loading.
Moreover, his research has been instrumental in
understanding the proinflammatory response to
injury and in developing treatment strategies that
are based on an in-depth understanding of the
structure and function of articular cartilage.

Collectively, Alan Grodzinsky’s work is not
just highly impressive in content, quality, and
significance, it also went full circle from uncov-
ering groundbreaking electromechanobiological
characteristics of articular cartilage to ‘translat-
ing’ them into a therapeutic strategy. As a prime
example, the use of dexamethasone for prevent-
ing PTOA  (ClinicalTrials.gov  Identifier:
NCT02318433) and linking dexamethasone to
the small, highly cationic molecule avidin for
full-thickness penetration and increased duration
of stay. On a personal note, Alan’s work ethics,
quality of science, and motivational nature were
instrumental in achieving these accomplishments
and the authors are grateful for having played a
small part in Alan’s scientific success.

8.4  Final Remarks

Alan Grodzinsky’s research on the electromecha-
nobiology of articular cartilage began more than
40 years ago with a groundbreaking publication
on the compression-induced electrical potential
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Hip Osteoarthritis: Bench
to Bedside Perspective

Young-Jo Kim

Abstract

Osteoarthritis is a major source of pain, disabil-
ity, and economic cost worldwide. For nearly a
century, there has been a debate about the causes
of hip osteoarthritis and the role that structural
abnormalities may play as a causative factor.
Recent advances in open and minimally inva-
sive techniques such as the periacetabular oste-
otomy, surgical hip dislocation and arthroscopic
approaches have allowed us safe access into the
joint to not only improve the abnormal bony
structure and repair damaged tissue but also to
gain clinical insights into the cause of joint dam-
age. At present, structural abnormalities such as
acetabular dysplasia and CAM deformities of
the proximal femur are thought to be a major
factor causing premature hip OA. Over the past
30 years, our understanding of the function and
biology of articular cartilage has evolved from a
relatively acellular lubricating cushion to a met-
abolically active tissue that can modulate its tis-
sue composition in response to mechanical
loading. Using advanced biochemical MR
imaging technique called delayed Gadolinium
Enhanced MRI of Cartilage (AGEMRIC), it has
been shown that alteration in the mechanical
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environment of the hip with a pelvic osteotomy
in acetabular dysplasia can alter the articular
cartilage composition. This further demon-
strates the importance of mechanics in develop-
ment of joint damage and the potential for
surgical correction to prevent or slow down the
progression of OA.

Keywords

Osteoarthritis - Hip - Joint damage -
Impingement

9.1 Introduction

Osteoarthritis is a major source of pain, disabil-
ity, and economic cost worldwide. At present it is
accepted that this disease is caused by multiple
factors including genetic, biologic, and mechani-
cal factors. Over the decades, the view of this
condition has evolved from a wear and tear phe-
nomena of the articular cartilage due to mechani-
cal factors to that of a complex condition affecting
the whole joint [1]. Similarly, the initial studies
of articular cartilage focused on its material prop-
erties as it was thought to be relatively inactive
biologically due to its acellular nature. However,
it became increasingly clear that articular carti-
lage is not only biologically active but also mech-
anosensitive and is a mechanical/biological factor
in the maintenance of the synovial joint and the
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disease process [2]. The surgical care of patients
with hip osteoarthritis has undergone a similar
evolution over time. Prior to arthroplasty, both
femoral and pelvic osteotomies were performed
to correct the underlying structural abnormali-
ties. In addition, repositioning osteotomies were
performed for osteoarthritic hips to relieve pain;
however, due to the more predictable clinical out-
comes with an arthroplasty, in most countries
much of the osteotomy approaches were aban-
doned. The exception has been in the pediatric
setting where arthroplasty is inappropriate and in
countries such as Germany and Japan where they
had a high incidence of acetabular dysplasia. The
improved pelvic osteotomy [3] and hip surgical
dislocation approach technique, and the under-
standing that subtle acetabular and femoral defor-
mities are a causative factor in early joint damage,
have renewed interests in hip preservation surgi-
cal techniques [4].

There are many parallels and interplay between
the evolution in our understanding of osteoarthri-
tis epidemiology, cartilage mechanics and physi-
ology, and surgical care of our hip patients over
the past 30 years. Clinical observations have
informed our basic understanding and vice versa
and I suspect will continue to do so in the future.

Osteoarthritis or
Osteoarthrosis - What Is
the Role of Biological vs
Mechanical Factors

in the Development

and Progression of Hip OA?

9.2

Starting in the 1930s, clinical observations were
made that hip deformity such as acetabular dys-
plasia [5] and then subsequently “tilt deformity”
of the proximal femur [6] can lead to osteoarthri-
tis. Murray used the term “tilt deformity” to
describe an abnormal relationship between the
femoral head and neck and in order to distinguish
this asymptomatic development of hip deformity
from a slipped capital femoral epiphysis, which
often presents with a limp or an inability to walk.
In fact, Murray hypothesized that perhaps abnor-
mal stresses in adolescence may cause a minor

degree of epiphysiolysis which can cause this
deformity to develop which leads to damage to
the joint. In 1975, Solomon [7] published a pro-
spective study looking at the association between
proximal femoral and acetabulum shape on radio-
graphs and the pathological findings at time of
joint replacement and made similar inferences as
Murray. He even postulated that perhaps early
intervention should be done to prevent further
damage to the joint.

However, the hip joint is a dynamic organ that
can remodel its shape in response to inflamma-
tion and injury. In the 1970s, Resnick made the
observation that as part of the normal osteoar-
thritic process, the femoral head shape can
remodel into a similarly abnormal shape as
described by Murray and Solomon [8]. In fact, he
specifically refuted that the observations made by
Murray were simply due to the bony remodeling
during osteoarthritis, i.e. a secondary effect, and
not a cause of osteoarthritis [9].

Subsequent studies by Murphy et al. [10] and
Harris [11] extended Wiberg and Murray’s origi-
nal hypotheses. The primary underlying mecha-
nism by which joint damage occurs was thought
to be mechanical in nature and the preferred term
used to describe this condition was osteoarthro-
sis. Harris specifically made the argument that
many of these femoral and acetabular deformities
are seen prior to the onset of severe osteoarthritis.
However, this was a period of rapid advancement
in total hip arthroplasty. Much interest in under-
standing the etiology of hip osteoarthritis waned
and we would have to wait for further advances in
surgical technique to occur in the late 1990s that
would allow additional clinical insights as well as
improved ability to alter the underlying hip
deformity.

For the hip, the importance of underlying
mechanics as an initiator of joint damage was
revitalized with the advent of advanced surgical
techniques in the 1990s that allowed direct obser-
vations of damage within the joint even the early
stages of joint damage. Traditionally, intraarticu-
lar joint damage was observed mostly in speci-
mens at time of joint replacement, which by its
very nature was in the advanced stage of disease.
The safe surgical dislocation technique of the hip
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was developed by Ganz and co-workers, which
allowed complete exposure of the hip joint with-
out the risk of avascular necrosis and with little or
no morbidity [12]. This technique not only
allowed direct observation of the joint damage
pattern in pre-arthritic hips but also provided a
surgical approach to repair damaged tissue as
well as to address underlying structural abnor-
malities that may be the cause of the damage.
Two distinct types of femoroacetabular
impingement have been identified. The first type
of impingement is caused by a direct contact
between the acetabular rim and the femoral
neck — pincer impingement. This is often caused
by the acetabulum being retroverted or over cov-
ered. The second and more common type of
impingement would occur due to a non-spherical
extension of the femoral head into the acetabu-
lum - the so-called cam impingement. The two
types of impingements can be mixed but when
they occur in isolation, they can cause distinctive
patterns of intra-articular damage. The cam type
impingement is most like the tilt deformity
described by Murray but now there are multiple
studies demonstrating that a subset of the cam
deformity is developmental in nature with the
formation occurring during the end of growth
during adolescence [13, 14]. Furthermore, some
of the cam deformity is caused by an extension of
the femoral epiphysis (Fig. 9.1) and clearly not
due to new appositional bone formation as
described by Resnick [15].

Acetabular dysplasia (Fig. 9.2) has been a
more accepted structural cause of hip OA. A
more contemporary cohort study by Murphy [10]
demonstrated the relationship between the extent
of femoral head under coverage and the eventual
development of osteoarthritis. With the use of
advanced biochemical MRI techniques such as
delayed Gadolinium Enhanced MRI of Cartilage
(dGEMRIC) [16], the relationship between the
femoral head under coverage and the extent of
chondral damage in the early stages of joint
injury has been confirmed [17]. In addition, a
recent systematic review and meta-analysis of
prospective and cross-sectional studies have
shown that cam deformity (alpha angle > 60 deg;
OR = 2.52, 95% CI: 1.83-3.46) and acetabular

Fig. 9.1 Characteristic extension of the femoral epiphy-
sis seen in hips with adolescent CAM impingement

dysplasia (LCEA < 25 deg; OR = 2.38, 95% CI:
1.84-3.07) are risk factors for the development of
hip osteoarthritis [18].

It seems now evident, that hip mechanics
plays an important role in the initiation of joint
damage. However, we also know that this is not a
simple wear and tear phenomenon. The cartilage
is not simply being worn away. During the past
30 years when the role of mechanics in the devel-
opment of osteoarthritis was become clearer, the
role of mechanics and the modulation of articular
cartilage metabolism and initiation of cartilage
degradation was also being elucidated.

9.3  Articular Cartilage -
Paradigm Shift from Inert
Lubricating Cushion

to Biologically Active

and Mechanosensitive Tissue

Articular cartilage is a relatively acellular tissue
that provides a near frictionless lubricating sur-
face in synovial joints. It is also avascular and
aneural; hence, initial concept of osteoarthritis
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Fig. 9.2 Patient with
bilateral acetabular
dysplasia. The bony
acetabulum does not
cover the femoral head
sufficiently

was that of a mechanically induced wear and tear
process. However, the opposite is true where the
articular cartilage tissue is often very active and
reactive in the disease process [19, 20].

