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Historical context of articular cartilage

“Cartilage is found where it is an advantage that
the solid framework should be pliable and
glutinous for the benefit of the flesh that
surrounds them. This applies to the ears and the
nostrils. Such projecting parts quickly get broken
if they are brittle. Cartilage and bone are the
same in kind and differ only by ‘the more and

rn

less’”.

Aristotle (4t Century BC)

Aristotle (384 — 322 BC)

Benedek et al, 2006, Osteoarthritis and Cartilage



Historical context of articular cartilage

“Cartilages are spread on some parts of them
[bones], such as the joints, to make them
smooth, and Nature also uses cartilages
occasionally as moderately vyielding bodies.
Cartilage serves as a grease for the joints??.”
Elsewhere it is not only cartilage but also synovial
fluid that protects joints against wear: ““. Nature
has again searched out a double remedy, first
covering each member of the joint with cartilage
and then pouring over the cartilages themselves
a sort of oily substance, a greasy, glutinous fluid,
which gives every joint an easy movement and

protection against wear?*.””,

Galen (3t Century AD)

Galen (126 — 219 AD)

Benedek et al, 2006, Osteoarthritis and Cartilage



Historical context of articular cartilage

“An articulating Cartilage is an elastic Substance uniformly compact, of a
white Colour, and somewhat diaphanous, having a smooth polished
Surface covered with a Membrane; harder and more brittle than a
Ligament, softer and more pliable than a Bone. We may compare the
Texture of a Cartilage to the Pile of Velvet, its Fibres rising up from the
Bone, as the silky Threads of that rise from the woven Cloth or Basis. Now
these perpendicular Fibres make the greatest Part of the cartilaginous
Substance; but without doubt there are likewise transverse Fibrils which
connect them, and make the Whole a solid Body, though these last are not
easily seen, because being very tender, they are destroyed in preparing
the Cartilage.The Perichondrium of the smooth articulating Cartilages is so
fine, and firmly braced upon the Surface, that there is room to doubt
whether it has been often demonstrated, or rightly understood. Every Joint
is invested with a Membrane, which forms a complete Bag, and gives a
Coverinﬁ to every thing within the Articulation. The Blood-vessels are so
small, that they do not admit the red Globules of the Blood; so that they
remain in a great measure unknown. Nor even by this Method [injection of
liquid wax] are we able, in adult Subjects, to demonstrate the Vessels of
the true cartilaginous Substance. From the great Insensibility of a Cartilage
some have doubted of it being furnished with Nerves; yet, as it is generally
allowed, that these are a sine qua non in the Growth and Nourishment of
Animals, we have no sufficient Reason to deny their Existence in this
particular Part....an ulcerated Cartilage is universally allowed to be a very
troublesome Disease; that it admits of a Cure with more difficulty than a
carious Bone; and that, when destroyed, it is never recovered™.”.

William Hunter (1748)

William Hunter (1718 —1783)

Benedek et al, 2006, Osteoarthritis and Cartilage



Articular cartilage development

* Process of endochondral ossification

* Cells derived from mesenchyme
during embryogenesis — cellular
condensation prior to formation

* Lineage tracing studies implicate the
GDF-5 cells are prominent in this
process (Decker et al, 2017)
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Structure of articular cartilage

* Heterogeneous structure

Superficial
-
zone

* Composition
* Collagen I
* Aggrecan and GAGs
* Chondrocytes

* Proteins (e.g. lubricin
(PRG-4))

- Middle zone

— Deep zone

* Nerves and blood vessels

found in the subchondral
bOne EER<S Collagen % Proteoglycans @ Chondrocytes

= Calcified zone




Pericellular matrix of chondrocytes

* Immediate region around the
chondrocyte

* Presence of small proteoglycans
(e.g decorin) and other proteins
(i.e. Matrillis, Cartilage
Oligomatrix Protein (COMP))

* Purpose of pericullular matrix is
in chondrocyte homeostasis and
mechanical signalling

Pericellular

Interterritorial

Image taken from Pattappa et al, 2019, eCM journal



Function of articular cartilage

e Joint lubrication
Unloaded Loaded

Normal Articular Cartilage

 Facilitate biomechanical loading Femur .

during movement l Lood bearing
* Loading modalities | b

_—Joint Cavity

* Hydrostatic pressure i =« (synovial fluid) —
 Compression L~ Lubricating Film—"} g T
* Shear (fluid) T | el

iz Cartilage

* Resist high contact forces in the
underlying subchondral bone

Image taken from Articular Cartilage of the Knee, 2020



GAGs helps cartilage resist compressive

loads

* GAGs are negatively charged molecules
that attract positive ions via water to
induce an osmotic pressure for retaining
water within the collagen network

