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Abstract

Introduction—Osteoarthritis (OA), the most prevalent form of joint disease, affecting as much
as 13% of the world’s population. In the United States, it is the leading cause of disability in
people over age 65 and is characterized by progressive cartilage loss, bone remodeling, osteophyte
formation and synovial inflammation with resultant joint pain and disability. There are no
treatments marketed for structural disease modification; current treatments mainly target
symptoms, with >75% of patients reporting need for additional symptomatic treatment.

Areas covered—Drugs in later development (Phase I1-111) for osteoarthritis pain and joint
structural degeneration are reviewed. Not covered are procedural (e.g. arthrocentesis, physical
therapy), behavioral (e.g. weight loss, pain coping techniques) or device (e.g. knee braces, surgical
implants) based treatments.

Expert opinion—More in depth understanding of the pathophysiology of the disease, as well as
elucidation of the link between clinical symptomatology and structural changes in the joint will
likely lead to development of novel target classes with promising efficacy in the future. Efficacy
notwithstanding, there remain significant hurdles to overcome in clinical development of these
therapeutics, inherent in the progression pattern of the disease as well as challenges with readouts
for both pain and structure modification trials.
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1 Background

1.1 Disease Prevalence and Impact

Osteoarthritis (OA), the most prevalent form of joint disease, affects 28 million people in the
US, and an estimated 4-13% of the world’s population. 1-3. It is the most common cause of
disability in people over age 65, and second only to migraine as a leading cause of chronic
pain.*® In the US alone, the financial burden has been estimated to be $81 billion in medical
costs and $128 billion in total cost, given approximately 21 million people with OA
associated limitations, 36 million outpatient visits and 750,000 hospitalizations per year.3
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1.2 Disease Characteristics and Causes

Clinically, patients with OA may experience a spectrum of signs and symptoms that can
include joint specific pain at rest or while walking/climbing stairs, pain at night, soreness to
touch of the affected joint(s), decreased range of motion, and in some cases crepitus and/or
bony enlargement. While the characteristics of the disease, including progressive cartilage
loss, subchondral bone remodeling, osteophyte formation, and mild to moderate synovial
inflammation,® are well recognized, and often lead to increasing joint pain and disability, the
etiopathophysiology of the disease remains poorly understood, despite persistent and
laudable efforts on the part of academic, industry, and government researchers. It is
generally acknowledged that a number of factors can work independently or in combination
to create a final common pathway recognized as OA, including abnormal mechanical stress
on a normal joint or relatively normal forces on a compromised/susceptible joint leading to
sub-optimal force dissipation through joint tissues. Either of these situations is often present
in combination with cross-talking biochemical changes in cartilage and synovium, on a
background of poorly characterized genetic factors.

1.3 Target Selection Challenges

Because OA is a chronic disease that early on may exhibit intermittent symptomatology and
as the disease progresses may do so at an unpredic’ rate or pattern, research into the
development of the disease is fraught with “chicken and egg” syndrome, i.e. whether a given
finding is causal, an effect of the disease process, or secondary to other unrelated processes,
particularly considering that these patients very often have co-morbidities such as obesity,
high blood pressure, cardiovascular disease, metabolic syndrome, or even diabetes mellitus.

Two areas of inadequately addressed medical need, OA pain relief and arresting or impeding
structural joint degeneration (referred to here as structure modification), co-exist but do not
necessarily coincide. Agents that relieve pain rarely have structure modification benefits,
and in fact can in some cases be detrimental to the joint,”~® whereas potentially successful
structure modifying agents (e.g. doxycycline) often fail to provide pain relief.1011 Qur
inability as a research community to fully understand the disease and its causes has resulted
in challenges with respect to the generation of a valid list of targets that in turn demonstrate
success in well designed clinical trials. On the pain front, scholars in the field cannot agree
on how best to classify OA pain or the relative contributions of inflammatory, neuropathic,
and/or nociceptive pain components. The specific source(s) of OA pain within the joint
remain elusive as well, although as OA is a disease of the whole joint, the pain is likely to
have multiple sources, including bone, subchondral bone marrow lesions, synovium, extra-
articular bursae and soft tissues surrounding the joint, including periosteum and the
infrapatellar fat pad 12-14