During the 1980s and 1990s, the interplay
between the mechanical forces on cartilage and
its metabolism and well as disease states was
being elucidated. Sah et al.[21] demonstrated
using calf cartilage explant system that static
compression will inhibit glycosaminoglycan and
protein synthesis (Fig. 9.3) while gentle dynamic
compression will stimulate biosynthetic activity
in a frequency dependent manner. Higher fre-
quency (>0.001 Hz) small strain (1-5%) com-
pression produced a stimulatory effect while
lower frequency did not (Fig. 9.4). This study
provided a framework for identifying the physi-
cal and biological mechanisms by which dynamic
compression can modulate chondrocyte biosyn-
thetic activity. Further studies using the radially
unconfined compression explant system demon-
strated that the increase in biosynthetic activity of
glycosaminoglycans during dynamic small strain
compression was confined to the radial periphery
where there would be increased fluid flow. This
only occurred in the high frequency range where
the increased fluid flow was predicted to occur
(Fig. 9.5) [22].

Compared to gentle dynamic compression,
direct mechanical injury to the articular cartilage
can not only disrupt the tissue structure but it can
also induce matrix degradation mediated by

chondrocytes via expression of matrix degrading
enzymes (ADAM-TS5, MMP-1, MMP-2, MMP-
3, MMP-9, MMP-13). In addition, the biosyn-
thetic activity will decrease and will also induce
chondrocyte death by necrosis and apoptosis [2].

These and other studies have confirmed that
articular cartilage is an active tissue that can
modulate its composition in response to mechan-
ical loads and when mechanically injured the tis-
sue can degrade itself and will contribute to the
development of osteoarthritis.

Bench to Bedside - Use

of dGEMRIC

in Understanding the Effect
of Pelvic Osteotomy on Hip
Articular Cartilage

9.4

Acetabular dysplasia is a natural model of
mechanically induced cartilage damage that
leads to osteoarthritis. The articular cartilage and
labral damage start at the acetabular edge where
the increased mechanical loads are predicted to
occur. We have surgical interventions to correct
the acetabular dysplasia, which would lead to
normalization of the mechanical environment in
the joint [23]. Furthermore, acetabular dysplasia
is an important cause of premature osteoarthritis
in young women.

A clinically important question in patients
with acetabular dysplasia is what is happening to
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Fig.9.3 Cartilage explants were statically compressed in
a radially unconfined manner in a culture chamber. The
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pressed with small displacement sinusoidal manner with
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the joint? Are we preventing or slowing down the
inevitable onset of osteoarthritis? Traditionally,
these patients would be followed for long term
(~20-30 years) to be able to detect radiographi-
cally the onset of osteoarthritis. However, we
have sought to see if we can gain insights sooner
using a biochemical MR imaging technique call
delayed Gadolinium Enhanced MRI of Cartilage
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(dGEMRIC) [16], which estimates the charge
density of the articular cartilage and hence the
tissue composition and potential health of the
joint.

This imaging technique was validated for use
as a clinical imaging tool in the mature hip [17,
24,25]. We performed a prospective cohort study
of subjects [26] with acetabular dysplasia that
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Fig. 9.5 The cartilage explants were separated from the
radial (ring) vs center part of the disc and the biosynthetic
rate assessed. The biosynthetic rate of glycosaminogly-
cans (b) only increased in the ring at high frequency stim-

were about to undergo surgical correction using
the Bernese periacetabular osteotomy. Thirty-
seven patients with no or minimal radiographic
evidence of osteoarthritis were treated with a
periacetabular osteotomy for symptomatic ace-
tabular dysplasia. All patients had a pre-operative,
one-year and two-year dGEMRIC scans.
Standard radiographic and clinical follow-ups
were performed at regular intervals.

As expected, we had clinical improvement in
symptoms in this cohort and there were no major
complications. Radiographically, we had good
correction of the acetabular dysplasia and there
were no significant radiographic progression of
osteoarthritis. What we did find is a decrease in
the dGEMRIC index from a preoperative mea-
sure of 561.6 msec to 515.2 msec at the 1 year
postoperative scans and subsequently recovered
to 529.2 msec at the two-year post-operative
scan. dGEMRIC index is correlated with charge
density; therefore, a decrease in the dGEMRIC
index may suggest a worsening of the articular
tissue quality.

However, upon closer inspection, it was noted
that the most pronounced change in articular car-
tilage dGEMRIC index occurred at the superior

ulation (0.1 Hz) where the fluid flow is increased according
to the poroelastic modeling data (a). (Reprinted with per-
mission from Kim et al. [22])

aspect of the acetabulum which is where the
increased mechanical load seen prior to surgery
would decrease after correction of the acetabular
dysplasia (Fig. 9.6). The MRI imaging data was
acquired in the same scanner and using the same
imaging protocol. However, due to the reorienta-
tion of the acetabulum, the 3D imaging dataset
was reformatted in a rotating radial frame and
realigned to the original orientation for compari-
son before and after periacetabular osteotomy
(Fig. 9.7) [28]. The articular cartilage was manu-
ally segmented between the acetabular and femo-
ral cartilages (Fig. 9.8) and when we looked at
the change in dGEMRIC values in the acetabular
cartilage at various locations around the joint,
what we found is a decrease in the dGEMRIC
values in the superior-anterior and superior part
of the joint that sees increased mechanical load
prior to the operation, and a decrease down to a
range that is within normal range after osteotomy
(Fig. 9.9). This suggests that in these pre-arthritic
hips, the articular cartilage in the overloaded ace-
tabulum is adapted to the increased mechanical
load pre-operatively but is able to “normalize” its
matrix composition after surgical correction.
This suggests that a periacetabular osteotomy for
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von Mises stress (MPa)
(d)

Fig. 9.6 The von Mises stress in hips with normal cover-
age (a) and varying severity of acetabular dysplasia were
estimated using finite element modeling technique (b—d).

Fig. 9.7 The isotopically acquired 3D MRI data was
reformatted in a rotating frame around the femoral neck
axis. The dGEMRIC data was realigned back to the origi-
nal acetabular position so same regions of interests could
be compared before and after periacetabular osteotomy.
(Reprinted with permission from Bittersohl et al. [28])

acetabular dysplasia will modulate the mechani-
cal environment in the joint, which in turn affects
the biosynthetic activity and the tissue composi-
tion of the articular cartilage.

Increased
mechanical stress
in the SA—-SP
region

®

After simulated pelvic osteotomy to normalize coverage,
the mechanical stress in the joint decreased (e-g).
(Reprinted with permission from Zhao et al. [27])

Coronal cut

[ ROIs for acetabular cartilage

[ ROIs for femoral cartilage

Fig. 9.8 The articular cartilages for the femur and ace-
tabulum were manually segmented and average dGEM-
RIC index calculated

9.5 Summary

Over the past decades, the role of mechanics in
the initiation and progression of osteoarthritis,
nature of articular cartilage, and surgical treat-
ment paradigm for patients with joint pain and
early joint damage have evolved greatly. Clinical
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insights and basic science knowledge have  4.Leunig M, Ganz R (2014) The evolution
informed each other and will continue to advance and  concepts of joint-preserving surgery of

over time. It is our goal that in the near future, we
will have the ability to prevent the development
and progression of osteoarthritis with appropriate
surgical interventions in the case of OA caused
by structural abnormalities, the ability to replace
or repair damaged tissue to prolong the function
of the native joint in the case of joints with lim-
ited pre-existing damage, and finally continued
advancements in joint replacement technology
will allow us to restore hip joint function in the
older population with predictable and long term
outcomes.
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Interactions to Optimize Articular
Cartilage Repair
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Abstract

The failure of cartilage healing is a major
impediment to recovery from joint disease or
trauma. Growth factors play a central role in
cell function and have been proposed as poten-
tial therapeutic agents to promote cartilage
repair. Decades of investigation have identi-
fied many growth factors that promote the for-
mation of cartilage in vitro and in vivo.
However, very few of these have progressed to
human trials. A growth factor that robustly
augments articular cartilage healing remains
elusive. This is not surprising. Articular carti-
lage repair involves multiple cellular pro-
cesses and it is unlikely that any single agent
will be able to optimally regulate all of them.
It is more likely that multiple regulatory mol-
ecules may be required to optimize the main-
tenance and restoration of articular cartilage.
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If this is the case, then interactions among
growth factors may be expected to play a key
role in determining their therapeutic value.
This review explores the hypothesis that
growth factor interactions could help optimize
articular cartilage healing.

Keywords

Articular cartilage - Growth factors -
Interaction

10.1 Introduction

Articular cartilage provides the gliding surface
that enables pain-free joint motion. Articular car-
tilage damage due to disease or trauma is among
the most disabling conditions affecting American
adults [1]. This tissue has a particularly poor
intrinsic repair capacity compared to most other
tissues and damage tends to be progressive over
time. There is currently no disease modifying
agent that prevents, arrests or reverses cartilage
damage.

Growth factors are essential regulators of cell
behavior. Numerous growth factors have been
shown to augment the repair capacity of articular
chondrocytes in in vitro and in vivo models [2, 3].
Among these are insulin-like growth factor 1
(IGF-1), [4, 5] Fibroblast growth factor 2
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(FGF-2), [6-11] Fibroblast growth factor 18
(FGF-18), [12—15] bone morphogenetic proteins
2 and 7 (BMP-2, BMP-7), [16-20] and trans-
forming growth factor beta (TGF-p) [21, 22].
These growth factors regulate critical chondro-
cyte reparative functions by distinct and overlap-
ping signal transduction pathways.

The sheer number of chondrogenic growth
factors poses the challenge of determining which
among them is the best one to pursue in transla-
tional studies toward clinical application. To date,
few growth factors have progressed through clin-
ical trials to test their potential as therapeutic
agents. One of these is TGF-p1. A phase III study
delivered non-transformed and retrovirally trans-
duced juvenile human chondrocytes carrying the
TGF-pl1 gene to subjects with moderate
(Kellgren-Lawrence grade III) osteoarthritis of
the knee. The effect on articular cartilage was a
trend toward greater cartilage thickness at one
year [23]. A second example is FGF-18. A phase
II study delivered a series of recombinant FGF-
18 injections to knees of subjects with mild or
moderate (Kellgren-Lawrence grade II-11I) osteo-
arthritis. The results showed a statistically sig-
nificant increase of 0.05 mm in mean tibiofemoral
cartilage thickness compared to placebo at two
years that persisted to 5 years [24]. These studies
reflect substantial progress in the search for
disease-modifying growth factors. Although
encouraging, these results also suggest that fur-
ther improvement could be achievable.