* During loading, compression induces
fluid flow (shear) and hydrostatic
pressure releasing water

* Upon unloading, water re-enters and
restore shape — viscoelastic properties
of articular cartilage

* Thicker collagen fibres and more GAGs
present in deep zone to resistance the
compressive loading
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Lubricin enables smooth joint
movement

* Found in the superficial layer of
cartilage

Lubricin

Primary Ab

» Secreted by superficial zone T
chonodrocytes and
synoviocytes (from the
synovium)

Control

* Helps in the gliding motion of e
cartilage to ensure frictionless el : . -
movement 26 4m |

Image taken from Reesink et al, 2016, Scientific Reports



How do we get to this.....

Osteoarthritis (OA)

..........

Healthy tissue Grade 4 Grade 5 Grade 6
Osteoarthritis grade

Image taken from Pritzker et al, 2006, Osteoarthritis & Cartilage



Historical evolution of osteoarthritis (OA)

* OA has been known since late
18th century

e Definition of the disease has

evolved with time

* Now termed a whole joint
diease NOT solely cartilage

Year

“Digitorum Nodi. What are these little hard
2018 knobs, about the size of a small pea, which
are frequently seen upon the fingers ...
They have no connection with gout”
Emerging evidence suggests that OA is not primarily a disease of cartilage but of the whole joint.

Early Clinical Sketch of OA (1793)

Brief History of Osteoarthritis from 1800s to the present

No drug therapy exists to effectively halt the progression of OA

,..-"'.OA progression increasingly activates innate and adaptive immune systems.

Radin & colleagues equate OA synovial joint ‘organ’ failure with heart or kidney failure.

(1793) Commentaries, Lond, 148-9!

2000
1990s

1980s
1970s

1957
1954
1953
1052
1945
1941
1927

OA research shifts emphasis to systemic and local inflammation and cartilage. synovium and bone loss.

o*

o Cartilage erosion was linked to metabolic defect in chondrocyte/matrix homeostasis. Search for biomarkers begins.
Valkenberg and colleagues (1989) describe definitive OA epidemiology in over 6000 subjects that set a benchmark.

.
o

Major advances in molecular biology opened a new era to study mechanisms of OA and RA from bench to bedside.

.

Kellgren and Lawrence provided radiographic guidelines and grading scores for clinical diagnosis and treatment of RA & OA.

&
0

William Heberden (1770-1801 %
First papers were published detailing total knee replacement procedures for OA and RA. Set the stage for the surgical advances.

Collins in UK studied post-traumatic erosions of articular cartilage, and how iis progression was amplified with age.
Keligren and Moore in UK conducted X-ray analysis of many patients and defined a new 'primary generalized' entity of OA more prevalent in
middle-aged women than men. Their analysis provided further support that Heberden's Nodes were OA, after J.B. Burt's analysis in 1910.

Swedish Carl Hirsch performed biomechanical studies on the knee, hip, and spine and attracted global attention for many decades.

William H. Bauer, US pathologist, defined OA 'deformans’ as a 'degenerative joint disease', which involved inflammation, cartilage, bone and age.
Pommer presented evidence for mechanical stress of cartilage loss in OA, supporting the 1884-86 ‘wear-and-tear' hypothesis of Sir Arbuthnot Lane.

o
o
o
o
o

treatise on

RA

1890 Sir Archibald N
E Garrod wrote a [

Early 20™ century views were influenced by A. E. Garrod's chapter in Rolleston’s System of Madicine (1907) — includes summary of Bannatyne's work.

Scottish physician G.A.Bannatyne (1896) differentiated both arthritis forms with X-ray illustrations. OA was more age-related and RA had a microbial basis.

1859
1850s

1834
1829
1800
1782
Prior to 1750

Pathologist Rudolf Virchow (1858) presented RA and OA as 'grades' of ‘arthritis deformans', after Charcot and Trastour (1853). Confused the field for >50 years

English physician Sir Alfred Baring Garrod introduced the term RA and distinguished it from 'chronic heumatic gout of Heberden' and 'rheumatic gout of Fuller'
by measuring excess uric acid in blood. Garrod proposed different forms of rheumatoid' disorders with different underlying pathologies.
! German orthopedic surgeon, Richard von Volkmann distinguished between all three major forms of arthritis, and appears to have originated the term ‘osteo-arthritis".

Ecker provided the first systematic histology of cartilage joint erosion (Abniitzung or 'wearing away'). French JB Bouillaud demonstrated RA link with infection (1836)

English physician Benjamin Brody noted the articular erosion of cartilage in the elderly, and proposed age as a clinical risk factor.
French physician Landre-Beavais described a condition among the poor that was neither conventional “rheumatism” or gout (the condition is now known as RA)
English physician William Heberden separated rheumatism' from gout. He also identified nodes in terminalfinger joints later termed 'Heberden nodules' (see insert).