Structurally, the historical utility of inflammatory cytokines such as interleukin-1beta
(IL-1pB) for inducing osteoarthritic phenotypes in joint cells and joint tissue explants in
culture led over several decades to the generation of a plethora of anti-cytokine strategies
(anti-1L-1, -6, -7, -17, -18, tumor necrosis factor alpha (TNFa)), often used to treat other
inflammatory diseases that were then translated to OA, most of which have largely failed to
produce an effective pain or structure modifying therapeutic.1>16 Some potential flaws in
the logic of treating with inflammatory cytokine inhibitors stem from the fact that while
cytokines in culture such as IL-1 reliably induce cartilage degradation through activation of
multiple catabolic signaling pathways, resulting in generation of matrix degrading
proteinases, a review of the relatively scant literature on actual cytokine levels in joints
generally reveals very low levels of these inflammatory mediators in joint fluid and tissues
from OA patients (e.g. IL-1 levels < 2-28 pg/ml; in some cases undetectable),17:18 and little
correlation of expression levels with disease signs and symptoms has been identified.1?
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While IL-1 and other cytokines, such as TNFa and oncostatin M continue to have utility in
culture systems that study disease mechanisms and potentially screen candidate therapeutics
prior to in vivo application in preclinical models, it is becoming evident from both
preclinical and clinical studies performed with agents targeting cytokines and the factors
they induce (e.g. matrix metalloproteinases, p38 MAP kinases) that these are not likely to be
effective therapeutic targets. Other strategies that intuitively should have value including
directly inhibiting catabolic enzymes (matrix metalloproteinases, aggrecanases, cathepsins)
that degrade the critical structural matrix components collagen and aggrecan have suffered
from inadequate efficacy or unacceptable side effects. Within the past two years, multiple
clinical programs for products that inhibit each of the catabolic enzymes listed have been
discontinued. This may be due to these safety and/or efficacy failures, or to some of the
development challenges that are discussed later in this review.

2. Medical Need

The current treatment paradigm for OA20:21 consists initially of behavioral interventions
including patient education, physical and occupational therapy, weight reduction, quadriceps
strengthening, exercise, and use of assistive devices. Patient compliance with these measures
is often poor, thus treatment with a simple analgesic such as acetaminophen (paracetamol) is
frequently initiated. Worsening pain or lack of persistent efficacy with these products may
call for the addition of over the counter or prescription nonsteroidal anti-inflammatories,
either specific or non-specific for inhibition of COX-2. These too may suffer from
inadequate efficacy and carry risks of gastrointestinal, renal, and cardiovascular toxicities.
As the disease progresses, the analgesic benefits of this regimen frequently prove
insufficient, thus therapy may be supplemented with intraarticular injections of hyaluronic
acid and/or corticosteroid. Once these treatment regimens fail, surgical joint replacement, an
invasive procedure with a fairly lengthy recuperative period and modest options for revision
when needed, is the main option left for patients. Market research indicates that a mere 19%
of knee OA patients are satisfied with their current treatment, 91% are not ready for total
joint replacement, and 59% would try “almost anything” to avoid joint surgery.22 A 2005
health survey?3 indicates that 75% of patients want more effective treatment for their
existing OA. Unsatisfactory efficacy of currently available treatment options combined with
a recent exodus of pharmaceutical companies willing to undertake the challenges of
identifying a suitable osteoarthritis treatment and proving it effective, have left a large gap in
the therapeutic pipeline for this disease, causing an ongoing and increasingly unmet medical
need.

3. Current Research Goals

Pain

There have been several excellent reviews recently published that cover current, theoretical,
and emerging OA treatments for pain and structure modification, including target
rationale.24-26 The intention of this review is not to reproduce the work from those reviews
but to provide an update on those product concepts currently in mid to late stage clinical
development, reiterate their rationale, and reflect briefly on those that have fallen from the
pipeline.