The regulation of the multiple, distinct chon-
drocyte functions that are involved in chondro-
genesis is sufficiently complex that a single
regulatory factor is unlikely to optimally promote
articular cartilage healing. Indeed, an extensive
literature has shown that two or more growth fac-
tors can improve chondrocyte biosynthesis com-
pared to just one growth factor [7, 25-29]. These
data suggest that, instead of attempting to iden-
tify the best growth factor for cartilage healing,
perhaps it would be better to attempt to identify
the best growth factor combination for cartilage
healing. Central to such an approach is under-
standing how growth factors interact with each
other in regulating articular chondrocyte repara-
tive functions.

10.2 Multiple Growth Factors

To test the hypothesis that growth factors interact
in chondrocyte regulation, a study delivered the
genes encoding IGF-1, FGF-2, BMP-2, BMP-7
and TGF-B by transfection using an adeno-
associated virus-based vector individually, or in
combination, to primary adult bovine articular
chondrocytes in culture, and measured their
effect on chondrocyte aggrecan, type II collagen
and type I collagen gene expression. The results
showed that the growth factor transgenes differ-
entially regulated the magnitude and time course
of expression of all three chondrocyte matrix pro-
tein genes. The data further demonstrated inter-
actions among the growth factors that ranged
from inhibitory to synergistic. Maximum stimu-
lation of type II collagen gene expression (35
fold) and also of aggrecan gene expression (16-
fold) was by the combination of IGF-1, BMP-2
and BMP-7 transgenes. Interestingly, the FGF-2
transgene, individually and in combination with
other growth factor transgenes, tended to stimu-
late aggrecan gene expression, but nearly abol-
ished the expression of both type I and type II
collagen gene expression [30].

A subsequent study sought to determine
whether these growth factors interact to modulate
articular chondrocyte proliferation and the pro-
duction of cartilage matrix. As in the prior study,
the genes encoding IGF-1, FGF-2, TGF-f1,
BMP-2 and BMP-7, individually and in various
combinations, were delivered to primary adult
bovine articular chondrocytes in culture.
Dependent variables included changes in DNA
content, an index of chondrocyte proliferation,
and changes in glycosaminoglycan (GAG) and
collagen content, indices of cartilage matrix syn-
thesis. Glycosaminoglycan that was released into
the culture medium or retained in the cell layer
were measured separately [31]. This distinction
is important because retained matrix molecules
contribute to the formation of new cartilage,
while released molecules do not provide struc-
tural benefit.

The results showed that, in concert, the growth
factors interacted to generate widely divergent
effects on both chondrocyte proliferation and
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matrix synthesis. As was seen for the regulation
of gene expression, these interactions ranged
from inhibitory to synergistic. The IGF-1 trans-
gene synergistically stimulated proliferation
when combined with any of the other growth fac-
tor transgenes, and synergistic stimulation by the
combination of IGF-1 and FGF-2 transgenes
maximized cell proliferation (8.5 fold).
Synergistic stimulation by the combination of the
IGF-1, BMP-2 and BMP-7 transgenes maxi-
mized matrix production (14.9 fold), and also
maximized the proportion of GAG retained in the
cell layer. Similar results were obtained for col-
lagen, the other major component of articular
cartilage matrix. In contrast to the other growth
factor transgenes, the FGF-2 transgene, when
combined with any of the other transgenes,
increased the proportion of collagen that was lost
into the medium such that the majority of the
newly synthesized collagen did not contribute to
matrix formation. Further, when added to the
combination of the IGF-1 transgene and either of
the BMP transgenes, the FGF-2 transgene abol-
ished their synergistic stimulation of both cell-
associated GAG and collagen [31].

These and other studies reveal imitations to
the use of growth factor combinations for articu-
lar cartilage repair. First, some growth factor
combinations inhibited chondrocyte biosynthesis
[32, 33]. Second, the optimal combination for
proliferation was poor at augmenting matrix pro-
duction (IGF-I plus FGF-2), and the optimal
combination for matrix production was only a
mediocre mitogen (IGF-I plus BMP-2 plus BMP-
7). Thus, no combination of growth factors was
found that optimized both of these key chondro-
cyte reparative functions.

10.3 Multiple Combinations
of Growth Factors

Taken together, the foregoing results suggest that
instead of attempting to identify the best growth
factor combination for cartilage healing, perhaps

it would be better to attempt to identify the best
combination of growth factor combinations for
cartilage healing. Using data from the above
studies, one example would be to select the com-
bination of IGF-1 and FGF-2 to increase the
number of chondrocytes and use the combination
of IGF-1, BMP-2 and BMP-7 to increase matrix
production.

This approach fits the conceptual framework
of chondrogenesis as a four-dimensional process.
During cartilage development and repair, cell
functions change over time. These changes are
effected, in part, by changes in the signaling fac-
tors that regulate those functions. As a result,
interventions that deliver different agents in
sequence may be superior to those that deliver
different agents simultaneously, or to the same
agent delivered repeatedly. However, treatments
that deliver combinations of growth factors
simultaneously take advantage of their synergis-
tic interactions, a benefit that would likely be lost
when multiple growth factors are delivered
sequentially. These are not mutually exclusive
options. Multiple combinations of sequentially
delivered growth factor combinations offer the
dual advantages of both synergistically activating
distinct sets of signal transduction pathways to
optimize cellular responses, and of doing so at
times appropriate to distinct phases of cartilage
repair.

In its simplest form, this approach would
involve a combination of just two distinct combi-
nations of regulatory factors. If the first combina-
tion of growth factors optimized cell proliferation
and the second combination optimized matrix
production, the combination of two combinations
of factors would first increase the number of cells
and then stimulate that enlarged population of
cells to generate matrix. In such cases, the order
of delivery of the combinations would be impor-
tant (Fig. 10.1). To address more than two cell-
regulatory phases during repair or regeneration,
the model would require additional combinations
and sequences of delivery over the course of
treatment.
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Fig. 10.1 Delivery sequences of two combinations of
growth factor combinations. Delivery of a two-growth
factor combination that increases the number of chondro-
cytes, which are then stimulated to produce matrix by a
three-growth factor combination (upper sequence) would

10.4 Multifunctional Growth
Factors

The application of growth factors to cartilage
repair will also require a more complete under-
standing of their actions on chondrocytes. Many
growth factors are pleiotropic and regulate mul-
tiple chondrocyte functions. As illustrated by
FGF-2, some of these functions may mitigate
against chondrogenesis. Although FGF-2 is an
asset as a potent mitogen for articular chondro-
cytes, and has been shown to promote chondro-
genesis, it is also a potential liability as a potent
stimulus of cartilage matrix catabolism, [34-37]
an effect that is mediated, at least in part, by
MMP-13 [38].

A recent study tested the catabolic effect of
IGF-1, FGF-2, BMP-2, BMP-7 and TGF-§ by
transferring individual or combinations of the
genes encoding these factors to primary bovine
articular chondrocytes, and measuring the expres-
sion of A disintegrin and metalloproteinase with
thrombospondin motifs-4 (ADAMTS)-4,
ADAMTS-5, matrix metalloproteinase-3 (MMP)-
3,MMP-13, andinterleukin 6 (IL-6). Unexpectedly,
the growth factor transgenes generally increased

likely generate more robust neocartilage than the delivery
of the same two growth factor combinations in the
reverse (lower) sequence. The reverse sequence would be
expected to produce a comparatively matrix-deficient
tissue

the expression of these catabolic genes. Further,
interactions among these growth factors trans-
genes produced a wide range of synergistic and
inhibitory effects on these genes. The regulation of
IL-6 and MMP-13 are illustrative. Individually,
IGF-1 and FGF-2 increased IL-6 gene expression
to 3.0-fold and 10.8-fold respectively. In combina-
tion, they synergistically increased IL-6 expres-
sion to 40-fold. In the case of MMP-13, IGF-1
initially reduced MMP-13 expression and then
increased it to 2.3-fold, while FGF-2 progressively
increased MMP-13 expression to 71-fold. In con-
cert, the addition of IGF-1 to FGF-2 brought the
stimulation by FGF-2 down to 5.4-fold. Thus, the
interaction between IGF-1 and FGF-2 was oppo-
site for the two catabolic genes: synergistic for
IL-6 and inhibitory for MMP-13. Conversely, the
different growth factor transgenes all tended to
produce similar effects on ADAMTS-4 and
ADAMTS-5 gene expression, but in opposite
directions. They upregulated ADAMTS-4 and
down-regulated ADAMTS-5 [39].

Taken together, available evidence indicates
that growth factor interactions are remarkably
diverse with respect the direction, magnitude,
time course and specific genes that they regulate,
including degradative functions. This diversity
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extends beyond the previously noted inhibitory-
to-synergistic range of interactive effects on
reparative functions. The competing actions of
growth factors on reparative and degradative
chondrocyte behaviors add an additional level of
complexity to the development of these regula-
tory molecules as therapeutic agents for restoring
articular cartilage homeostasis or promoting
repair. The diversity of these actions could also
offer a potential benefit. It provides the opportu-
nity to select specific growth factor combina-
tions, and specific phases of cartilage repair that
can be tailored to produce specific outcomes.

10.5 Opportunities for Progress

A major obstacle to identifying growth factor
combinations for translational studies is the cur-
rent lack of ability to predict the actions of a com-
bination of growth factors based on their
individual actions. This problem reflects a defi-
cient understanding of the mechanisms underly-
ing growth factor interactions. While the
mechanisms of action of individual growth fac-
tors have been fairly well established, the mecha-
nisms of interaction among the networks formed
by these pathways are only beginning to be eluci-
dated. One approach to this problem is to identify
the sites of cross-talk in the growth factor signal
transduction networks that mediate their interac-
tions. An omics approach to understanding of the
specific determinants of growth factor interaction
will be enhanced by the application of advanced
machine learning, high-throughput combinato-
rial experimental methods, and bioinformatic
analytics. For example, characterization of the
articular chondrocyte interactome could facilitate
the development of therapeutic agents designed
to elicit specific chondrocyte behaviors.