Joint swelling, aches, pain and disability were equated with the ‘heumatism’ of Baillou (1736) defined as a collective of musculoskeletal pain disorders, including gout.

Dobson et al, 2018, Osteoarthritis & Cartilage




Biological etiology of OA

Late stage OA

Established OA

Late-stage OA Expansion of the calcified
S S S S R R T A S SR RSl S cartilage into the
j articular cartilage

Duplication of the
tidemark

Vascularization and
innervation of
calcified cartilage

Bone
attrition

Cyst

Disruption of the
osteocyte
cannalicular network

] i - ——f

Chondrocyte Apoptotic osteocyte
cluster Avsoptotic
pop
Chondrocyte chondrocyte

h troph
YREOP! New bone formation at the
osteochondral junction

Goldring et al, 2016, Nature Review Rheumatology.



Treating cartilage lesions using cell-based
theranies

e Focal OA lesions are treatable
using cell-based therapies

=it 008

* Cell-based therapies for cartilage
restoration include Autologous
Chondrocyte Implantation (ACI)
and Matrix Assisted Chondrocyte
Transplantation (MACT)

* However, there are high re-
operation rates for degenerative
lesions and in female population

FUg FuU12 FuU24

Data from Faber et al, 2022 Cartilage



Alternative cell type: Mesenchymal
stromal cells (MSCs)

* Mesenchymal stromal cells (MSCs)
derived from a variety of sources,
primar”y bone marrow, adipose or MSCs Chondroprogenitors Chondroblasts Chondrocytes Hypertrophic
synovium for cartilage hondroanes

* Process for developing cartilage
recapitulates embryological cartilage

Collagen| CollagenX

formation (Johnstone et al, 1998) s0x9 6 recentor .
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* Presence of growth factors are a Versican

primary requirement, e.g. TGF-



Inflammatory cytokines

Presence of inflammatory cytokines (@ . (0
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How can we counter IL-1f inhibition ? Pattappa et al, Cells, 2019



Fhysioxia counters IL-1p Inhibitea
chondrogenesis

* Cells within the knee joint are
under a low oxygen tension

(2-5%) or physioxia (Lafont et al, (i) e ! * ;
2010) » F—ia a | &
g % : o] 20 . o % 3.
o 2 . o T T QR ... %%
. o . oL 215 S ele S
* Beneficial effect on chondrocytes 5 oo o 0 o i O S
and chondrogenic MSCs — in vitro @ = 10] “o °
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MSC chondrogenesis in vitro

* Improvement in cartilage
regeneration with physioxia
preconditioned MSCs in an early Pattappa et af, 2020, Blology
OA model



Mechanobiology can help produce stable

Cartilage loaded under
compression and shear

Compression and shear loading
helps to increase and induce
appearance of stable neo
articular cartilage

Hydrostatic pressure (part of
above — fluid pressurization)
also contributes to process —
timing of load is important

NOTE: Environmental stimuli
has a donor dependent
response

Tt Collagen

e e = Superficial
e = - > | oup
—_— <§? p ] »aj\:\:e,? sl zone

0.1 MPa

N - Middle zone

A Hydrostatic
pressure
gradient
(walking)

- Deep zone

Calcified zone

& Proteoglycans @ Chondrocytes

Pattappa et al, 2018, ecM journal

10 MPa

Unloaded

Week 1 loaded

Angele et al, 2003, JOR



MSCs induce bone formation in vivo and

cthondrocxigsmgpdergo senescence
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Coryell et al, 2020, Nat. Rev. Rheumatology

 Both phenomena can be partially countered by environmental stimuli, e.g. physioxia
* Are there other ways to reduce this or is there another cell type that can be used ?



Articular cartilage progenitors (ACPs)

Chondrocytes

Found on surface of : vsc _ o
articular cartilage — both ] i
healthy and OA cartilage PR E OiT il

R LI

35 * ¥ Ly 1]

E‘% -10 T T T T T -10 T T T .'t .*
Adherence by fibroenectin PP S
for in vitro expansion —

telomerase positive
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Type X Collagen

Stable cartilage in vivo

Anderson et al, 2010, Stem Cell Research & Therapy Williams et al, 2010, PLoS One

Clinical studies required



One-step procedure

Partially digested minced cartilage
isolates chondrocytes surrounded
by their pericellular matrix -
chondron

Co-cultured with MSCs — increase
cartilage matrix production
(Bekkers et al, 2013)