In light of the predominant symptom of OA being pain and our current inability to meet
expectations of patients with regards its amelioration, there is a great need to develop agents
capable of alleviating pain. In addition to modest efficacy, available therapeutics also have
toxicity profiles that are ill suited to long term administration for this chronic disease. Most
of the current research in the area of osteoarthritis pain arises from broader pain research
efforts that eventually come to bear on OA treatment. Until recently, there have been no
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potentially transformative pain therapeutics in the OA field for nearly half a century. A
review of open and enrolling clinical trials (http://www.clinicaltrials.gov) reveals that the
majority of current development efforts include re-formulations, alternate dosing, and
specificity changes of nonsteroidal anti-inflammatory drugs (NSAIDs)/opioids and
development of single injection hyaluronic acid products to co-exist with multi-injection
products already marketed. Cardiovascular safety concerns with highly potent cyclo-
oxygenase-2 specific (COX-2) inhibitors (e.g. Vioxx®, Bextra®, Celebrex®) that have led to
drug retraction from the market or black box labeling, have prompted development of
combinations of less selective NSAIDs combined with agents intended to ameliorate
cardiovascular risk factors such as increased blood pressure (e.g. naproxcinod, naproxen
combined with a nitric oxide donor).27-28 Changes in opioid drugs seek to maintain efficacy
while minimizing side effect profiles.2? One injection hyaluronic acid products may give
patients receiving benefit from these formulations a less invasive, more convenient, and
potentially safer option, but this strategy does not enhance efficacy. Some drug developers
have repurposed drugs from other indications to OA. A good recent example of this is
duloxetine, a selective serotonin and norepinephrine reuptake inhibitor with central nervous
system activity,39-31 developed as an antidepressant and used to treat select chronic pain
conditions, including fibromyalgia, diabetic peripheral neuropathy, and chronic low back
pain.32 In a recently completed clinical study,32 duloxetine showed significant pain relief
over placebo over the 13 week trial period. Path analysis demonstrated that this was a
primary analgesic effect, not due to elevation in mood or changes in anxiety or depression
symptoms.

With regard to more novel therapeutics, a great deal of investigation has been performed on
inhibitors of ion channels and pain signaling neurotrophins. Transient receptor potential
vanilloid (TRPy/1, TRPy/3, and TRPy/4) and sodium (Na,1.3, Na,1.7, Na,1.8, Na,1.9)
channel blockade have been the subject of early discovery and preclinical research
programs, but have not yet been in late stage trials for OA pain. TRPy/1 inhibition has
recently been tested as a treatment for migraine pain, with trial results pending. Most
significantly in the pain arena is the development of inhibitors of the neurotrophin nerve
growth factor (NGF), which although currently challenged by potential safety issues, may
help set in motion revolutionary changes in the treatment of chronic pain, including that
resulting from OA. The scientific rationale for these targets, as well as for the structure
modification targets described below, is presented in the next section.

Structure modification

Once a popular area for drug development, with a multitude of discovery and preclinical
programs at major pharmaceutical and biotech companies, and dozens of compounds
moving through pharmaceutical pipelines toward pivotal clinical trials, today research on
slowing or stopping progression of cartilage loss and other structural changes in the joint has
been significantly scaled back, due in large part to the challenges with target identification
and clinical development referred to above and described in more detail below. Indeed as
little as two years ago, agents targeting catabolic cytokines and proteases (e.g. inhibitors of
IL-1B, MMPs, aggrecanases, cathepsins), and pathways common to inflammation (e.g.
components of the NFxB and more specifically the MAP kinase pathway) were actively
being investigated in the clinic (see Ref. 25 for a list of recently completed structure
modification trials). Other approaches, such as the use of risedronate,33 have focused on
maintaining bone integrity to support the joint surface and thus help keep the cartilage
surface healthy and intact. Currently, clinical research efforts have dropped to only a small
number of candidates still in later stage trials (Table 1). These most notably include
intraarticular administration of the pro-anabolic agents osteogenic protein-1 (OP-1) and
fibroblast growth factor-18 (FGF-18), in addition to anti-catabolic inducible nitric oxide
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synthase (iNOS) inhibitor. The results of recently completed clinical trials evaluating oral
salmon calcitonin are pending. There are also trials ongoing or in planning evaluating cell
therapy (e.g. autologous mesenchymal stem cells) for structure modification effects.
Publicly available details of these trials can be found at http://www.clinicaltrials.gov/.

4. Scientific Rationale

4.1 Pain — novel targets

4.1.1 lon channel inhibition—Of the ion channels known to participate in pain
signaling, perhaps the most targeted for pain relief currently is the cation channel TRPv1, a
polymodal nociceptor most commonly known as the capsaicin receptor. Capsaicin is only
one of a number of activators of this channel, however, others including heat, acid, and of
most interest to the OA pain field, inflammatory acute phase proteins and later phase
mediators such as bradykinin, serotonin, histamine, and prostaglandins.3* Simulation of
TRPV1 activity by these mediators can be via several different mechanisms, including
activation of protein kinase C35-37 or protein kinase A pathways,38 reversal of
phosphatidylinositol 4,5-bisphosphate-dependent inhibition,3940 or by formation of 12-
hydroperoxyeicosatetraenoic acid (12-HPETE).#! (See Ref. 34 for more in depth review).