Another approach to identifying these mecha-
nisms is to better understand the interactions
between growth factors and the subcellular ana-
tomic structures that contribute to their function.
A recent study employed a novel approach to elu-
cidating structure-function relationships among
intracellular proteins and their environment [40].
The authors combined imaging and biophysical

data on the intracellular location of several hun-
dred proteins. They employed neural networks to
relate the proteins to each other and to subcellular
structures. The study identified multiple previ-
ously unknown subcellular functional systems,
including cross talk between them [40]. Such
information obtained for growth factor networks
might lend insight into the mechanisms underly-
ing the interactions in their regulation of
chondrocytes.

10.6 Biochemical and Biophysical
Factor Combinations

Growth factor actions are not determined just by
interactions with each other. They are also deter-
mined by interactions with a variety of other cell-
regulatory stimuli. Prominent among these are
mechanical forces. Bonassar et al. tested the
hypothesis that the mechanical regulator, static
compression, and the biochemical regulator,
IGF-1, modulate each other’s effects on articular
chondrocyte biosynthesis. Bovine articular carti-
lage explants were treated with IGF-1 (0-300 ng/
ml), static compression (0-50%), or the combi-
nation of both, and the incorporation of
[35S]sulfate and [3H]proline into the cartilage
matrix was measured. As expected, [41] IGF-1
increased, and static compression decreased,
both [35S]sulfate and [3H]proline incorporation
in a dose-dependent fashion. When delivered
together, static compression progressively inhib-
ited the stimulatory effect of IGF-1 and 50%
compression nearly eliminated the effect of IGF-
1. The time course of action of the two stimuli
differed; IGF-1 stimulation plateaued at 24 hours
while static compression reached a steady state
by 4 hours. Static compression also reduced the
concentration of IGF-I in the tissue at equilib-
rium [42].

Expanding on the study of static compression,
Bonassar et al. tested the hypothesis that dynamic
compression and IGF-1 modulate each other’s
actions on articular chondrocyte biosynthesis.
Bovine articular cartilage explants were treated
with IGF-1 (0-300 ng/ml), dynamic compression
(2% strain, 0.1 Hz), or both, and [35S]sulfate and
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[3H]proline incorporation were measured. IGF-1
and dynamic compression each increased both
[35S]sulfate and [3H]proline incorporation.
When given together, the stimulation was greater
than the maximum stimulation by either IGF-1 or
dynamic compression alone. Further, the time
constant of stimulation for IGF-1 and dynamic
compression was 12.2 hours and 2.9 hours
respectively, and 5.6 hours for the combination.
Dynamic compression also increased the rate of
diffusion of IGF-1 into the cartilage matrix [43].

To extend these studies from static and
dynamic compression to shear deformation, Jin
et al. employed a similar model as above but
applied shear strains (0-6.0%) rather than com-
pression. IGF-1 and dynamic shear each increased
both [35S]sulfate and [3H]proline incorporation.
When given together, the stimulation was greater
than the maximum stimulation by either IGF-1 or
dynamic shear alone. Unlike static compression,
shear did not change the concentration of
IGF-1 in the cartilage tissue and unlike dynamic
compression, it did not change the transport of
IGF-1 into the tissue [44].

Taken together, the results of all three of the
above studies indicate that IGF-1 and mechanical
stimuli regulate the same articular chondrocyte
reparative functions and that these two classes of
stimuli act through distinct signal transduction
pathways.

A recent illustration of growth factor interac-
tion with mechanosensors is the observation by
Trompeter et al. that IGF-1 regulates the mecha-
nosensitivity of chondrocyte-like ATDCS cells
by modulating TRPV4 (transient receptor poten-
tial vanilloid 4) ion channel. TRPV4 is central to
chondrocyte mechanotransduction and may play
a role in osteoarthritis. This study demonstrated
that IGF-1 suppressed hypotonic-induced TRPV4
currents and intracellular calcium flux by increas-
ing apparent cell stiffness associated with actin
stress fiber formation. IGF-1 also abrogated the
release of ATP that is mediated by TRPV4 in
response to mechanical stimulation [45]. This
study demonstrates a direct connection between a
growth factor and a mechanotransduction path-
way in chondrocyte-like cells. A second illustra-

tion of interaction between growth factor and
mechanotransduction pathways is provided by
the chondrocyte primary cilium, an organelle that
serves, in part, as an interface between extracel-
lular forces and intracellular growth factor sig-
naling [46].

10.7 Growth Factor — Matrix
Interaction: Role in Growth
Factor Delivery

The clinical application of growth factors requires
an effective delivery system. Methods will be
needed to deliver the desired growth factor com-
binations in the desired sequence over the desired
time periods to the desired locations. They must
be retained at the desired site of action long
enough to produce their effect and focal enough
to avoid off-target effects. This will involve
another class of growth factor interactions: those
between the growth factor(s), the delivery vehicle
and the site of cartilage damage to be treated.
Free growth factors generally have a relatively
short residence time (t,, = hours to £1 day) when
delivered by intra-articular injection [47, 48] and,
for better or for worse, have at least as good
access to synovial cells as to articular chondro-
cytes. Articular chondrocytes reside in a dense,
highly anionic matrix. For growth factors such as
FGF-18 that have a high isoelectric point (pI~10),
this can facilitate binding to the negatively
charged proteoglycan sulfate groups in cartilage
matrix, a property that may account for the artic-
ular cartilage localization of intra-articular FGF-
18 when delivered to rat knees [48].

To augment the delivery of growth factors to
articular chondrocytes embedded in an anionic
matrix, Geiger et al. engineered a charged
PEGylated dendrimer and conjugated it to IGF-1
[49]. The authors demonstrated that this pene-
trated the full thickness of 1 mm thick bovine
articular cartilage explants. Further, when injected
into rat knees, the dendrimer-IGF-1 prolonged the
residence time in the joint from a half-life of
0.41 days for unconjugated IGF-1 to 4.21 days. In
a rat model of surgically induced knee osteoar-
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thritis, the dendrimer-IGF-1 decreased the area of
medial tibial degeneration to 8.4% from the
19.7% observed with unconjugated IGF-1 [49].

An alternative method to improve the delivery
of growth factors to sites of articular cartilage
damage is to create a fusion protein composed of
a growth factor and a specific binding domain,
and deliver it in a hydrogel functionalized with
the binding domain target sequence. Zanotto
et al. used a heparin-binding IGF-1 and delivered
it in a self-assembling KLLD hydrogel to articular
cartilage defects treated by microfracture in
equine femoropatellar joints [50]. The treatment
also included preparation of the site with trypsin
and delivery of platelet derived growth factor
with the heparin-binding IGF-1. The results
showed improvement in multiple histological
parameters and overall quality of the repair tissue
compared to microfracture alone [50].

10.8 Conclusions

Available evidence suggests that growth factor
interactions have the potential to promote articu-
lar cartilage healing. Harnessing these interac-
tions to help create effective therapies for
damaged cartilage will require new research and
development technologies that are able to eluci-
date and then take advantage of the complex
mechanisms underlying those interactions. This
enterprise will, in turn, require new interactions
among representatives of various, currently
under-connected disciplines.

In the meantime, sufficient information exists
to suggest certain growth factor combinations for
further study. One example is FGF-18 and IGF-1,
with or without a member of the TGF-f family. A
review of growth factors not referenced in this
limited review is likely to suggest additional
options.

This enterprise, if pursued, would not be with-
out challenges. One is a prolonged time frame.
Articular cartilage damage usually progresses
slowly and clinical trials may require many years
to generate useful results. Another is the regula-
tory challenge of gaining approval for multiple
simultaneously and sequentially delivered agents,

particularly if combined with other tissue engi-
neered constructs.

It is important to put the field of biologic
approaches to cartilage repair in context. There
exists the possibility that progress in the fields of
skeletal reconstruction, joint replacement, or
other interventions will outpace those of biolog-
ics. Although such alternative solutions to pre-
venting and/or treating articular cartilage damage
would potentially reduce the need for biologic
agents, growth factor-based interventions may
well augment the benefits of the other forms of
treatment. Further, different approaches would
likely prove to be most useful for different condi-
tions, or different stages of disease. Ideally, the
elucidation of the causes of cartilage-damaging
joint disease would enable the prevention of at
least some of the conditions altogether. None of
these options are mutually exclusive and all of
them hold promise.

The field of cartilage repair, including the role
of growth factors, owes an enormous debt of
gratitude to Professor Alan Grodzinsky for his
decades of innovative research, education of new
researchers and collaboration with fellow
investigators.
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A Toast to Al

Susan Chubinskaya

Departments of Pediatrics, Orthopaedic Surgery,
and Medicine, Rush University, Chicago, IL,
USA

It is my distinct pleasure to be part of Al’s close
circle and celebrate his 75th birthday. I am the
lucky one who met Alan almost three decades
ago and have the honor of calling myself Al’s col-
laborator. The first picture (Fig. 1a) is one I found
in Klaus’s collection, my first chairman and a
huge admirer of Al. It was taken probably some-
times in late eighties, close enough to the time we
met. My first meeting with Al took place at din-
ner in a famous and one of Klaus’s favorite res-
taurants “Casbah”, when Al and Gail came to
Chicago and Rush for an advisory committee
meeting of the Biochem SCOR grant. I was
amazed with how intelligent, approachable and
fun to talk with he was. He acted as he was one of
us, Biochem team, rather than one of them, an
opposite camp of giants who evaluated us. If [ am
not mistaken, the relationship between Al and
Rush began at that time.

