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Abstract

Chronic pain represents a substantial unmet medical need globally. In recent years, the quest for a
new generation of novel, safe, mechanism-based analgesic treatments has focused on neurotrophic
factors, a large group of secreted proteins that control the growth and survival of different
populations of neurons, but that postnatally are involved in the genesis and maintenance of pain,
with biological activity in both the periphery and the central nervous system. In this narrative
review, we discuss the two families of neurotrophic proteins that have been extensively studied for
their role in pain: first, the neurotrophins, nerve growth factor (NGF) and brain-derived growth
factor (BDNF), and secondly, the GDNF family of ligands (GFLs). We provide an overview of the
pain pathway, and the pain-producing effects of these different proteins. We summarize
accumulating preclinical and clinical findings with a focus on musculoskeletal pain, and on
osteoarthritis in particular, because the musculoskeletal system is the most prevalent source of
chronic pain and of disability, and clinical testing of these novel agents — often biologics- is most
advanced in this area.
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INTRODUCTION

While dramatic advances have been made in diagnostics and therapeutics in recent decades,
acute and chronic pain remain substantial unmet needs in modern healthcare. Pain accounts
for vast societal costs and morbidity across all societies, and is clearly inadequately
controlled with current biomedical and psychosocial strategies [1]. Nonetheless, as our
understanding of the physiology and neurobiology of pain has progressed, novel and
innovative targets have been identified that hold great promise for a new generation of
analgesic therapy. In recent years, neurotrophic factors, a large group of secreted proteins
that promote growth and survival of neurons [2], have received abundant attention as novel
targets for the treatment of chronic pain. Neurotrophic factors are often secreted by the
innervated target tissues, and they control the growth and survival of different populations of
neurons. It is now appreciated that postnatally, several neurotrophic factors are involved in
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the genesis of pain, both peripherally and in the central nervous system. Two families of
neurotrophic proteins have been extensively studied for their role in pain, the neurotrophins
and the GDNF family of ligands (GFLs) (Table 1), as discussed in detail below. It is
recognized that a large number of additional neurotrophic factors exist, such as TGFp,
ephrins, etc., however these have not been a major focus in pain research.

Pain affects all body systems, however musculoskeletal pain may serve as a representative
surrogate for evaluating the utility of these novel agents, as it is the most prevalent source of
pain and disability [3, 4] and clinical testing of these novel agents is most advanced in the
area of musculoskeletal pain. This narrative review discusses the neurotrophic factors that
appear to hold the greatest promise as therapeutic targets in the near future, and summarizes
the accumulating preclinical and clinical data. For each topic, a PubMed search was
performed using the relevant keywords, and this was supplemented by a Google search as
well as a search of clinicaltrials.gov for registered clinical trials; these search strategies were
not intended to be entirely comprehensive, but were meant to identify the most important
and relevant information. A comprehensive systematic review with metaanalysis is beyond
the scope of this review.

2. IMPACT OF MUSCULOSKELETAL PAIN

Acute and chronic musculoskeletal pain remain substantial unmet needs internationally.
Systematic analyses of the prevalence and societal costs of pain have generally focused on
musculoskeletal pain; in fact, the Global Burden of Disease project initiated by the World
Bank and the WHO did not assess pain as a distinct condition [4-6]. Nonetheless, low back
pain (LBP) has been the leading cause of “years lived with disability” identified by the
Global Burden of Disease project through each of its iterations, and as the population ages
across the world, musculoskeletal pain will have increased impact. Osteoarthritis (also often
referred to as degenerative joint disease) and LBP are the most prevalent sources of
musculoskeletal pain worldwide, and both are expected to continue to increase with the
aging population [7]. For example, the National Health Interview Survey Data for the U.S.
suggest that there were more than 54 million adults with physician-diagnosed symptomatic
arthritis in the U.S. in 2013-2015 [8], but that number is estimated to reach more than 78
million, or 26% of the adult population, by 2040 [7]. The overwhelming majority of these
have painful osteoarthritis. The economic impact is enormous. In the U.S. alone, annual
direct costs and earnings losses for those with osteoarthritis are approximately US$11,502
per individual, and for those with chronic back pain the costs are US$8,622 [[http://
meps.ahrg.gov/mepsweb/; Yelin EH, Cisternas M, Watkins-Castillo SI: BMUS, “Medical
Care Expenditures for Select Musculoskeletal Diseases” The Burden of Musculoskeletal
Diseases in the United States, 41" Edition, USBJI, 2019, https:/
www.boneandjointburden.org/fourth-edition/viiig0/medical-care-expenditures-select-
musculoskeletal-diseases]]. Worldwide, it is estimated that 303 million people have clinical
osteoarthritis[4] and 242 million have activity-limiting disease [9]. The most important
impact on those with osteoarthritis or with LBP is pain, yet despite the availability of a
variety of analgesics, treatment of musculoskeletal pain in general remains poor. For
example, among all of the agents recommended by the non-surgical treatment guidelines for
osteoarthritis of the knee and hip promulgated by the American College of Rheumatology
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[10] and by the Osteoarthritis Research Society International [11], none has an effect size
that could normally be considered to be “large”, i.e., > 0.5-0.8; in fact, all of these agents
have effect sizes less than 0.4 [12]. As such, there is an enormous unmet need to identify
more effective strategies to manage acute and chronic pain in this setting. This need is
underlined in the contemporaneous setting, where opiates have become increasingly
recognized as having substantial morbidities when used for chronic non-malignant pain,
especially among the elderly [13], and their long-term efficacy has been questioned in these
populations [14].