Activation of TRPv1 by any of these mechanisms results in channel opening and influx of
calcium, driving action potential formation and sensitizing sensory nerves. TRPv1 inhibitors
(SB-705498 and AMG 517) have recently been investigated in clinical trials for relief of
chronic pain in conditions such as migraine and inflammatory hyperalgesia, which seems a
sound approach based on the multi-faceted role of these channels in pain signaling.
However, earlier trials using TRPv1 antagonists identified a negative impact on
thermoregulation resulting in fever; thus development was discontinued.4243 While
preclinical studies are underway using TRPv1 channel inhibitors to treat OA pain, to date no
human clinical trials have been initiated for this specific indication.

Other investigators have taken the reverse approach and treated with TRPv1 agonists (e.g.
capsaicin or its analogues) in order to bind the receptor, open the channel, and provide long
term channel inactivation, resulting in transient burning discomfort followed by long term
pain relief. Both topical and intraarticular delivery of capsaicin has been evaluated for the
treatment of OA pain with some success. The pain relief provided in a Phase |1 trial in OA
patients by locally injected capsaicin (ALGRX-4975) is worth noting**4° although the
sustained burning sensation experienced in the hours to days following the injections
reported by some patients may hinder commercial acceptability of this approach, and it is
unclear whether development of this product concept will continue. Clinical trial results of a
capsaicin patch (NGX-4010)*® showed some promise for treating post-herpetic neuralgia,
while results treating interstitial cystitis with resiniferatoxin, a capsaicin analogue’ were
less compelling.48

Sodium channels (Nay1.3, Na,1.7, Na,1.8, Na,1.9), another sub-class of voltage gated ion
channels critical for initiation and propagation of action potentials in peripheral sensory
neurons*® have also been targeted with some preclinical success. Sodium channel inhibitors
have been tested in humans for inflammatory and neuropathic pain, although to the author’s
knowledge these have not been in trials for OA. Early data suggests that inhibiting these ion
channels carry some promise for relieving pain, and this may be an area to watch as
development plans and outcomes materialize in the near future.

4.2 Neurotrophin inhibition

One of the most exciting pain relief targets to hit the pipeline in decades is nerve growth
factor (NGF). As NGF signaling is common to multiple pain signaling pathways and post-
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natal expression of NGF is not reportedly required for nerve maintenance or repair following
injury, this target represents a highly valid approach to pain relief. NGF is produced by
multiple structural, inflammatory and immune cells types (keratinocytes, Schwann cells,
macrophages, etc.) in response to injury, inflammation, or disease.>% Binding of NGF to its
high affinity TrkA receptor and/or possibly its low affinity p75 receptor, expressed on
peripheral sensory nerves, can initiate pain signaling cascades and receptor-ligand
trafficking activity to the nerve cell body to produce gene expression changes that result in
enhanced excitability of sensory neurons,®! although the precise mechanism remains
unclear. Some studies have provided evidence that NGF can drive signaling through both
PKAS52 and PKC53 (Figure 1). NGF binding to TrkA is known to enhance TRPv1 signaling,
and there is evidence to support potentially dual mechanisms (Figure 1). One mechanism
may involve formation of a signaling complex of TrkA, PLC-y, and TRPv1 that increases
TRPv1 activity in response to NGF.4% A second mechanism may result from NGF-induced
rapid insertion of Trpv1 channels into the plasma membrane of the neuron.>* The increase in
TRPv1 activity also appears to be driven by stimulation of p38 MAP kinase.>® Receptor
binding by NGF induces expression of neuronal sensitizing factors calcitonin gene related
peptide (CGRP) and substance P, with signaling also occurring through P13 kinase and
PLC.56:57 These multi-dimensional activities mediated by NGF all point to this factor as a
convergence point for many pain signaling pathways,>’ and this may make it an ideal target
for pain relief strategies.

Further validation of NGF as a target comes from mounting preclinical and clinical
evidence. In preclinical studies, both NGF®8 and TrkA>? knockout mice are hypoalgesic,
failing to respond to noxious stimuli. Transgenic mice overexpressing NGF demonstrate
hyperalgesic pain behaviors.59:61 Administration of NGF to animals provokes both rapid and
long-lasting hyperalgesia,5263 and finally, NGF antibodies reverse established allodynia in
inflammatory/neuropathic pain models.54

In humans, mutations in TrkA and/or NGF genes are linked to congenital insensitivity to
pain.5® Increased NGF levels have been reported in painful conditions such as pancreatitis©®
and chronic daily headache,%” and administration of rhNGF induces hyperalgesia and
allodynia.8:69 Finally, and most convincingly, intravenous administration of the anti-NGF
monoclonal antibody tanezumab to OA patients demonstrated marked pain relief versus
placebo in multiple clinical trials which included late stage patients with fairly severe
chronic pain.®.