As many of you know, Alan is a phenomenal
host if you don’t ask for shrimp at Legal Seafood
and survive his driving through traffic lights. My
first trip to MIT took place in 1998. In addition to
being treated as a VIP, I had the pleasure of
observing Al’s interactions with his students, lab
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members, clinical personnel, and other MIT staff.
No matter who you are, he treated everyone gen-
tly with genuine interest and enormous respect.
Alan’s ability to make you feel smart, his support
and his generosity are priceless and I have expe-
rienced them many times. Since that May, I have
many memories to share. The 1998 Gordon con-
ference is one of them (Fig. 1b).

Another one, for example, is the trip in 1999
to the Pan-Pacific Connective Tissue Workshop
organized by Tony Poole in Queenstown, New
Zealand. During this trip we witnessed the big-
gest flood in the history of the city, when people
used boats to get around the town since the water
level was up to the middle of the doors. During
this trip, we took one of the organized tours in the
countryside and suddenly experienced a snow
fall and almost inability to return to the hotel.
How many of you can imagine Alan wondering
through small boutique clothing shops? I can bet
no one. However, since there was absolutely
nothing else to do and we were forced to wait for
roads to clear, he immersed himself in the pro-
cess. As passionate as he always is with his
research, he was passionately looking for a coat
for Gail. I had to be a model — I tried a bunch of
coats on until he found the right one. I hope it
wasn’t too big.

The third photo (Fig. 1¢) must be taken around
2000, when all of us celebrated one of Klaus’s
retirement parties. Don’t get me wrong. Alan is
not retiring. We are only here today to mark
another big milestone in his life. What about
Davos conferences with their multiple social
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Fig. 1 Alan Grodzinsky at various conferences and meetings through the world over the years

activities and hikes, or proteoglycan dinners dur-
ing the ORS meetings organized by Klaus’s event
planner, Mr. Petro? I can’t say we really loved
these dinners, but with Al being among partici-
pants, we always had lots of fun and laughs.
Another great memory is the 2005 Cartilage
Gordon Conference (Fig. 1d) in the mountains of
Italy, in Il Ciocco, where in addition to science

we had tons of social interactions during our
hikes or our trip to Lucca, an amazing medieval
town. I don’t know whether this was a middle-
age crisis or Al simply decided to look as young
as his students, but here he is without his beard. |
think he stopped wearing it for good around that
time. The best part of social interactions with Al
is that Gail often accompanied him and made
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Fig. 1 (continued)

them even more fun and enjoyable. I guess she is
behind many of Alan’s successes and
accomplishments.

Coming back to Alan and Rush, this is more
than collaboration; I would almost call it love or
life affair. As I mentioned, this collaboration
began more than three decades ago and is con-
tinuing now (Fig. 2). Key projects of this collabo-
ration include the biomechanical characterization
of human cartilage, comparison of knee and
ankle cartilage responses to biochemical and bio-
mechanics stimuli, biomechanics of different
joints, morphological and topographical assess-
ment of cartilage superficial layer, growth factors
in cartilage regeneration after injurious compres-
sion, post-traumatic osteoarthritis, and finally the
Chips-in-Space project. Miraculously, regardless

of the project we would work on, Al always found
the niche for biomechanical/bioengineering
questions. I can’t even tell you the number of Al’s
students and postdocs that have benefited from
our human tissue collaboration. I am the last vic-
tim of Al’s charm, captivation, and appeal. Based
on the amount of collaborative scholarly work I
am surprised that Al still does not have a faculty
appointment at Rush.

Al’s latest passion is the NIH-NASA Chip
Consortium project that I mentioned earlier. If
Alan had only known what he was getting him-
selfin to... I don’t know if this funding is a bless-
ing or a curse. But with his sense of humor, Al
navigates this ship with dignity and excitement.
The best role one could ask for in our field is to
be Al’s collaborator. You feel that your wings are
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Fig.2 (left to right) Susan Chubinskaya, Ph.D., Joel Block, M.D., Alan Grodzinsky, Sc.D., Anne-Marie Malfait, M.D.,

Ph.D., and Rachel Miller, Ph.D

spread, you are smarter and more accomplished
in your own eyes than in reality, and you con-
stantly hear that without your support, Al would
not be where he is. However, all of us know that
there is a huge distance between us and Al. He is
a planet that we can only look up to and thrive to
reach. What about his ability to explain the most
complex issues in a very simple and clear way?
Listening to Al’s presentations could be com-
pared only to a great concert — same joy and
pleasure.

And finally, Al’s biggest honor is to be nomi-
nated by his trainees for the ORS 2018 Mentoring
Award (Fig. 3). Al is the biggest influencer,
teacher with a capital “T”, mentor, and a giant in
so many ways. Al, I want to propose a toast for
you, for your legacy, for generations of those you
touched, for many more healthy, exciting and
productive years, and of course, for your family.
All the best — Cheers!

Fig. 3 Alan Grodzinsky accepts 2018 ORS Mentoring
Award
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Cheers to y
for another crec
or movre!

an reflecting on action

and the old piano is waiting for another tuning
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A Letter to Alan course registrants have attended our course every
year for more than a decade.

Dear Alan, You have a masterful way of explaining the

I am pleased to have the opportunity to join
many others in wishing you a very happy and
memorable 75th birthday.

Over the many years we’ve known each
other your scientific expertise and accomplish-
ments have inspired me; [ have admired your
skill as a teacher and valued your friendship
and advice.

Your groundbreaking work on the mechanobi-
ology of articular cartilage has been invaluable to
all of us at the University of lowa with an interest
in post-traumatic osteoarthritis. You have dramat-
ically advanced and deepened our understanding
of the responses of articular cartilage injury and
how these responses result in osteoarthritis. All
of us look to you as a leader in this field of
research.

For many years the event I've enjoyed most at
the American Academy of Orthopaedic Surgeons
(AAOS) Meeting is teaching the basic science
synovial joint course with you. For the first sev-
eral years you and Henry Mankin and I taught the
course together, and wrote an article based on the
course. After Henry retired you and I have carried
on. It has pleased and surprised me that year after
year we draw a committed audience for a basic
science course at the AAOS meeting. Some of the

complexities of articular cartilage mechanobiol-
ogy and how the responses of articular cartilage
to injury lead to the clinical syndrome of osteoar-
thritis. You have a great sense of humor, and you
present your work in a clear and entertaining
fashion. The audience always enjoys your pre-
sentations and your remarks during the question-
and-answer period.

It has been a great pleasure to work with you
and learn from you. I’ve benefited immensely
from your wise counsel and from your insightful
observations on mechanobiological processes in
the musculoskeletal system. I am so happy that
you are being recognized for your many funda-
mental contributions. I wish you the very best on
your 75th birthday and I wish you many more
happy birthdays.

Sincerely,

Joseph A. Buckwalter, MS, MD

Professor and Steindler Chair

University of Iowa Department of Orthopedics
and Rehabilitation
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Tribute to Al from Finland

Rami K. Korhonen - Atte S. A. Eskelinen -
Amir Esrafilian - Cristina Florea - Petri Tanska
Department of Applied Physics, University of
Eastern Finland, Kuopio, Finland

Gustavo A. Orozco

Department of Applied Physics, University of
Eastern Finland, Kuopio, Finland
Department of Biomedical Engineering,
Lund University, Lund, Sweden

Al has left an indelible impact in the northeast-
ern Europe. Specifically, the University of
Eastern Finland and Kuopio Campus have bene-
fited from Al’s wisdom. The collaboration with
Biophysics of Bone and Cartilage -research
group led by Professor Rami K. Korhonen,
Ph.D., has concentrated on computational mod-
els of osteoarthritis progression enhanced with
experimental biomechanical testing of articular
cartilage.

The foundations of the fruitful collaboration
were laid already in ORS conferences in the
early 2000s, during Al’s visit to Finland when he
served as the opponent of a doctoral thesis
defense in 2013, and when Cristina Florea,
Ph.D., was granted a highly anticipated
researcher exchange into Al’s lab via Marié
Sktodowska-Curie Actions. Moreover, in 2020,
Al was chosen as the Honorary Doctor of the
University of Eastern Finland, underlining how
the local research community holds Al and his
world-renowned contributions to mechanobiol-
ogy and fight against osteoarthritis in high
esteem.

Although not all of us authors have had the
tremendous opportunity to visit and intimately
work with Al thus far, as the vanguard of the sci-
ence of soft tissue mechanobiology Al has made
a profound impact on our scientific life and atti-
tude of hard work. We feel honored for the chance
to contribute to this book and want to express our
deepest gratitude to Al for the collaboration, sci-
entific discussions, Continuum Dinners at ORS
conferences, and research visits to the Grodzinsky

Lab. Next, we phrase a few individual words of
tribute to Al, enriched with stories and
memories.

Rami “Trusted Astronaut” Korhonen

I got a chance to join your fabulous, friendly, and
funny Continuum Dinner at ORS first time some-
time around 2005, by the invitation of Mike
“timantti” Buschmann. Since that time, I have
felt that we have been like friends and our age
difference does not matter at all in our communi-
cation and humor (Fig. 4). I highly appreciate
your open and easy-to-approach attitude and
being “not so serious”.

A kickoff to our scientific collaboration started
in 2013 when you visited Finland in the PhD thesis
defense of Siru Turunen. Following that, we have
received some grants and worked in several proj-
ects together. Maybe I never get a chance to be
your astronaut in some of the space flights with
cartilage, but that does not diminish my apprecia-
tion to your long-term dedication to mechanobiol-
ogy and osteoarthritis research, especially in those
studies we have worked together. I wish you
delightful and enjoyable times for the future and
hope to see you later in Finland for the ceremony
to confer you an Honorary Doctorate by the
University of Eastern Finland.

Cristina“Chief AFM Sailor” Florea

My first interaction with Al took place in June 2013
during his visit in Finland at the University of
Eastern Finland, while he acted as PhD thesis
opponent. During the post-doctoral party, after
having a relaxed and inspiring conversation about
cell and cartilage research done in his lab in MIT, I
immediately saw in Al all I wanted for a mentor
and scientific supervisor. That evening was the
moment that I knew that I need to find a way to visit
Al’s lab and develop further my seedling research
ideas on cell and cartilage mechanobiology.