3. PHYSIOLOGY OF PAIN IN MUSCULOSKELETAL CONDITIONS

The International Association for the Study of Pain defines pain as “An unpleasant sensory
and emotional experience associated with actual or potential tissue damage” (iasp.org). Pain
is vital to the organism, since it prompts behavior to avoid harmful situations (for example,
withdrawal from a flame) and imposes immobilization of an injured tissue, which favors
healing. Nociception is mediated by nociceptors, specialized afferent neurons that innervate
peripheral tissues and detect damaging or potentially damaging stimuli of a mechanical,
thermal, or chemical nature through an array of specialized receptors and channels [15]. The
signals detected in the periphery are transmitted to the central nervous system (CNS) via the
dorsal root ganglia (DRG), where the cell bodies of sensory neurons reside, to the dorsal
horn of the spinal cord. There, peripheral afferents synapse with intermediate or secondary
neurons that carry the signal further to the brainstem, thalamus, and cortex (Fig. 1). Under
normal circumstances, painful stimuli and the ensuing neuronal responses are relatively
transient in nature. However, when pain is experienced in the context of chronic pathology,
the pain pathway undergoes numerous changes that result in hypersensitivity. This
phenomenon is known as “sensitization”, and it occurs both in the peripheral nervous system
(PNS) and in the CNS [16] [17]. Because of sensitization, chronic pain in many clinical
syndromes loses its protective function and becomes pathological: the pain can arise
spontaneously, can be elicited by normally innocuous stimuli (allodynia), is exaggerated and
prolonged in response to noxious stimuli (hyperalgesia), and can spread beyond the site of
injury (secondary hyperalgesia/allodynia). Chronic musculoskeletal pain is associated with
plasticity of the PNS and the CNS, clinically manifest as quantitative sensory changes such
as lowered pressure withdrawal thresholds in affected and in remote sites [18]. Peripheral
and central sensitization may thus obscure the correlation between structural changes in the
joint and pain and, in osteoarthritis, may be a factor in the documented discordance [19]
between radiographic severity and pain [20].

Neurotrophic factors are expressed at different levels of the pain pathway, and can modulate
nociceptive processing both in the periphery and the CNS (Fig. 1). Hence, several of them
are being targeted for the development of novel therapies for musculoskeletal pain. Among
them, the neurotrophins NGF and BDNF are the most advanced in clinical development. In
addition, members of the GDNF family are also under investigation. The biology of these
neurotrophic factors, as well as preclinical evidence and clinical development of neutralizing
antibodies and compounds targeting them for musculoskeletal pain will be discussed below.
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4. NEUROTROPHINS AND GDNF FAMILY AS CHRONIC PAIN TARGETS

4.1. Neurotrophins

Neurotrophins constitute a group of structurally related proteins that includes nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin (NT)-3, and NT-4.
Neurotrophins signal through three types of tyrosine receptor kinases (Trk, also known as
tropomyosin receptor kinases): TrkA, TrkB, or TrkC. TrkA is highly selective for NGF but
also binds NT-3, while TrkB is selective for BDNF and NT-4, and TrkC for NT-3. In
addition, all neurotrophins (including NGF) can also bind another receptor with low affinity,
p75NTR 2 member of the tumor necrosis factor receptor superfamily [21].

During development, neurotrophins play a key role in neuronal growth and specification of
neuronal diversity in the peripheral nervous system [22, 23], which is outside the scope of
this review. Postnatally, many neurotrophins are involved in the genesis of pain, and this is
why they offer novel targets for development of analgesic therapies, especially using
biologics. By far the most advanced strategy to target neurotrophic factors for
musculoskeletal pain is the approach that uses neutralizing antibodies against the
neurotrophin, NGF.

4.1.1. NERVE GROWTH FACTOR (NGF)—NGF became an important target for
analgesia development because of its well documented role in pain and it has been found to
be highly overexpressed in human pain states, including osteoarthritis [24]. These
observations prompted development of neutralizing antibodies as therapeutic agents. Early
clinical trials of anti-NGF for osteoarthritis sparked tremendous enthusiasm because patients
appeared to experience remarkable pain relief [25]. However, unexpected safety concerns
emerged, based on reports of rapidly progressive osteoarthritis (RPOA) in patients receiving
anti-NGF, which have hampered clinical development of these antibodies. Below, we
provide an in-depth discussion of the role of NGF in nociception and inflammatory pain.
Because of the documented RPOA observed in clinical trials, we also summarized the
literature on NGF in bone pain and in experimental models of osteoarthritis. Then, we
discuss clinical development of strategies to block NGF.

4.1.1.a. NGF isakey peripheral pro-nociceptive mediator.: NGF was discovered for its
role in promoting neuronal growth and survival in developing chick embryos [26] [27]. Two
scientists at Washington University in St. Louis, Dr. Rita Levi-Montalcini and Dr. Stanley
Cohen, isolated NGF from mouse tumors and reported that it caused nerve growth in
chicken embryos, a discovery which laid the foundation for growth factor research and
earned them the 1986 Nobel Prize in Medicine. The role of NGF in neuronal development
has been reviewed elsewhere [24]. Notably, during development all nociceptors as well as
sympathetic neurons express TrkA and are dependent on NGF for survival. Hence, mice
lacking NGF display loss of sensory and sympathetic neurons, and cannot respond to
noxious stimuli [28]. In humans, genetic mutations exist in the genes encoding NGF (NGF)
or TrkA (NTRKI) that show a similar phenotype (Table 2). Several mutations have been
described in NGF that result in Hereditary Sensory and Autonomic Neuropathy (HSAN)
syndromes (reviewed in [29]). An extensively studied Swedish mutation (known as the
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Norrbottnian mutation) results in severe reduction of unmyelinated fibers and congenital
insensitivity to pain, most compatible with HSAN type V, and accompanied by many
musculoskeletal complications such as fractures and neuropathic joints [30, 31]. This
NGFRI00W mytation was recently engineered in mice, and found to mimic the human
syndrome [32]. Furthermore, a rare heritable condition called congenital insensitivity to pain
with anhidrosis (CIPA, also known as HSAN type 1V), which is characterized by inability to
feel pain and to sweat, was found to be caused by an autosomal recessive mutation 7n
NTRKI1 [33]. Until now, more than 100 loss-of-function mutations have been described in
NTRKI. Each of these results in the inability to feel pain, along with the attendant
complications such as severe injuries, fractures, and Charcot joints [34]. In addition to these
mutations, single nucleotide polymorphisms (SNPs) have been reported in N7RKZ and in
NGFR (the gene encoding p75NTR), with subtle effects on pain sensitivity [35] [36] (details
in Table 2).

Because of its neurotrophic activities, recombinant NGF has been studied as a potential
treatment for diseases of the PNS and the CNS, for example diabetic polyneuropathy [37]
[38]. During clinical trials in healthy human adults, it became apparent that administration of
exogenous NGF caused pain. When injected subcutaneously, NGF caused rapid onset
hyperalgesia that could last for weeks [39]. One study found that intravenous and
subcutaneous doses above 0.1 pg/kg induced diffuse myalgias, particularly in the neck and
throat muscles, as well as mechanical and thermal hyperalgesia in the area of the
subcutaneous injection site [39]. Intradermal injection of NGF (1 or 3 ug) also induced
mechanical and thermal hypersensitivity in healthy subjects [40]. In clinical trials for
diabetic neuropathy, painful side effects of rhNGF injection became dose limiting and
resulted in termination of the development for this target [41].