At least five pharmaceutical companies have anti-NGF development programs for treating
OA pain, and unfortunately all of them are currently on hold as 16 patients treated with high
dose tanezumab in one Phase 111 trial experienced acceleration of their OA disease process
that resulted in the need for surgical intervention (i.e. joint replacement). Curiously, in
approximately half of the cases, the toxicity was not in the index joint, but in either the
contralateral knee, a hip, or a shoulder.® Given the high potential of this approach to provide
effective pain relief in a multitude of painful conditions, including OA, understanding the
basis for these infrequent but important safety events and developing a strategy for
mitigating the risk seems a crucial part of the research agenda in the realm of OA pain.

4.3 Structure Modification

4.3.1 Osteogenic protein-1—Bone morphogenetic proteins (BMPs) were isolated and
characterized nearly 30 years ago from protein extracts that could drive bone and cartilage
formation.’® Since that time, various members of this subgroup of the transforming growth
factor beta (TGFp) superfamily have been used successfully in research and clinical
orthopaedic applications to stimulate bone and/or cartilage regeneration. Osteogenic
protein-1 (OP-1), also known as bone morphogenetic protein-7 (BMP-7), is expressed by
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adult human chondrocytes’ and stimulates their matrix anabolic activity,’273 increasing
synthesis of key matrix proteins aggrecan and collagen. OP-1 has also been reported to
inhibit the catabolic effects of IL-1B,272 although recent evidence has demonstrated
significant cross-talk between OP-1 and IL-1f that may keep some of this inhibition in
check. In cultured human chondrocytes, IL-1 has been shown to counteract OP-1 signaling
by decreasing both OP-1 signaling receptors (activin receptor-like kinase 2 (ALK-2) and
ALK-3) and key signaling molecules (Smads 1 and 6).74

Up to a four fold decrease in OP-1 levels in joints has been detected with aging,”®
potentially driven by methylation of the OP-1 promoter,’% but it is not clear whether this
decline is pathologic or incidental. If it is indeed pathologic, there is strong logic in slowing
the progression of OA associated cartilage loss with OP-1. Two Phase Il clinical trials are
currently enrolling patients using single intraarticular dosing of OP-1. While the pro-
anabolic strategy is a sensible one, and results of these trials remain to be seen, it is
challenging to envision lasting structure modification effects from a single injection, given
the very short half life of proteins (hours) in the joint. If the approach shows some potential
in these trials, sustained release formulations may be indicated.

4.3.2 Fibroblast growth factor-18—FGF-18 is another predominantly pro-anabolic
growth factor for cartilage but one that also has chondrocyte proliferative and in some cases
pro-catabolic activity in chondrocytes in an OA setting.”’-/8.79 Recent microarray analysis
of the effects of FGF-18 on IL-1 stimulated human articular chondrocytes in culture
demonstrated increased gene expression of cartilage protective factors aggrecan, BMP-2,
and COL2A1 with concomitant upregulation of catabolic factors such as the aggrecanases
ADAMTS-4 and -5, IL-1B, IL-6, and MMP-13.7° The fact that FGF-18 can provide both
proliferative and directional cues in airway cartilage in culture8 suggests that this balance
may have the potential to not only ramp up cartilage formation in osteoarthritis but also to
permit beneficial structural remodeling of newly formed repair tissue. Indeed this has been
demonstrated in animal models,81 and intraarticularly delivered FGF-18 is currently in
clinical development as an osteoarthritis structure modifying agent.

4.3.4 Calcitonin—Calcitonin is one of a number of natural regulators of calcium and
phosphate balance in the body, produced primarily by parafollicular C cells in the thyroid.
While its importance in maintaining normal calcium homeostasis is not well established, it
has the ability to counteract the blood calcium increasing effects of parathyroid hormone. In
states of calcium mobilization (e.g. lactation, menopause), calcitonin may attempt to protect
against calcium mobilization from bones. The ability to inhibit osteoclast activity has also
been ascribed to calcitonin.82

While historically most of the effects of calcitonin have been studied in bone, over the past
decade evidence has accumulated that cartilage affects both bone and cartilage directly.83
There is in vitro evidence that calcitonin can directly inhibit MMPs and block collagen
degradation in articular chondrocytes exposed to TNFa/oncostatin M to induce an OA
phenotype.84 Recently, oral salmon calcitonin has been shown, in a rat ovariectomy model
of the post-menopausal state common to OA patients, to significantly mitigate damage
induced by a meniscectomy OA model.8® The dual activities on bone and cartilage may
make this an ideal strategy for treating OA, which has pathology in both of these tissues. A
clinical trial evaluating oral salmon calcitonin for the treatment of OA has just been
completed, and trial results are pending.