In the following years, Al’s constant encour-
agement and support helped me immensely to
succeed in securing funding through a Marie
Sktodowska-Curie Global Fellowship, among
Europe’s most competitive and prestigious
awards which allowed us to strengthen the
research bridge between our labs.
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Fig. 4 In 2018, Al hosted a dinner where (from left to
right) Cristina Florea, Petri Tanska, Rami Korhonen, and
Gustavo Orozco took part. Scientific discussions and

What I truly admire about Al is his ability to
make you believe that you can achieve great
things and he is genuinely committed to support-
ing you in pursuing your dreams. By aiming at
the Sun, you may end up on the Moon, or a bit
closer on ISS. I am deeply grateful to have had
the incredible opportunity to spend two and a half
years in the Grodzinsky Lab. This was an
extremely eye-opening and transformational
experience. The research environment that Al
creates in the lab is truly enriching, supportive,
and inclusive. Words cannot express my appreci-
ation to Al and the whole gang for the memorable
time spent together (in Area Four, our favorite
3-in-1 restaurant/bakery/bar, having Friday
Margaritas, scientific meetings with delicious
pizza, celebrating birthdays, published articles,
and unsatisfactory experiments; Fig. 5). Al has
taught me plenty during my time in MIT about
what it means to be an academic, a teacher, a
cheerleader, a mentor, a psychologist, an advisor,
an advocate, and a leader. But what Al has taught
me most, simply through his actions, is what it
means to inspire and empower generations of stu-
dents and colleagues to dream big and to have fun
during this journey. Thank you so much, Al for

unofficial, friendly chatter were accompanied with pieces
of lobster flying in the busy Cambridge night

your continuous availability to me, your empa-
thy, guidance and patience. You are one of the
most remarkable and humble people I have ever
met. It has been such a joy and privilege to know
you. Cheers to many more years and continued
and fruitful collaborations! I'm looking forward
to being your guide in your grandfather’s birth-
place in Romania!

Petri“Paulaner Brother-in-Arms”

Tanska

You know that we Finns are not persons with
many words, so I keep it brief (maybe Atte is an
exception to the rule, see below). I got the chance
to join your terrific Continuum Dinner at ORS in
2011 in Long Beach. After that, I have had the
privilege to join several Continuum Dinners with
the rest of the “Finnish Mob”. After working
with you and Rami through several projects, I
got opportunity to visit your lab a few times
(Fig. 6). Those visits were a true pleasure. The
atmosphere in your lab was always warm and
welcoming, and your way of doing science has
been quite inspirational for me, a delicate mix of
professionalism and humor. Furthermore, let’s
not forget that one “special” draft in Area Four;
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Fig.5 Celebrating Al’s birthday in the best place on earth — Area Four, Cambridge, MA (December, 2019)

Fig.6 The Finns (from left, Petri Tanska, Atte Eskelinen)
visited Al’s lab in August-December 2019. By that time,
Cristina Florea had already accustomed to the life in
Cambridge during the 16 months of her stay. As a close
mentee of Al, Cristina could already tell the newbie boys
where to find some great food, as well as some refreshing

it is one of my favorites too. It seems the
“European Duffman” likes it too (see Fig. 7),
which I noticed during my second visit.
Hopefully, we all can still have a few pints of
that golden nectar in the future, maybe even in
Finland! I wish you and your wife enjoyable
days for the future!

beverages to the Nordic liking. “Uh oh, seems that the
Finns are heading to the Area Four again,” whispered Al
in the corridors, locking his office door and shutting the
window blinds, while the visitors prowled around the lab
looking for more companion to join them for yet another
“PhD student-and-supervisor meeting”

Atte “Duffman” Eskelinen

I was extremely thrilled for the opportunity to join
Al’s lab as part of my doctoral studies for five
months in 2019. I felt honored, as well as nervous,
due to my background not being in biochemistry
or biological engineering. But that nervousness
vanished quickly when Al introduced me to the
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Fig. 7 Al kindly guided Duffman into local restaurants
during Halloween 2019. After long days filled with biome-
chanical loading of cartilage and inflammatory cytokine
cocktails, Al’s invitation for some Paulaners downstairs
warmed the heart of Duffman. “Check out the glass”, Al
supervised the young student flexing his fake musculoskel-

rest of the wonderful group during a weekly group
meeting, where we had pizza. Oh, Area Four
pizza! I really miss that now! After that first meet-
ing, I thought that the atmosphere Al had created
there was something extraordinary. As a short-
term visitor, I really felt welcome which naturally
bumped up the motivation. Well, I already knew
that Al is a welcoming, friendly, supporting, and
ambitious person, and not this faceless, emotion-
less, skyrocketing h-index robot from MIT, since I
already met him during the Continuum Dinner of
ORS 2019 in Austin. That was my first time in the
US, and we talked with Al about his affection for
Belgian- and German-style wit-/weissbiers.
Naturally, I shared the interest with him, and Al
recommended me to try Blue Moon. Boom, love
at first sight with that beverage!

On the following year at ORS 2020 in Phoenix,
I somehow ended up in a sumo ring fight with
Rami and won it fair-and-square 2—1. Despite
Rami’s praises about his last-round textbook case
of a “perfect” bodyslam, I really appreciated Al
stating that this time the student, the underdog
from Mikkeli, Finland, claimed the win. Later on,

etal appearance. “It is the small details that make an expe-
rience feel great and complete. As you can taste, this
official Paulaner glass creates the feeling of wholeness to
the drinking experience. The same philosophy of detailed
work goes for writing great scientific papers, which leave
a feeling of wholeness to the reader”. Cheers!

I came to appreciate on Al’s tips on writing man-
uscripts, as well as the open door policy: when-
ever I had trouble with my work, I could try to
ask for an audience with him. Despite Al’s super
busy schedule, these meetings could always be
squeezed in.

So, Al, happy birthday, I hope you enjoy this
book and the tributes written here! I know I'm
not the only one, but you and your magnificent
career has left an enormous impression at least
into this young “rookie in the lab” that likes to
call himself scientist. In the eyes of a European
Duffman-copy (Fig. 7), you are an exemplary
man, a paragon of science, the Bossman driving a
black Tesla Model S (maybe a Plaid-version is
already in order?), rocking a long leather jacket,
putting the Autopilot on while going to highfive
with Elon, after successful space mission of
sending cartilage to space. Just wow, what sci-
ence fiction is that! Lifegoals, if you ask me. May
you and your wife lead a healthy and osteoarthri-
tis-free life in the future, filled with viola playing.
We are waiting for you to come visit Finland
again!
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On Behalf of the Undergraduate
Trainees

Hannah M. Zlotnick
Department of Bioengineering, University of
Pennsylvania, Philadelphia, PA, USA

Al, thank you for being the best UROP mentor,
instructor, and supporter.

Mentor

Thank you for creating and cultivating a lab envi-
ronment inclusive to undergraduate researchers.
Eager but unskilled, I joined the Grodzinsky Lab
early in my time at MIT with no prior research
experience. You welcomed me just as you wel-
comed new graduate students, post-docs, or other
visiting engineers. Beyond this initial welcome,
you offered me opportunities to develop as an
independent scientist. Undergraduates were
encouraged to present in lab meeting, and could
always meet directly with you to discuss their
data. I learned a lot from our conversations about
my project in the context of historical literature.
Later in my time at MIT, you supported my inter-
est in applying to and attending the ORS (Fig. 8)
and ICRS meetings. While conference funding
for undergraduates is limited, you encouraged me
to seek out funding sources on campus—a skill
which I take with myself today. Thank you for

seeing the potential of all of the undergraduates
who entered the lab, and giving us the guidance
and resources to fulfill such potential.

Thank you for being equally as excited about
my latest sports (or other extracurricular) achieve-
ments as lab progress. During my time in the
Grodzinsky Lab, I was not alone in being a stu-
dent-athlete UROP. We had representation from
the baseball, football, soccer, and track and field
teams. At least for me, this direct connection to
athletics and sports injuries fueled my interest in
orthopaedics. I always knew that when I walked
into lab you would ask about our latest game and
season record. This meant a lot to me that you
cared about my life inside and out of the lab.

Thank you for sponsoring gatherings to cele-
brate life with us. Some of my fondest Grodzinsky
Lab memories are from the lab thanksgivings
(Fig. 9a), holiday parties, and birthday celebrations
(Fig. 9b, c). At my first lab thanksgiving I was
amazed with the assortment of side dishes, giant
turkey, and comprehensive wine list. It was fun to
share this meal with not only the current members
of the lab, but lab alumni from the area as well. This
was when I first realized how large the Continuum
family is. Outside of our planned parties, I would
like to thank you for the spur of the moment happy
hours, pizzas, and lunches around tech square.
These smaller impromptu events were what made
lab seem like a second home and family to me.