The pro-algesic effects of NGF administered 7 vivo, both systemically and locally, have
been extensively studied in experimental animals. A single systemic injection of NGF (1
ug/g, i.p.) induced rapid-onset mechanical and thermal hypersensitivity in rats [42, 43],
while intraplantar administration resulted in local edema and thermal hyperalgesia [44], as
well as immediate long-lasting mechanical hypersensitivity [45]. The effect of NGF injected
intramuscularly has also been investigated. A single injection into the multifidus muscle in
rats did not induce spinal neuron hyperexcitability, but a second injection 5 days later did,
suggesting a type of nociceptive priming effect of NGF [46]. In addition, after two NGF
injections, a large number of additional neurons had new receptive fields in the deep tissues
(muscles, thoracolumbar fascia), which may be one explanation for the mechanism of the
spread of myofascial low back pain.

Finally, NGF can induce pain-related behaviors when injected intra-articularly into the joints
of healthy animals. NGF injected into healthy rat knees acutely induces weight-bearing
asymmetry, mechanical allodynia of the hind paw, and knee swelling [47, 48], but it does not
alter the firing of wide dynamic range dorsal horn neurons following extension or flexion of
the knee [49]. Intra-articular injection into the cervical facet joints of the spine caused
mechanical and thermal hypersensitivity in the forepaws that could be prevented by ablating
substance P-expressing (/.e., peptidergic) C-fibers, but not IB4+ (/.e., non-peptidergic) C-
fibers prior to injection [50]. One study examined the effects of injecting NGF into healthy
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rat hips, and found it caused mild synovitis as well as upregulation of the neuropeptide,
calcitonin gene relate peptide (CGRP), in DRG neurons, but this study did not assess pain-
related behaviors [51]. Collectively, these studies suggest that NGF-responsive neurons
innervate healthy joints, but detailed information on the distribution of TrkA-positive
neurons in joints is lacking. A recent study used immunohistochemistry to detect TrkA in
healthy mouse femora and found it was restricted to nerve fibers located in the vicinity of
NGF-positive blood vessels in the bone marrow [52].

4.1.1.b. Pro-nociceptive mechanisms of NGF.: One of the most fundamental mechanisms
underlying clinical pain disorders is that nociceptors become hyperexcitable when the
tissues they innervate become injured or inflamed. This hyperexcitability is brought about
through biochemical and electrophysiological changes mediated by the changing tissue
environment. Many studies have shown that NGF is a key contributor in this process,
through distinct mechanisms with both rapid and slower onset effects (for a detailed review,
see [24]). First, NGF has direct pro-algesic effects on nociceptors in a two-fold manner.
Binding of NGF to TrkA on peripheral terminals of TrkA+ nociceptors has excitatory effects
that result in sensitization of nociceptors. In the short term, TrkA signaling increases activity
and/or expression of ion channels including transient receptor potential cation channel
subfamily V member 1 (TRPV1), voltage-gated sodium channels, voltage-gated calcium
channels, delayed rectifier potassium channels, and acid-sensing ion channels 2 and 3 [53].
This results in nociceptor depolarization and immediate sensitization. In addition to these
rapid effects, the NGF-TrkA complex can be internalized by neurons and retrogradely
transported to cell bodies in the DRG, initiating gene expression changes that lead to
synthesis of pro-algesic peptides such as substance P, CGRP, and nociceptor-specific ion
channels such as Nay/1.8 [24].

In addition to these well documented directly sensitizing and pro-algesic effects of NGF on
nociceptors, it is thought that NGF can also produce pain through stimulating neuronal
sprouting at the injured site. This has been described in models of bone cancer and
inflammation induced by intra-articular injection of complete Freund’s adjuvant (CFA),
where neuronal sprouting caused formation of painful neuromas which can be inhibited by
anti-NGF [54] [55].

While evidence mostly suggests that in disease states, the pro-nociceptive effects of NGF are
largely mediated through TrkA, the exact mechanism by which NGF induces hyperalgesia
through TrkA vs. p75NTR receptors in healthy animals remains unknown. Systemic injection
of NGF into transgenic mice lacking p75NTR caused thermal and mechanical hyperalgesia
similar to wild-type mice, suggesting that the TrkA receptor is sufficient to mediate the
noxious action of NGF [56]. However, a 2013 study compared the effects of injecting either
NGF or the p75NTR- selective agonist, pro-NGF, and found that either form of NGF could
induce mechanical hyperalgesia when injected into the rat hind paw [57]. Furthermore, a
blocking antibody to the p75 receptor inhibited mechanical hyperalgesia caused by both
forms of NGF. The same group reported that thermal hyperalgesia, in contrast to mechanical
hyperalgesia, is mediated through the TrkA pathway when NGF is injected into the hind paw
of healthy rats [58]. Finally, another study compared the actions of NGF to the mutant
NGFR100W that does not bind and activate the p75 signaling cascade. In this study, the
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mutant version did not induce thermal or mechanical hyperalgesia when injected into the rat
hind paw [59]. Interestingly, both the wild-type and mutant forms of NGF can induce
hyperalgesic priming: injection of PGE, seven days after either NGF injection induced
prolonged mechanical hyperalgesia, supporting the substantial evidence presented below for
the role of TrkA in mediating inflammatory pain [59].

4.1.1.c. NGF mediatesinflammatory pain. Evidence from experimental models and
endogenous effectsrevealed through blockade of NGFE.: NGF is a key mediator in the
inflammatory response and is particularly essential for generating pain. Pain (dolor) is one
of the 5 cardinal signs of inflammation- the other 4 are rubor (redness), calor (heat), tumor
(swelling), and functio laesa (loss of function). As part of an inflammatory response
following tissue injury, NGF is released by a variety of immune (macrophages, mast cells)
and non-immune cells, resulting in pain [24, 60] and also contributing to edema.