4.3.5 Chondroitin sulfate—Chondroitin sulfate is a glycosaminoglycan that in articular

cartilage attaches, along with keratan sulfate, in multiples to the core protein of the
proteoglycan aggrecan, a major structural component that draws water into the cartilage as
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part of a process that, in concert with swelling resistance provided by Type Il collagen,
maintains the viscoelastic and force resistance properties of the tissue.86 Aggrecan loss, and
thus chondroitin sulfate loss, are key features of progressing OA and as such, replacement of
those lost components by oral supplementation could be considered a sound strategy for
positively influencing disease progression. Various formulations of chondroitin sulfate are
commercially available, by prescription in Europe, and over the counter sold as
nutraceuticals in the United States. This latter fact may reflect on the product quality
available in the EU versus US, with the potential for a higher level of quality control in the
prescribed products which undergo a more rigorous level of regulatory scrutiny, as by
contrast nutraceuticals tend to have very little regulation. There are 16 trials evaluating
chondroitin sulfate for osteoarthritis registered with clinicaltrials.gov, seven recently
completed, three recruiting patients, four registered but not yet recruiting patients, and two
active but not recruiting. There are also numerous reports in the literature of structure
modification success treating clinical OA with chondroitin sulfate, most frequently detected
by radiographic assessment of joint space narrowing, or in some cases by magnetic
resonance imaging of the cartilage volume and/or thickness.8’-90 Recent meta-analyses of
chondroitin sulfate data have concluded there is a small but significant effect of chondroitin
sulfate on slowing the rate of cartilage loss from OA joints.91:92 The sheer number of
investigations that have been undertaken makes it one of the most studied agents for
structure modification in OA, and one of the few to show a measurable effect with some
consistency.

4.3.6 iINOS inhibition—The enzyme responsible for the production by chondrocytes of
high and sustained levels of nitric oxide (NO) in response to cytokines (e.g. IL-1pB),
endotoxin, and other pathologic stresses is inducible nitric oxide synthase (iNOS). NO itself
as well as its primary metabolites (e.g. peroxynitrite, a potent pro-oxidant) are toxic to cells
and create cartilage matrix and synovial tissue damage in OA.% In studies using a canine
model of experimental OA, iNOS inhibition decreased OA induced cartilage damage
including a reduction in the size of cartilage lesions and the size and number of osteophytes.
These reductions correlated with decreases in IL-18, MMPs, and prostaglandins, all
potential drivers of structural damage and/or pain sensitization. A reduction in chondrocyte
apoptosis was noted as well.?4-96 Although it remains unclear how significant the role of
NO is in OA, the available body of evidence around this target justifies evaluation of the
target in the clinic. As such, multiple phase I/11 studies have been performed, and a phase 11
trial is currently ongoing with a two year primary endpoint of reduction in joint space
narrowing.

4.3.7 Cells—Cell therapy for osteoarthritis has generated increasing interest in the last few
years. Osiris demonstrated a trend toward efficacy in a completed phase 1l trial in OA using
allogeneic mesenchymal stem cells, looking at pain relief and structure modification. Four
cell therapy based clinical trials are currently registered evaluating efficacy for OA
treatment. Most of these trials have both pain and structure based endpoints. The mechanism
of action of stem cells in a disease such as OA may be linked to the pluripotent
differentiation capability of these cells providing additional stem cells and chondrocytes that
are geared toward restoration of damaged tissues, but these cells are also factories for
balanced levels of growth factors, cytokines, chemokines, and other factors that influence
tissue repair and remodeling, potentially making this a more biologically relevant solution
than single growth factor or cytokine pathway inhibitor strategies alone. Mesenchymal stem
cells have been shown to have anti-inflammatory and immune modulatory properties as
well.

These same factors that make cell therapy potentially beneficial for OA may also cripple it
as a commercializable product. Understanding mechanism of action and developing
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acceptable methods for establishing identity, purity, and potency represent key challenges in
the development of cell therapy products for any indication. Sourcing also needs to be taken
into consideration if allogeneic mesenchymal stem cells are used. Product developers and
regulatory agencies will grapple with these challenges for some time to come if these cell
based treatments demonstrate clinically relevant efficacy.