Implanted combined with fibrin
glue

Clinical results show positive
outcomes with stable cartilage (de
Windt et al, 2017; Korpershoek et
al, 2020)

Chondrons

RECLAIM Chondrons are mixed with donor
allogeneic mesenchymal -
In the lab, the minced cartilage is a stem cells (MSCs) V. /J
digested into chondrons using a
rapid isolation protocol - this 74
takes about 40 minutes. Cellular / /4
u : I Suspension: 4
l. ; ; : ; i =— 4 parts donor MSCs s, Y&
. Cartilage tissue Bl s .7
\. iS minced, 5252 k chondrocytes / / ;
Cartilage defect is debrided. 3 A/ | V'
Resected tissue is used as = \ - ) ;QL/ The cell mixture is combined
an autologous source for S8 K : \J A with a fibrin glue component
cartilage cell recycling. 4 = : : =y and implanted.




The future: Pharmacological drugs

Type of drug

Whntinhibitor
MGFinhibitor

TrkA inhibitor

TRPV1 modulator

rhFGF18
ADAMTSS inhibitor

Senclytic drug

Cathepsin K inhibitor
IL-6R inhibitor
CCL17 inhibitor

GM-C5F inhibitor

Promoter of endogenous
progenitorcell
differentiation

Genetherapy

Drug name

Lorecivivint (small molecule)
Tanezumab (neutralizing antibody)

Fasinumab (neutralizing antibody)

ASPT962 (small molecule)
GFIBE9988A (small molecule)
CINTX-4875 (trans-capsaicin)
MEDGEGD

Sprifermin

GLPG197 /5201086 (small molecule)
M 6495 (neutralizing ant ibody)
LBX0101

Fisetin

MIN-7 11 (small molecule)
Tocilizumab (neutralizing antibody)
C5K3858279 (neutralizing antibody)

Orilimab (neutralizing antibody)
KA34

TissueCiene-C (allogeneic chondrocytes

expressing TGFfL)

ARTH0Z (AAN-5 vector encoding human

IFNB)
FX201 (AAV camrying IL-1RacDNA)

sc-rAAVZ SIL-1Ra (AAV camying IL-1Ra
cDMNA)

XT-150 (DNA plasmid with IL10transgene)

Route of
administration
Intra-articular

Subcutaneous

Cral
Intra-articular
Intra-articular
Oral
Intra-articular
Oiral
Subcutaneous
Intra-articular
Ciral

Oral

| nt rave nous

[t rave nows,
subcuraneous

Subcutaneous

Intra-articular

Intra-articular

Intra-articular

Intra-articular

Intra-articular

Intra-articular

Current phase of
development

Phase Il (knee OA)
Phase lll (hipor knee OA)
Phase lll (hipor knee OA)

Phasell (knees OA)
Phasell (knee 0A)
Phaselll (knee OA)
Phasell (knees OA)
Phasell (knees 0A)
Phase |l (knee OA)
Phase | (knee OA)
Phasell (knees 0A)
Phase HI (knee OA)
Phase |l (knee OA)
Phase Il (hand &)
Phasel{knee OA)

Phase |l (hand OA)
Phase | (knee OA)
Phase Il (knee OA)
Phasel{hand OA)

Phase | (knee OA)
Phase | (knee OM&)

Phasell (kneesOA)

ClinicalTrials.gov identifier

NCTD3928184
MNCTDZ2528188

NCTD2683239, NCT03161093,
NCT03304379

MNCTOZ61 1466
NCTDZ2B45271
MNCTO3 660943, NCTO3661996
NCTD2712957
NCTD1919164
MNCTD3595618
NCTO3583346
NCTD4129944, NCT0D4229225
NCTO4 210986
NCTO2 705625 NCTO3037489
NCTOZ47 7059
MNCTDI485365

NCTOZB83T8S
MNCTO3133676
NCT03203330, NCTO3291470
NCTOZ 727704

MNCTO4119687
NCTOZ2790723

MNCTD4124042

Latourte et al, 2022, Nature Review Rheumatology



Newest OA therapeutic: Angiopoeitin-
like-3-derivative (LNA043)

[ ] L N A O 4 3 u n C O V e r e d f r' O m OA mediators in cartilage extracellular matrix e
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Phase 1 clinical trial SUTH: ST o™
demonstrates a change in the oL nlE o L 3 .
transcriptome of OA patients o 0 @ Dsmages

towards a regenerative state !

) —

Gerwin et al, 2022, Nature Medicine



Summary

* Articular cartilage has a heterogeneous structure with viscoelastic
properties to support its biomechanical function

* Inflammatory cytokines and changes in joint loading result in OA

* A variety of therapies based on understanding cartilage structure and
function have been developed to treat OA
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