An early study demonstrating a role for NGF in mediating inflammatory hypersensitivity
was performed in the CFA model, in which CFA is injected into the hindpaw to induce local
inflammation, including erythema, edema, and thermal and mechanical hypersensitivity
[61]. Inflammation in this model was found to be accompanied by increased levels of NGF
in the skin and upregulated levels of the neuropeptides, substance P and CGRP, in
innervating afferents. Neutralizing NGF with systemically administered antibodies
prevented hypersensitivity, upregulation of neuropeptides in sensory neurons, and the
inflammation-induced expression of the immediate early gene c-fos in dorsal horn neurons,
but anti-NGF did not affect tissue swelling. CFA can also be injected intra-articularly to
induce joint inflammation and to model joint pain. When injected into the rat ankle, CFA
causes monoarthritis with elevated NGF levels in the synovial fluid, and reduced weight-
bearing on the affected limb, which can be partially rescued by systemic administration of
either anti-NGF or a pan-Trk small molecule inhibitor [62]. Likewise, injecting CFA into
mouse knee joints causes pain-related behaviors that can be blocked by anti-NGF [55]. In
addition, in this mouse model, anti-NGF reduced ectopic sprouting of sensory and
sympathetic neurons in the synovium.

In the carrageenan model of skin inflammation, innervating nociceptors are sensitized such
that there is an increase in spontaneous activity as well as sensitivity to heat. Sequestering
endogenous NGF by using a TrkA-IgG fusion protein prevented this sensitization, but not
tissue swelling [63]. In addition, TrkA-1gG was able to block the thermal hyperalgesia that
develops with this model [64]. In healthy animals, TrkA-IgG induces thermal and chemical
hypoalgesia and downregulates CGRP in sensory neurons [64]. Systemic injection of the
TrkA inhibitor, AR786, also inhibited mechanical hyperalgesia associated with the carrageen
model as well as with the collagen-induced arthritis (CIA) model (a model of inflammatory
arthritis), and simultaneously reduced joint swelling and joint damage [65]. Together, these
studies suggest that under normal circumstances NGF acts to maintain nociception
thresholds, while under inflammatory conditions an upregulation of NGF can induce
hyperalgesia, likely through TrkA signaling.

In other pain models, anti-NGF has had mixed results in reversing hyperalgesia. In a study
of painful neck injury caused by cervical facet joint injury in rats, intra-articular
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administration of anti-NGF immediately following the injury prevented mechanical
hypersensitivity, but it was no longer effective after pain behaviors had already developed
[66].

In addition to antibody strategies, vaccination against NGF has been explored as a strategy
to sequester NGF and thereby treat chronic inflammatory pain. In one early study, NGF
depletion through vaccination induced thermal hypoalgesia in otherwise healthy rats with
high antibody serum titers [67]. More recently, mice vaccinated with recombinant murine
NGF conjugated to virus-like particle induced anti-NGF-specific 1gG antibodies capable of
neutralizing NGF, and titers were sustained over a one year period with periodic boosting
[68]. Vaccination reduced hyperalgesia in two models of inflammatory pain (CIA and
zymosan A), but it did not impact paw volume in the zymosan model, nor did it affect
average clinical score or disease progression in the hind paws in the CIA model [68].
Furthermore, vaccination did not impact sensory innervation patterns in the hind paw skin or
sympathetic innervation of cerebral blood vessels. Vaccination has also been explored in the
context of osteoarthritis, as discussed below (Section 4.1.1.1.).

Finally, another novel strategy that has been developed to target NGF-TrkA signaling is
delivery of a phototoxic agent coupled to an engineered NGF ligand that does not elicit
TrkA signaling [69]. Near-infrared illumination can thus selectively ablate TrkA-positive
cells. In healthy mice, injection of this agent into the hind paw followed by exposure to near-
infrared light reduced sensitivity to mechanical and thermal noxious stimuli. This NGF
compound also effectively reduced mechanical pain behaviors in the CFA hind paw model
of inflammatory pain, the monosodium iodoacetate (MIA) model of osteoarthritis pain, and
the spared nerve injury model of neuropathic pain.

4.1.1.d. NGF blockade in models of bone pain.: NGF-TrkA signaling is important for
bone pain [70]. The majority of sensory nerves that innervate bone express TrkA, including
afferents in the periosteum, bone marrow, and mineralized bone [71]. Blocking NGF-TrkA
signaling has been shown to provide pain relief in a variety of bone pain models. In an
ovariectomy (OVX)-induced mouse model of osteoporaosis, anti-NGF (Exalpha Biologicals
Inc, 10 mg/kg, i.p.) improved mechanical and thermal hypersensitivity as well as deficits in
grip force [72]. In a bone cancer model, a pan-Trk inhibitor (ARRY-470, 30 mg/kg, p.o., bid)
reduced guarding behaviors when therapy was started early [55]. In addition, early treatment
prevented the ectopic sprouting of sensory nerve fibers, but it did not have a significant
effect on tumor growth or bone remodeling [55]. Similarly, in a model of prostate-cancer-
induced bone pain, anti-NGF therapy (mAb911, 10 mg/kg, i.p.) reduced guarding behavior
that developed in the late-stage of the model, and anti-NGF reduced both sensory and
sympathetic nerve sprouting and neuroma formation [54]. In a model of fracture healing,
anti-NGF therapy (mAb 911, 10 mg/kg, i.p.) delivered post fracture reduced guarding
behaviors [73]. Similarly, in another model of fracture healing, anti-NGF (RN624, 10
mg/kg, i.p.) or anti-TrkA administered after osteotomy surgery improved locomotion levels
[74]. In a rat model of complex regional pain syndrome type | induced by tibia fracture,
NGF expression was increased in hindpaw skin and tibia bone. Anti-NGF given post-
fracture rescued weight-bearing asymmetry, but it did not affect hindpaw edema [75]. In a
closed femur fracture pain model in the mouse, anti-NGF (mAb911 at a dose of 10 mg/kg
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i.p.) reduced spontaneous guarding behaviors [76] and partially rescued locomotion deficits
[77]. Finally, in a model of orthopedic surgery pain, induced by drilling and coring the
trochlear groove of the mouse femur, anti-NGF injection (mAb911 at a dose of 10 mg/kg
i.p.) prior to surgery attenuated the surgery-induced decline in locomotion [78].

While the above studies in fracture models did not detect an impact on bone healing with
anti-NGF or TrkA blockade [73, 74, 76, 77], other reports support a role for NGF-TrkA
signaling in the bone healing process (for review [79]). Indeed, recent studies have shown
that NGF-TrkA signaling is necessary for skeletal development [80] and skeletal adaptation
to mechanical loading in adult mice [81]. In addition, a recent study using an ulnar stress
fracture mouse model suggested a role for NGF-TrkA signaling in fracture repair. Injury to
bone acutely increased NGF levels, specifically in periosteal stromal progenitors and in
fracture-associated macrophages, and this was associated with sprouting and arborization of
CGRP+ TrkA+ sensory nerve fibers within the reactive periosteum in NGF-enriched cellular
domains [82].