5 Competitive Environment

The majority of therapeutics currently in clinical development (generally Phase 11+) for OA
pain and/or structural modification are listed in Table 1. These do not include herbal
supplements and other non-traditional treatments such as magnetic or radiofrequency
therapy, acupuncture, leeches, cherry juice, or gold beads, all of which are currently being
studied for OA treatment. In terms of numbers of pain trials, two categories of pain
therapeutics dominate the development pipeline: current therapeutic reformulations/
additives/dose changes (NSAIDS, opioids, hyaluronans), and nerve growth factor inhibitors,
the latter of which have all been put on clinical hold by the Food and Drug Administration
due to safety issues referred to above seen in a small number of patients treated with
tanezumab, Pfizer’s anti-NGF monoclonal antibody. Structure modification trials are
predominantly testing pro-anabolics (growth factors/lhormones), with a modest selection of
anti-catabolics still in trials (IL-1, IKK, and iNOS inhibitors). Cell therapy trials using
primarily mesenchymal stem cells from either bone marrow or adipose tissue could fall into
pro-anabolic, anti-catabolic, pain relief, and/or structure categories, as the mechanism of
action of these cells may be multi-faceted and is incompletely understood.

6 Potential Development Issues

As alluded to previously, there are some potentially ominous development hurdles to
overcome in producing effective OA therapeutics. Because the precise cause of OA is
relatively unknown, target selection and validation has been challenging. The multi-factorial
etiology and the variability in disease manifestation creates a situation that may be best
suited to subset development, but there is not consensus on what those subsets should be.

The next piece in drug development progression involves selecting effective candidates to
put into human clinical trials. There is no shortage of in vitro and in vivo models that can be
used for eliminating candidates from consideration, but establishing the validity and utility
of these models for this selection and facilitating ready translation into the human model in
the face of a paucity of successful candidates is challenging.

Last but certainly not least, trial endpoints can be problematic. Pain trials generally use
subjective patient reported outcomes, and these are susceptible to a high degree of
variability, with resultant consequences on their responsiveness and ability to disentangle
therapeutic effects from placebo. Placebo effects in OA trials can be high and persist over
several months.®” Structure modification trials are hindered by a combination of slow and
unpredictable disease progression and relatively insensitive detection tools (imaging,
biochemical biomarkers). This combination often leads to trial failure simply because the
control group did not progress during the study period, thus no treatment effect could be
measured.® One solution to this is to perform larger and longer clinical trials, which is not
generally in the strategic best interests of a drug developer. Another solution is to select
individuals likely to progress more quickly, which tend to be those with more severe disease
and limb malalignment. The issue here is that this more severe disease is likely much harder
to alter with an intervention.®® The pain/structure disconnect that tends to be a prominent
feature of OA further complicates development of these therapeutics. Based on the
regulatory guidelines for structure modification, unless there is complete cessation of
disease progression (or reversal!), a clinically meaningful benefit of the observed structural
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change needs to be demonstrated. Thus pain, function, or similar data needs to be collected
in structure modification trials along with the information on effect on parameters such as
cartilage loss. In summary, safety issues for pain drugs and obtaining clinically relevant
endpoints for structure modifying drugs may each contribute in the future to the requirement
for long, large, expensive trials, which will serve to further hinder drug development in these
areas.

7 Conclusion

Osteoarthritis is a widespread serious debilitating disease causing enormous medical
expense burden on the public health system. This combined with the fact that OA also
represents an enormous unmet medical need, as the majority of patients are not satisfied
with their current therapy, provides for a very attractive market for newly developed OA
therapeutics. Recent breakthroughs in pain management, while currently plagued by
potential safety issues, represent the first bright spot in many years for sufferers of chronic
pain. Focused effort on refinement of imaging endpoints for trials and revision of regulatory
guidance on development of structure modifying drugs provides some hope for movement in
this area as well, which to date has had no successful therapeutics brought to market.
Development of drugs in both pain and structure modification realms is challenging, given
high placebo effects and subjective patient reported outcomes in pain trials and slow disease
progression and lack of adequately sensitive detection methods for loss of articular cartilage
in structure modification trials. The latter are also saddled with the burden of demonstrating
a clinically meaningful result (e.g. pain relief, functional improvement) in addition to
preservation of joint structure.