Fig. 8 Orthopaedic Research Society (ORS) Annual Meeting 2018, New Orleans. (a) Continuum dinner featuring

feather boas, ORS 2018. (b) My first ORS talk, ORS 2018
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Fig. 9 Grodzinsky lab celebrations. (a) Three-course thanksgiving wine list, 2014. (b) December birthdays, 2015. (¢)

April birthday, 2017

Fig. 10 Al’s board work and excitement in class. (a)
Board notes—with famous red, orange, yellow, and white
chalk, describing cartilage tissue mechanics and the role
of aggrecan. Scream face (bottom right board) revealed at

Instructor

Thank you for your dedication to teaching. I
remember early after I joined the lab someone
told me, “If Al’s office door is closed, that means
he is preparing for class, or at class.” At that time
and even more so today, I was and am amazed
with your continued commitment to teaching.
Sure, 20.310 was entitled, “Molecular, Cellular,
and Tissue Biomechanics,” but it was also a mas-
terclass in how to engage students. I learned that
the secret to a giving a great lecture is 1 part prep-

the end of the lecture. (b) Al performing rat tail tendon
collagen extraction (live in-class) for 20.310. (Photos

taken in Spring 2015)

aration, 1 part colored chalk (Fig. 10a), and 1 part
coffee/enthusiasm with the occasional live demo
(Fig. 10b). This preparation involved spatially
writing out the board notes on sheets of paper and
even annotating the chalk colors on these notes. I
later implemented this preparation strategy when
I taught my first lecture for the MIT Women’s
Technology Program. Looking back, in many
ways your teaching style reflects your energy and
instruction in the lab. In both venues, you have a
true talent for distilling complex topics into clear
language, equations, and illustrations.
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Fig. 10 (continued)

Supporter

Thank you for encouraging and supporting me,
and your numerous other undergraduate research
students and advisees. I remember coming to
you with an interest in completing an under-
graduate research thesis, which did not exist at
the time in Course 20. You were immediately
on-board with this idea and helped garner sup-
port from the greater BE department. This was
not something that I could have jumpstarted on
my own, and I thank you for pushing the under-
graduate thesis program forward for not only
me, but for future BE students as well. I addi-
tionally am appreciative of your support
throughout my graduate school application pro-
cess. I remember meeting with you to discuss
my list of places to apply. Thank you for acting
as a sounding board throughout that process,
and universally throughout my time at
MIT. While MIT is a wonderful place, it is an
undoubtedly challenging environment. Thank

.'.')r I = - <l s
Py< Srp n > ¥(sy

Fig. 11 Area 4 meal around graduation time, 2017

you for providing perspective (and coffee and
pizza) to help me get through these challenges
(Fig. 11).
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To conclude, I would like to thank you for
continuing to have your door (and email inbox)
open. Just recently, we celebrated your 75th
birthday. The day before the celebration I came
into lab and knocked on your office door to say
hi. Naturally we ended up at Area 4, which I thor-

oughly missed over the past few years. Thank
you for your words of encouragement there as [
am navigating my next career steps. I truly value
having you as a lifelong mentor and look forward
to many more Paulaners in the years to come.
Cheers, Al!



Part Il Personal Tributes 159

Congratulations, Al ful to be able to participate in the challenging

research. Moreover, you have not only been a
Han-Hwa Hung wonderful boss, but have also become an invalu-
Department of Biological Engineering, able mentor and friend. Thank you for being so
Massachusetts Institute of Technology, supportive not only at work but also during diffi-
Cambridge, MA, USA cult times at home.

Working with you and students has been such
a rewarding experience and I will treasure all of
Congratulations on your 75th Birthday and sym- the memories in the lab as well as at all the won-

posium! It was a great tribute! derful parties that you and Gail hosted over the
I have been so fortunate to have the opportu-  years.
nity to work in your lab for the past 25 years. I Thank you from the bottom of my heart.

love coming to work every day and am so grate-
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Ode to Al: A Tribute from the Boston
Osteoarthritis Researchers (BOAR)

Sandra L. Shefelbine

Departments of Bioengineering and Mechanical
Engineering, Northeastern University, Boston,
MA, USA

A professor as such there never was.

It would be pages to name all that he does.

He has received so many honors, given so many
talks,

Inspired so many students, written so many docs.

The keywords from these docs as a sum

Can be found in Fig. 12.

He sits in departments of which there are three,

Electrical Engineering, Bioengineering, and
MechE.

That means he thinks in both frequency and time
space.

Buildings 3, 38 and 55 are his home space.
Now he sits atop Technology Square
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With all of those biotech start-ups direct in his
lair.

He investigates the properties of cartilage the
tissue

It is very complex and that is the issue.

The composition of cartilage is water and
organics

And it exhibits
mechanics.

Proteins and water and sugars compose the
matrix

allowing cartilage the ability to play-tricks

Load it quick and it is strong, indeed, quite robust

Load it slow and it squishes (a technical term we
trust)

If you apply load to a cartilage plug

The cells inside, they feel the tug.

The cartilage cells respond by pumping out GAG

Al’s shown this with a radioactive tag.

Loading can also cause the activation of genes,

Resulting in production of more and more
proteins.

And then there’s that story with TGF-beta,
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Fig. 12 Word cloud created from Alan Grodzinsky’s publications
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What is the application process to join the crew?

Fig. 13 Cartoon depicting Alan Grodzinsky’s latest project to send bovine cartilage to space

Now talk about complex — just go look at the
data.

Al likes to play with cartilage’s electricity

And that is not because of its simplicity

Using the negative charge, he can pull the drugs
in

And to treat arthritis that will be a win.

Al’s shown if you treat cartilage with dex

And then give a drug, things get quite complex

Particularly when the drug is charged positive,

it seems to protect — a result that is causative.

You see, the cartilage within the joint of your
knee,

Will eventually disappear both for you and for
me.

Al’s work tries to keep it there as long as can be

So that we can all walk around completely pain
free.

So if he can trick cartilage with this positive drug
thesis

We may save ourselves
prosthesis.

from getting a

Recently he has been sending cartilage plugs into
space

The work for this must happen at quite a pace.

When the rocket is ready, the cells must be too,

Preparing and shipping to launch is quick (see
Fig. 13).

With cartilage plugs in space he’s hoping to find

The effect of microgravity on the knees of
mankind.

Years ago he started a group, unfittingly called
BOAR;

Neither pigs nor yawns tell you what is in store.

Really, the name could be BOAST!

We meet around Boston with a rotating host

And Boston-based researchers in cartilage
domains

Come together monthly to share research gains.

We are so lucky to have such a high
concentration

Of cartilage researchers with high acclamation.

'Boston OsteoArthritis Summative Talent.
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Al shares his wisdom and thoughts when we
meet

His curiosity and passion would be hard to beat.

He brings to the table that distinct Al G. smile,

Probing questions, intriguing ideas — that is his
style.

His insightful comments and inquisitive remarks,

Set the tone for the meetings, indeed the
benchmarks.

Al is thoughtful, supportive, respectful, and
kind,

And asks the tough questions, but we don’t really
mind.

You see Al brings us all up to the next research
level,

To discuss, critique, and praise and not to bedevil.

We sincerely thank Al for being our guide.

In Boston cartilage researcher pride!
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Grateful

Linda D. Bragman

Department of Biological Engineering,
Massachusetts Institute of Technology,
Cambridge, MA, USA

Al,
I am grateful to be part of your journey for the
last 37 years. You have enriched not only my

work life, but also my personal life as a dear
friend. Thank you for being there for me in good
times and sad times as well. Hope this 75th birth-
day brings you much joy and happiness. You
deserve it!

Much love,
Linda D. Bragman
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Reflections from a Graduate
Student

Rebecca Black

Department of Biological Engineering,
Massachusetts Institute of Technology,
Cambridge, MA, USA

When I joined the MIT Biological Engineering
graduate program in 2017, I had one criterion for
joining a lab: a good mentor. I had a vague idea of
what kind of research I wanted to do, but I knew
that my relationship with my PI was my most
important, non-negotiable priority. I was pointed
in the direction of Al Grodzinsky’s lab not for
scientific reasons, but for coffee recommenda-
tions — I had asked another professor where the
best coffee in the area was, and he responded that
Al would be the one to know. I looked further
into his research and saw there was overlap with
my interests in tissue engineering, and decided to
reach out about a formal rotation in his lab, as
well as coffee advice.

I was nervous approaching the meeting, trying
to cram in as much background research into the
lab’s papers as I could in the days leading up to it.
But when I stepped into his office, I was immedi-
ately at ease: Al jumped up with a smile to greet
me and we chatted as much about the excellent
espresso at the café two floors down as we did the
research being done in the lab. A couple months
later and I had joined the lab officially, beginning
my nearly daily trips to that same café with Al and
my fellow labmates. In my time with the lab, Al’s
mentorship has gone above and beyond what I
could have expected, and I have stepped into every
meeting to be greeted with that same excited smile.

It’s no question that Al Grodzinsky has pro-
duced an incredible body of research that has
shaped the field of orthopedics and our under-
standing of cartilage biology. Looking back at
this impressive history of scientific discoveries,
it’s easy to wonder what the key to doing such
transformative research could be. I think the key
question to ask here isn’t about what we can learn
from the research itself, but what we can learn
from Al and the kind of mentor he is. I strongly

believe the success of the lab and the work it has
produced lies in Al’s commitment to putting the
people in his lab over the research.

As T reflect back on the last five years as a
graduate student in Al’s lab, two things stand out
to me as anomalies working for Al compared to
other labs I've seen: his ability to seek out and
attract scientists who are good people while cul-
tivating a social, supportive lab, and his method
of guidance that doesn’t rely on negative criti-
cism, but nurtures growth in students with in the
most subtle ways. Both of these traits shaped my
experience in the lab from the first day I met with
Al to discuss a rotation all the way through put-
ting together my final Ph.D. thesis.

Al was always at the center of the social heart
of the lab, coordinating birthday celebrations, lab
lunches, and the famous monthly Margarita
Fridays that brought everyone together to relax
and chat about scientific and non-scientific topics
in equal parts. This culture permeated our work
too, creating a collaborative atmosphere where
you could ask anyone for help at any time, and in
turn supported those around you in any way you
could. We lifted each other up through successes
and failures, and did better research because of it.

The second part of Al’s mentorship that culti-
vated such a successful lab is his method of giv-
ing guidance and criticism in a way that allows
for personal growth and isn’t centered in negativ-
ity. In my first year in the lab, I asked Al for input
on a guiding document of best mentorship prac-
tices that a student group was developing with
department leadership. Al’s suggestion has stuck
with me all these years: “student success # proj-
ect success”. This encapsulates perfectly for me
what I experienced in my time in the lab. I call
this an anomaly because too many times in aca-
demia we see examples of graduate students
belittled and berated by their PIs for not meeting
expectations, and breakdowns in communication
that leave graduate students feeling frustrated and
inadequate. But with Al, we as people always
came first — long days were offset by invitations
to take a break for coffee or pizza, and project
failures were never causes for disappointment
and negativity but springboards towards the next
hypotheses to pursue.
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Being given the space to make mistakes and
grow shaped me and every student that came
through this lab. Some of the (truly awful) first
drafts of proposals or papers that I put before him
weren’t torn apart, but carefully critiqued with the
right kinds of questions: Al always re-framed
what I had said and guided me to seeing where the
holes were and what needed to change. Without
explicitly saying any parts were bad, he helped
me see where I needed to be clearer, where my
aims were far too specific, where certain analyses
weren’t accomplishing what we wanted to answer.
This environment where failure is okay and mis-
takes are improved by guiding the student towards
figuring out themselves what to improve is some-
thing I believe every PI should strive towards. It
creates independent, confident students that take
every mistake in stride and do better research for
it, and it starts with a PI who values the students
and their growth over the research output.