TrkA inhibition using a transgenic mouse reduced the numbers of sensory fibers and delayed
ossification of the fracture callus [82]. The authors speculate that one reason why earlier
studies testing anti-NGF in fracture models did not detect a change in fracture repair may be
because the analgesic effects of anti-NGF may occur at lower doses than the effects needed
to impair bone repair. Nonetheless, these studies emphasize the importance of understanding
how NGF-TrkA signaling contributes to musculoskeletal homeostatic processes when
considering long-term anti-NGF therapies for other indications such as osteoarthritis.

4.1.1.e. NGF in osteoarthritis. Expression and regulation.: While it is known that NGF
is upregulated in animal models of osteoarthritis, there is a paucity of information on the
precise expression patterns of NGF and TrkA in healthy joints and joints affected by
osteoarthritis. It has been reported that Agfexpression is increased in the knee joint in the
chronic phase of two surgical mouse models of osteoarthritis induced by either
destabilization of the medial meniscus (DMM) [83] or by partial meniscectomy [84],
particularly in cartilage [84]. Furthermore, Ngfexpression has been shown to be increased in
the L3-L5 DRG after DMM surgery, again in the late phase of the model when persistent
pain is present [85]. In the rat MIA model, NGF protein is reportedly elevated in the
synovium [86].

In addition, it remains unclear whether the response to NGF changes in the course of
osteoarthritis, and whether the expression and distribution of TrkA in the joint changes.
Injecting NGF intra-articularly into healthy rat knees caused transient weight-bearing
asymmetry, but when injected in the chronic phase of rats with experimental osteoarthritis
(induced by MIA or by surgical transection of the meniscus), there was a more persistent
increase in weight-bearing asymmetry, and this was consistent with increased TrkA
expression in the DRGs [47]. Interestingly, prophylactic treatment with indomethacin
prevented NGF-induced increase in pain behavior in the MIA model and reduced TrkA
upregulation in the DRG, suggesting that early inflammation in the model triggered these
changes. Another study in the rat MIA model examined the effects on dorsal horn neurons of
NGF injected into the knee [49]. This study reported that intra-articular administration of
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exogenous NGF increased both physiologic knee extension-evoked firing of spinal neurons
and the size of the peripheral receptive fields of spinal neurons over the knee joint in MIA
rats, but it did not exacerbate responses to noxious stimulation of the hind paw. Collectively,
these studies support the idea that NGF heightens peripheral sensitization in osteoarthritis.

NGF has been detected in different tissues of human joints affected by osteoarthritis, but
very few studies have attempted a systematic description of the expression patterns of NGF
and its receptor. Osteoarthritis pathology affects all joint tissues, including articular
cartilage, subchondral bone, synovium, menisci, and ligaments. Degradation of the articular
cartilage and subchondral bone remodeling are hallmarks of osteoarthritis, and this is
accompanied by formation of osteochondral vascular channels that breach the tidemark
between the subchondral bone and articular cartilage. These osteochondral channels can
contain CGRP+ C-fibers, as well as NGF. NGF has been reported in close association with
osteoclasts, and NGF expression in these channels has been associated with pain in patients
with knee osteoarthritis [87, 88]. In human synovium, increased levels of NGF were found
mainly in fibroblasts and in some macrophages, and this was also associated with pain [89].
In addition, it has been reported that synovial fluid and serum from OA patients contain
elevated NGF levels compared to controls (patients with minimal meniscal lesions who
underwent routine arthroscopy) [90], and synovial fluid NGF levels have been correlated
with poor knee function [91].

4.1.1f. NGF blockadein experimental models of osteoarthritis.: Complementing the
development of anti-NGF antibodies for the clinical treatment of osteoarthritis pain, pre-
clinical studies have suggested that blocking NGF-TrkA signaling provides pain relief in
experimental models of osteoarthritis (Table 3).

An early study to test the effects of NGF/TrkA blockade in a widely used surgical mouse
model found that a single injection of a small molecule TrkA inhibitor (TrkAD5; 2 mg/kg;
s.c.) acutely reversed weight-bearing asymmetry when given 16 weeks after DMM surgery
[83]. Other studies have also shown analgesic effects with single doses of anti-NGF
antibodies. In the rat MIA model, a neutralizing NGF antibody (AS2886401-00; intravenous
(i.v.); 0.3 or 1 mg/kg) given on day 3 or day 28 suppressed the development of gait
imbalances assessed on day 35 [92]. However, notwithstanding its analgesic effects, anti-
NGF given on day 3 resulted in exacerbated knee swelling by day 35 in this study [92]. In a
murine MIA model, anti-NGF (L148 M; Exalpha Biological Inc., Shirley, MA) (10 mg/kg,
i.p.) therapy given on day 21 was able to inhibit gait changes for one week [93]. In the
bilateral MIA rat model, anti-NGF (variable domains were extracted from the patent
application, WO 2004/058184 A2 (applicant: Rinat Neuroscience Corporation); 9 mg/kg,
s.c.) reversed burrowing deficits on day 3 after MIA induction [94]. Finally, in a murine
mechanical loading model, anti-NGF mAb treatment (3 mg/kg, i.p.; Medimmune,
AstraZeneca) administered 2 and 4 weeks after injury inhibited weight-bearing asymmetry
and mechanical allodynia in the hind paw [95].

Four studies have examined the effects of preventative vs. therapeutic blockade of NGF or
TrkA on pain behaviors in models of osteoarthritis. Anti-NGF treatment (weekly
subcutaneous injection of 10 mg/kg muMab 911) administered before or after (day 14)
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induction of osteoarthritis in the rat knee using MIA inhibited weight-bearing asymmetry
and mechanical allodynia of the hind paw [96]. Both preventative and therapeutic anti-NGF
treatment attenuated the number of tartrate resistant acid phosphatase (TRAP)-positive
osteoclasts in the tibial plateau, which suggests that NGF contributes to the activation of
osteoclasts in osteoarthritis. However, cartilage damage appeared to be increased when anti-
NGF was given preventatively in this study. A study in the rat meniscectomy model tested a
small molecule inhibitor of TrkA (AR786, oral doses (30 mg/kg) twice daily) and found that
either preventative or therapeutic treatment beginning on day 14 was effective in reducing
weight-bearing asymmetry and mechanical allodynia of the hind paw [97]. No effect on
cartilage damage was observed in this study, but therapeutic treatment reduced knee swelling
[97]. Vaccination against NGF, as described above, has also been tested in a mouse model of
osteoarthritis (partial meniscectomy) [98]. Prophylactic and therapeutic vaccination reduced
weight-bearing deficits in the operated limb, indicative of persistent pain, but had no impact
on joint damage. As in the earlier study, boosting was required to maintain anti-NGF titers.
Finally, a Pfizer-study used the rat medial meniscal tear (MMT) model to test the effects on
joint damage of anti-NGF therapy initiated at different time points after surgery [99]. The
results suggested that anti-NGF treatment starting prior to surgery or on day 23 of the model
resulted in more severe cartilage damage compared to vehicle. As anti-NGF in clinical trials
clearly resulted in adverse effects related to rapidly progressive osteoarthritis (as discussed
below, Section 4.1.1.9), these animal studies highlight the need for detailed characterization
of the mechanisms driving accelerated joint damage in experimental models of
osteoarthritis.