8 Expert Opinion

Osteoarthritis treatment is an important area for a substantial segment of the world’s
population that is in serious need of increased investment and research attention. In the past
few years, many key corporate players have exited this arena due to the challenges of
developing effective, approvable, and marketable therapeutics. As a result of this, as well as
failure of many product candidates in clinical trials, the numbers of novel targets being
tested has dwindled significantly. Rejuvenation of investment interest in this area will be
critical to meeting this unmet medical need. Clinical and commercial success of a
breakthrough product would drive this, and there is hope around the recent results of anti-
NGF strategies for pain, although the safety issues are currently clouding the optimism
around this approach. The ion channel inhibitors are likely to be a reasonable back-up,
although validation of these targets for OA pain treatment is considerably less robust. It is
unlikely, given the results of clinical trials and the continued elucidation of the presence and
role of cytokines in OA, that inhibitors of factors such as IL-1, IL-6 and TNF, are likely to
be successful, even if delivered for sustained periods of time. Success with structure
modifying drugs will likely follow (or more optimistically move in parallel with)
development of appropriate biomarkers (imaging, biochemical, and/or genetic) that will
facilitate development, and there is clearly focused work going on in this area. A second
critical piece for success of this type of program, however, rests in the ability to understand
the disease well enough to make a currently missing connection between structural changes
and clinically meaningful changes (e.g. pain, function, need for joint replacement, etc.). This
is a bigger challenge, and may require thinking differently about the disease and joint as a
whole. It is indeed fertile ground for future research.
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Figure 1. M echanism of nerve growth factor induced hyperalgesia

NGF binds its high affinity receptor TrkA causing phosphorylation and increased activity of
TRPv1. NGF undergoes retrograde transport to the dorsal root ganglion, increasing
expression of pain signaling factors including substance P, calcitonin gene related
peptide(CGRP), TRPV1, brain-derived neurotrophic factor (BDNF) etc., some of which
provide central pain perception via release into spinal cord synapses. Increased peripheral
hypersensitivity can also be exacerbated by anteriograde transport of TRPV1.
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Table 1
Primary Stage of M echanism of
Compound/Product Company Indication Development Action (Route)
Phase 3, trial halted . ;
Tanezumab Pfizer Pain due to FDA concerns @g')(ll\l\?)': antibody
with safety
INJ-42160443 183 Pain phase 2, onlinical 1 Anti-NGF Ab (SC)
REGN-475 Sanofi/Regener Pain Phase 2, on clinical Anti-NGF Ab (IV)
on hold
MEDI-578 Astra-Zeneca | Pain phase 1, onclinical 1 anti -NGF Ab (1V)
PG110 Abbott Pain Phase 1 Anti-NGF Ab (1V)
PF-04191834 Pfizer Pain? Phase 2 5-LOX inhibitor (oral)
: Prostaglandin
CNhiﬁlleDsreformulatlon/dose multiple Pain Phase 2/3 inhibition; anti-
9 inflammatory
Hyaluronic acid (HA) Anika, Ferring, M . .
: : - ost Phase 3 or at synovial fluid HA
reformulation/dose Seikagaku, Q- Pain
changes Med FDA post-Phase 3 replacement (1A)
Phase 2 ex-US .
Carbylan : ' HA + steroid
Hydros/Hydros TA Biosurgery Pain rz%slullts expected late combination (1A)
Structure Pro-anabolic growth
BMP-7 (OP-1) Stryker modification Phase 1/2 factor (1A)
Bone and articular
Salmon Calcitonin Novartis ﬁ’;[g(]i(i:}?gaeti on Phase 3 surface contour
preservation (oral)
s Structure . S
PH-797804 Pfizer modification Phase 2 MAP kinase inhibitor
Phase 2; Joint-space
SD-6010 Pfizer ﬁ’;[g(]i(i:}?gaeti on narrowing over 24 iNOSinhibitor
months
Phase 1; Change in .
Structure PO Pro-anabolic growth
FGF-18 Merck-Serono modification gartllage thickness factor (IA)
y MRI
Internation Dai .
Autologous Bone Marrow | Stemcell Structure E:r?isgéo/ezr’nz;;)r} r?g;]?)y Eﬁgsgﬁ?gxfi'_pm'
Stem Cells Services and modification MRI inflammatory
others
H . Structure .
Canakinumab Novartis modification? Phase 2 Anti-IL-1 Ab (1A)
SAR-113945 Sanofi Unknown Phase 1 IKK-beta kinase
inhibitor (1A)
ABT-652 Abbott Unknown Phase 2 Unknown
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