When I’ve talked to colleagues and other stu-
dents in the department, I always say that I'm
“lucky” to have Al — a PI with so much compas-

sion and empathy in his mentorship, who has
always valued those in his lab as people first and
researchers second. With such an incredible quan-
tity of research that he has produced, there is
much to learn about how to ask research questions
and tenaciously follow those questions with care-
ful experiments. At the same time, I think it’s just
as important to not lose sight of the man behind it
and how his approach to leadership created the
perfect environment to do world-class research.

So from me, from every graduate student you
have shaped and developed along the way — thank
you Al! I wouldn’t be the scientist and person I
am now without your every guidance and sup-
port. My most exciting presentations were ele-
vated with congratulatory emails in all capital
letters from you, and in some of my most disap-
pointing moments I would walk out of your office
with a smile on my face reinvigorated to pursue
the next path forward. It’s an honor to have a
mentor like you, and I hope to take the lessons
you’ve taught me to heart as I start on my next
path forward in my career.



166

Part Il Personal Tributes

Thanks to Alan

David W. Smith

Department of Engineering, Computing and
Mathematics, The University of Western
Australia, Perth, Australia

A key element to Alan’s success in life are his per-
sonal attributes. Anyone who has known Alan for
any length of time will testify to his very generous
welcome that he extends to everyone, his open-
ness to listening while conversing, and his extraor-
dinary interpersonal skills. Alan has employed
this to good effect for those around him, providing
a safe environment where a vast number of people
can grow (and in some cases grow up). Such a
beautiful nurturing environment, an oasis if you
like, in an otherwise highly competitive and in
many ways intimidating and rather unforgiving
environment, develops human capital—that most
precious of all capital—enabling it to take root, to
establish, to thrive and ultimately to blossom.
This alone is a huge achievement.

It is apparent once you have quite a few years
behind you that this is almost axiomatic—you
cannot give of yourself in such a generous way
without first knowing oneself. Alan’s ease with
himself no doubt is grounded in the kind of fam-
ily he grew up in, in the enjoyment he and his
family found while playing music, in the success
he found in academic achievements, and in his
own family with Gail and Michael. And with
such secure foundations, one can begin to con-
template a career being unusually generous in the
rough and not so humble world of academia. And
Alan knows a thing or two about discreetly navi-
gating those academic minefields. To give but
one example, moving from the electrical engi-
neering building on Vasser St to Tech Square was
plainly a masterstroke—close enough to the
action but just sufficiently removed to avoid the
shrapnel, the geographical balance being perfect,
if you know what I mean. And recognizing his
extraordinary interpersonal skills, the university
administration leaned on these skills to help man-
age more than one situation that called for being
able to listen and read another person extraordi-

narily well. In a sentence, they relied on his repu-
tation and his judgement.

Alan and Gail have been perfect hosts to my
wife and I. They entertained us at home, at the
Gardiner Museum of Fine Arts, on the freedom
trial and a nearby ice-creamery. And then we
checked out the lobsters in Maine and compared
them to the lobsters in Newport. And by the bye,
after sipping some of that malty-bready Trappist
beer, Alan and I had some fun getting to know
the ins and outs of that new-fangled Tesla motor
car, which was something very new way back
when. Our first meeting with the Tesla was sur-
prises all the way. First issue—we couldn’t find
it. It was clearly marked on the map, so we did a
drive by past many the car-yards and all the
familiar brands, and turning up nothing, dou-
bled-back to them check again. Nothing. How
can we be missing it, when it is so clearly pinned
right here on Google maps—it should be right
here? A mystery. Then we realized the pin was
actually at the back of the said car-yards, some-
where in that darn shopping centre right over
yonder. That was a first for both of us—shopping
for a car with a Starbucks right across a prome-
nade full of grocery trollies. And check out that
Tesla cut-away—the floor is completely covered
in batteries—and they look like torch batteries
for goodness-sake. And that monster touch
screen seemed to dominate the space and to con-
trol the whole car—and the seats were pretty
comfy too. I sat in the back while the sale person
explained that touch screen. I noticed the sound
system wasn’t half-bad, to use an Australian
expression. Apparently, software updates
occurred while you slept, which seemed pretty
remarkable at that time, as we didn’t know cars
got software updates at all. We sat down and
sipped on our Starbuck’s coffee and tried to take
in all this new information, as well as how you
had to book for a test drive and they brought one
around. Says Alan, “You know I think I'll book
for a test drive”. And so right there and then, a
new direction began in Alan’s life. He is very
fond of his car, which is about as American as
baseball and apple pie (and I might add, a very
warm American welcome). Thank you, Alan,
thanks from everyone.
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A Thank You Note to Alan
J. Grodzinsky from Germany

As a tribute to Alan Grodzinsky as a researcher,
mentor, friend, and long-term role model, we
would like to express our thoughts and gratitude
from the perspective of two Germans who spent
their postdoctoral research fellows in Alan’s lab,
which followed with Alan being a collaborator
and long-term advisor and friend since many
years.

Writing the book chapter “Mechanical
Articular Cartilage Injury Models and Their
Relevance in Advancing Therapeutic Strategies”
had us go through a list of Alan’s publications.
Although we knew many of them, it was the
chronological order that made us realize their
overarching connectedness and how the topics
developed over time — like a story arc — from
basic science to therapeutic translational medi-
cine and it has never stopped being unique and
interesting. This really showed us Alan’s enor-
mous dedication to ‘his’ topics over time, which
he spread to the people he worked with. However,
Alan not only spread scientific dedication but
also high work ethics, quality, motivation, and

fun. Alan’s lab was a fun place to be. We remem-
ber vaguely that M.I.T. had a message in its wel-
come movie for newcomers that advertised work
regardless of the day but it was Alan’s lab that put
this statement into reality because one liked to
always be there and to do interesting work. At
least that is how we felt.

Having had our first visits in 1998-1999
(BK) and 2003-2005 (BR) we still think about
the great impressions and the guidance that we
received during our time in Alan Grodzinsky’s
lab, and it is good to know that nobody can take
that from us. After moving back to our own
country, Alan had us equipped with our own
injury machines and we took this proudly as a
sort of award. Looking back at how Alan ran his
lab and dealt with complicated situations, it is
no shame to say that we often remember and try
similar approaches, almost like a small scien-
tific outpost of Alan’s lab. Importantly, Alan
always had and has time for us and continues to
stay in touch. We are deeply grateful for every-
thing we have learned and experienced and we
wish Alan many more successful and happy
years to come!

Bernd Rolauffs

G.E.R.N. Research Center

Department of Orthopedics and Trauma Surgery
Albert-Ludwigs-University of Freiburg
Breisgau, Germany

Bodo Kurz

Department of Anatomy
Christian-Albrechts-University
Kiel, Germany
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A Tribute to Al Ambika remembers Al as a kind and caring

mentor, always encouraging, and explaining his
Ambika Bajpayee own work in the most unassuming way — an

Department of Bioengineering, Northeastern
University, Boston, MA, USA

Rachel E. Miller
Department of Internal Medicine, Rush
University, Chicago, IL, USA

As scientists we are honored to have trained
under someone with the stature of Alan
Grodzinsky, of the field of biomechanics, a true
giant, in academic parlance. And as humans we
are lucky to have worked with someone as kind
and fun as Al, who has become, to many of us, a
lifelong friend. There are few names in the field
that shine as bright as Al’s professionally and of
those there are even fewer who are loved as
widely as Al personally.

Al’s scientific contributions and achievements
need no repetition here as this book itself is a
product of those. A compilation of the research
output and contributions of many of his students,
this volume is extensive in its depth, breadth, and
impact. During his long career as a professor at
MIT, Al has mentored more than 50 doctoral can-
didates and 25 post-docs. This track record of
training several generations of researchers many
of whom have gone to be leaders in the field, is
Al’s invaluable gift to posterity.

For Rachel, working in Al’s lab spurred her
fascination with biomechanics in general and
osteoarthritis and cartilage in particular. Working
with Al was a primary reason why she enjoyed
research and stayed in academia. Al’s lab pro-
vided an ideal scientific environment for matur-
ing as a scientist — we had the freedom to pursue
our own ideas yet the support to work through
problems when projects did not go as planned.
This spirit of mentorship is something that she
hopes to continue in her own lab.

approach that cultivated true passion for
research, which is an essential foundation for
long term success. The most successful scien-
tists are those that love research to such an
extent that they don’t notice the passage of time.
Al enabled an environment where this was true.
Additionally, Al is remembered as one of the
absolute best and most memorable teachers at
MIT. Many students across disciplines and not
just those in his lab or department will agree
that the first class they took with Al is still clear
in their memory.

Both of us are faculty members today at Rush
University and Northeastern University, respec-
tively, and are extending what we learned under
Al for the advancement of science and society,
and like many alumni of the Grodzinsky lab,
actively collaborating with each other.

We are confident that we speak for many for-
mer and current members of the Grodzinsky lab
in saying that we enjoyed coming to work every
day as Al made sure to foster a fun environment
and sense of community in the lab. We learned
from Al that it is the people that make science
fun, that a collegial lab is a productive lab, and
that we must celebrate all wins, no matter how
small, including making it to Friday or winning
the annual Margarita Chair.

Well beyond the years spent in his lab, Al con-
tinues to support the careers of all his trainees,
which is no small contribution to their life-long
progress. Many of us continue to hear from Al
every time he sees our name in the news or on a
new paper. We hope that we can emulate Al’s
success while staying as kind and humble as he’s
always been. We know that when our students
and their students look at their academic family
trees, they will be proud to find Alan Grodzinsky’s
name there.
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