A study in a murine MIA model examined neuro-immune mechanisms mediated by NGF-
TrkA signaling in osteoarthritis pain by using mice with a gain-of-function mutation of TrkA
[100]. Mice with increased TrkA activity developed more severe mechanical allodynia of the
hind paw and more pronounced cellular changes in the dorsal horn of the spinal cord after
MIA induction compared to wild-type mice. In addition, TrkA knock-in mice had more
cellular infiltration in the joint after MIA, including higher numbers of leukocytes (CD45+
cells), macrophages (F4/80+CD11b+ cells), and mast cells (CD117+ and FCERI+). This
study also demonstrated that TrkA knock-in mice had higher levels of prostaglandin D2 in
the joint after MIA induction. Since mast cells exposed to NGF produce more prostaglandin
D2, and prostaglandin D2 can promote pain by acting on nociceptors, this could be a
potential mechanism for how NGF can indirectly contribute to the observed mechanical
hypersensitivity through mast cells, in addition to its direct effects on neurons.

Veterinary studies have also tested the analgesic effects of anti-NGF for treatment of
osteoarthritis in dogs and cats. NGF is upregulated in the synovial fluid of dogs with chronic
lameness compared to healthy dogs [101]. A fully caninized anti-NGF (NV-01) reduced
signs of lameness in an inflammatory model of pain induced by injection of kaolin into the
footpad of the dog [102]. In a pilot study in dogs with osteoarthritis, anti-NGF (NV-01, 0.2
mg/kg, i.v.) reduced owner-assessed pain scores up to 4 weeks after administration [103]. A
further study using a randomized, parallel group, stratified, double masked, placebo-
controlled, proof of principle clinical pilot study design demonstrated that this anti-NGF
antibody could also reduce pain in dogs with degenerative joint disease for 4 weeks [104].
The same company (Nexvet Australia Pty Ltd.) has also developed a felinized anti-NGF
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(NV-02), which has shown similar analgesic benefits in studies of cats using a model of
inflammatory pain [105] and in cats with degenerative joint disease [106].

Finally, a safety study sponsored by Pfizer was conducted to investigate effects of
tanezumab or muMab911 on select bone and joint endpoints and biomarkers in cynomolgus
monkeys (4 to 30 mg/kg/week for 26 weeks), rats (0.2 to 10 mg/kg twice weekly for 28
days), and mice (10 mg/kg/week for 12 weeks). No deleterious effects were reported in this
study [107].

4.1.1.9. Clinical relevance and development of drugsthat target NGF-TrkA

signaling: The documented role for NGF in pain, and the fact that its expression is markedly
increased in human pain states, including osteoarthritis, prompted the development of
neutralizing antibodies (Abs) as therapeutic agents. A search of the Clinicaltrials.gov
registry (searched 24 December 2019) revealed 51 studies under the search terms “nerve
growth factor” and “pain”, indicating the general interest in the target.

Strategies to directly inhibit the activity of NGF have focused largely on the biologicals
rather than on the development of small molecule inhibitors. Several companies have
developed humanized monoclonal antibodies that bind NGF with high specificity and
affinity, preventing it from binding its receptor. Among these products are tanezumab (Pfizer
and Eli Lilly) and fasinumab (Regeneron and Teva), which are still in clinical development.
Development of fulranumab (Janssen and Amgen) was halted in 2016 (https://www.jnj.com/
media-center/press-releases/janssen-announces-discontinuation-of-fulranumab-phase-3-
development-program-in-osteoarthritis-pain), as was further work on MEDI-578
(AstraZeneca) and ABT-110 (Abbvie)[108]. Additional targets in the NGF signaling
pathway that are under clinical development include the TrKs, especially TrkA, and in
contrast to NGF, TrkA inhibition is mediated via small, orally available molecules. A search
of Clinicaltrials.gov (completed 24 December 2019) for TrkA and osteoarthritis or pain
revealed three studies, all completed. In addition, a pan-TrK inhibitor (which blocks TrkA,
B, and C) has begun clinical testing for osteoarthritis [109].

Among musculoskeletal indications, targeted anti-NGF therapy has been most successful for
osteoarthritis pain. The first Phase 2 randomized double blind controlled proof of concept
trial of anti-NGF therapy evaluated tanezumab for osteoarthritis pain and was published in
2010 [25]. This trial demonstrated significantly improved pain palliation with tanezumab
compared to placebo, and many participants were noted to experience dramatic benefit.
Subsequently, positive findings were also reported using tanezumab for LBP [110].
Notwithstanding the apparent clinical benefit, however, careful evaluation of adverse events
among patients treated with anti-NGF therapy, both in these trials and with the other anti-
NGF agents under development, suggested a strong association with rapidly progressive
osteoarthritis and osteonecrosis, including in joints that were thought to be clinically not
involved. As a result, the US Food and Drug Administration (FDA) halted all clinical trials
of NGF antagonists for non-malignant pain shortly after the primary publication date in
2010. Subsequently, due to concern about autonomic nervous system toxicity in preclinical
models, a complete halt of clinical development was imposed [111]. After years of
additional investigation and consultation between industry and the FDA, the hold was lifted
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in 2015, and clinical testing was permitted to resume, subject to new restrictions: lower
treatment doses were mandated, and stringent risk mitigation strategies were imposed. These
included strict pre-enrollment radiographic assessment of potential volunteers, to exclude
those with pre-existing shoulder, hip, or knee abnormalities such as subchondral
insufficiency fracture, atrophic or hypotrophic osteoarthritis, excessive malalignment of the
knee, osteonecrosis, severe chondrocalcinosis, rheumatoid arthritis, systemic metabolic bone
disease, tumors, fractures, and large cystic lesions [112]. In addition, close radiographic
monitoring both during the treatment phase of the trials and for several months after
completion was required [112]. Subsequently, in 2017, the FDA granted Fast Track
designation to tanezumab for the treatment of chronic pain in patients with osteoarthritis and
chronic LBP [113]. “Fast Track” (https://www.fda.gov/patients/fast-track-breakthrough-
therapy-accelerated-approval-priority-review/fast-track) is a formal process to expedite the
review of new therapies to treat FDA-defined serious conditions and to fill unmet medical
needs.

Efficacy in osteoarthritis and back pain: Monoclonal antibody-mediated NGF inhibition
has been consistently demonstrated to provide effective pain palliation for osteoarthritis of
the knees or hips. Tanezumab is the best studied of the anti-NGF agents, is the furthest along
in development, and is the closest of the agents to regulatory approval. In addition to the
trials that were completed prior to the mandated dose reductions, several large randomized
trials have recently been presented, and they consistently show a pain advantage with NGF
inhibition. Two critical placebo controlled phase 3 trials of lower-dose subcutaneous
tanezumab have recently been completed. The results of one have been published [114]; in
that trial, subjects received either placebo or tanezumab 2.5 mg subcutaneously at day 1 and
at week 8, or 2.5 mg on day 1 and 5.0 mg at week 8, and both pain and function were
significantly improved at both doses vs. placebo at the primary outcome of 16 weeks [114].
The second trial is available only in abstract form at present [115]. This was a trial of
placebo vs. subcutaneous tanezumab (2.5 mg or 5.0 mg) at baseline, week 8, and week 16.
Reportedly, both doses provided significant improvements in pain and function over placebo,
however the lower dose did not improve the patient global assessment, and hence did not
meet that primary outcome criterion. Of note, the results of a trial comparing subcutaneous
tanezumab with NSAID active comparators, rather than with placebo, have been presented
in abstract form, but not in publications [116]. In this study, 3021 patients were randomized
to receive either 2.5mg or 5mg of tanezumab subcutaneously every 8 weeks for 56 weeks, or
an oral NSAID or coxib. According to the abstract, tanezumab was superior to NSAIDs for
pain and function (but not patient global assessment) at the 5 mg dose, but was not superior
in any of the outcomes at the 2.5 mg dose at the primary endpoint of 16 weeks.

Comparable results have been produced with fasinumab [117]. In a large placebo controlled
trial, subjects were treated with placebo or subcutaneous fasinumab (1 mg, 3 mg, 6 mg, or 9
mg) every four weeks for 16 weeks; significant pain relief was observed at all doses,
however there was no dose response relationship noted.

Overall, the magnitude of pain relief provided by the NGF inhibitors is clinically important,
but may be less dramatic than had been anticipated. In studies of tanezumab monotherapy
compared with either NSAIDs or with opiates, tanezumab in doses of 5 mg and 10 mg were

Pharmacol Ther. Author manuscript; available in PMC 2021 July 01.


https://www.fda.gov/patients/fast-track-breakthrough-therapy-accelerated-approval-priority-review/fast-track
https://www.fda.gov/patients/fast-track-breakthrough-therapy-accelerated-approval-priority-review/fast-track

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Malfait et al.

Page 14

statistically significantly superior to the active comparators, but had standardized effect sizes
of only 0.22 to 0.24 [118, 119]. It should be noted that these effect sizes are not greater in
magnitude than conventional osteoarthritis treatments [12], and are far lower than would be
expected for dramatic relief. Moreover, as noted above, the tanezumab 2.5 mg dose was not
superior to NSAIDs at 16 weeks.

In contrast to osteoarthritis, there are substantially fewer data of efficacy of the anti-NGF
therapies for the treatment of chronic back pain than for osteoarthritis of the knees or hips.
An older metaanalysis dating from prior to the lower doses mandated by the FDA found that
whereas tanezumab may have some efficacy for pain and function, fulranumab (whose
development was discontinued) did not [120]. Interestingly, in a small proof of concept
study, fasinumab was ineffective for relieving pain in acute sciatica [121]. More recently, a
long term Phase 3 trial of subcutaneous tanezumab 5mg or 10 mg dosed every 8 weeks for
56 weeks vs tramadol (ClinicalTrials.gov Identifier: NCT02528253) was completed, and
reported as a press release; the sponsor claimed that the 10 mg dose met the primary
endpoint and provided statistically significant pain relief relative to placebo, whereas the 5
mg dose had a trend towards benefit that was not statistically significant [116]. This trial, the
so-called TANGO trial, has not yet been published in the peer reviewed literature, thus
precluding a careful examination of the results. Similarly, a second Phase 3 trial of
tanezumab for chronic low back pain was completed in the Japanese population in June
2019 (ClinicalTrials.gov Identifier: NCT02725411), but the results are not yet available.

Clinical development of the downstream signaling pathways from NGF is substantially less
advanced than with the NGF inhibitors. Two early phase 2 trials of novel TrkA inhibitors
have recently been published. In one, subjects were treated with a single intraarticular
injection of the TrkA inhibitor, GZ389988A (Sanofi-Genzyme), or placebo, and followed for
12 weeks. There appeared to be some pain advantage in the TrkA inhibited group at four
weeks, though it did not maintain statistical significance to the 12 weeks endpoint [122]. In
the second trial, subjects were treated with oral ASP7962 (Astellas Pharma) 100 mg twice
daily for four weeks, and compared to placebo and a NSAID group, however no benefit of
the TrkA inhibitor was observed compared to placebo [123]. In addition, a recent report of
the pan-Trk inhibitor, ONO-4474 (ONO Pharmaceuticals), administered orally 100 mg twice
daily for four weeks suggests the possibility of a pain advantage with this agent in knee
osteoarthritis [109].

Risks: Safety concerns led to the US FDA hold on clinical testing in 2010, based on reports
of rapidly progressive osteoarthritis (RPOA) and of osteonecrosis among patients who had
received anti-NGF therapy, including involvement of joints without known osteoarthritis. An
expert adjudication committee funded by Pfizer performed detailed reviews of the adverse
events reported during clinical trials with tanezumab and fulranumab. A dose-response
relationship was noted between the serious adverse events (RPOA and reported
osteonecrosis) and doses of tanezumab between 2.5 and 10 mg [124] or doses of fasinumab
between 3 and 9 mg [125, 126]. Of note, the true incidence of osteonecrosis appears to be
lower than initially feared. Of the 86 reported osteonecrosis cases prior to the FDA hold, the
Pfizer-funded adjudication committee could demonstrate unambiguous osteonecrosis in only
two (though eight had insufficient information to distinguish primary osteonecrosis and the
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committee failed to reach consensus on another five) [127]. Importantly, however, the risk of
developing rapidly progressive osteoarthritis appeared to be substantially enhanced when
NSAIDs were used in conjunction with tanezumab, compared to tanezumab monotherapy
[124, 127]. As NSAIDs are ubiquitously available, this may have long-term implications for
the widespread use of anti-NGF therapies.

As noted above, clinical trials resumed in 2015 with reduced doses, maximally 5 mg for
tanezumab, and with strict limits on the duration of NSAID use during exposure to anti-NGF
therapy. The effects of the newer restrictions have become apparent recently. In the recently
published tanezumab trial, whereas there was a significant pain and function advantage
relative to placebo, there was also a clearly elevated risk of developing RPOA relative to
placebo, and a dose response effect on the risk of progression to endstage osteoarthritis
requiring total joint replacement: whereas none of those receiving placebo developed RPOA
by week 40, 1.2% of those receiving tanezumab did. More concerning, while 1.7% of
placebo subjects progressed to joint replacement, 3.5% of those receiving low dose (2.5mg)
tanezumab did so, and 7% receiving high dose (2.5mg followed by 5.0mg) progressed [114].
Almost identical results were reported in a separate abstract for the large active-comparator
controlled trial whose results were released in abstract form but not yet published [128]:
among the control group receiving only NSAIDs, 1.2% developed RPOA by 80 weeks vs.
3.2% of those receiving tanezumab 2.5mg, and 6.3% of those receiving 5.0mg. Regarding
progression to joint replacements, a similar dose response relationship was observed: 2.6%
of the NSAID controls vs. 5.3% of those receiving low dose (2.5mg) tanezumab and 8.0% of
those receiving higher dose (5.0mg) tanezumab. There is evidence that even at the lower
doses, these adverse events are a class effect and are not limited to a specific agent. For
example, the recent large fasinumab trial demonstrated a similar dose response effect of
RPOA, ranging from 0 in the placebo group to more than 8% in the fasinumab 9mg
group[117]; there appeared to be a lower risk of joint replacement in this cohort, however.
Thus, notwithstanding the stringent risk mitigation strategies adopted in 2015, the risks of
rapid progression to joint replacement as a consequence of treatment with the anti-NGF
agents remain. Finally, it is reasonable to expect that the side effect profile would be similar
for indications beyond osteoarthritis, and indeed there appeared to be dose-related effects of
RPOA in the trials of anti-NGF agents in back pain.

It is noteworthy that despite the risks of NGF-targeted therapy, cost-effectiveness analyses
suggest that the pain palliation provided by these agents may be sufficiently significant that
even a rate of RPOA occurring in up to 10% of patients would not nullify the overall
improvement in quality-adjusted life years (QALY) achieved [129], and that anti-NGF
therapy could be cost effective at up to $400 per dose [129].

4.1.2. BRAIN-DERIVED NEURONAL GROWTH FACTOR (BDNF)—BDNF is a
neurotrophin that is key for neuronal growth and survival in the CNS [130]. It signals
through TrkB, which is widely expressed throughout the brain and the spinal cord [131].
Both BDNF and its receptor have been found to be upregulated in chronic pain states; for
example, BDNF has been reported to be upregulated in the CNS [132] as well as in the
serum [133] of patients with fibromyalgia. A recent study in 1152 Han Chinese subjects
reported a SNP in the gene encoding BDNF (Val66Met) that was associated with higher risk
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of chronic postoperative pain compared with the carriers of wild type A allele (Met/Met
genotype) [134] (Table 2). Animal studies confirmed that BONAVEYMet mice had less
mechanical allodynia compared with BDNFVa/Val mice after plantar incision. A recent study
reported that haploinsufficiency of the BDNF gene is associated with reduced pain
sensitivity when assessed by quantitative sensory testing (both in humans and rats) [135].

4.1.2.a. BDNF isakey mediator of central sensitization.. BDNF can act at multiple
levels of the nervous system (Fig.1): it is constitutively expressed in sensory neurons, and is
produced by target tissues during an inflammatory response (for example, it can be produced
by synovial fibroblasts in response to ATP [136]. It is transported to the spinal dorsal horn
through anterograde axonal transport, and many animal studies suggest it increases spinal
hyperexcitability, thus contributing to central sensitization (reviewed in [137]). Interestingly,
systemic NGF treatment increased BDNF expression in the cell bodies and central terminals
of sensory neurons and increased nociceptive spinal reflex excitability, and this could be
reduced with TrkB-1gG, a BDNF-blocker [138]. In healthy mice, intrathecal injection of
BDNF induces thermal hyperalgesia, and inhibition of TrkB expression through intrathecal
injection of TrkB antisense oligonucleotides blocks BDNF-induced hyperalgesia [139].

Recently, the role of BDNF in sensory neurons was examined using mice in which Badnfwas
deleted in adult sensory neurons by using Advillin-CreERT2 x Bdnf loxp mice [140]. These
mice were protected from nocifensive responses in the second phase of formalin-induced
inflammation. In addition, they recovered from mechanical hypersensitivity in a neuropathic
pain model, and they did not develop prolonged mechanical hypersensitivity in a model of
hyperalgesic priming. Taken together, these observations support the idea that BDNF
produced by sensory neurons is important for the transition from acute to chronic pain.

4.1.2.b. BDNF in osteoarthritis pain: Preclinical evidence.: There is some evidence,
mostly from small cohorts, that BDNF levels are associated with pain in osteoarthritis. One
study reported that plasma levels (but not synovial fluid levels) of BDNF are correlated with
self-reported pain in knee osteoarthritis [141]. A recent study performed transcriptome
analysis on the synovium of knee osteoarthritis patients using next generation sequencing,
and reported that TrkB mRNA levels were associated with pain [142]. Additionally, BDNF
and TrkB mRNA and protein were recently detected in synovia from knee osteoarthritis
patients, and expression was positively correlated with the pro-inflammatory chemokine,
fractalkine [143].

Despite an extensive body of literature supporting the role of BDNF in pain, our literature
search revealed just two interventional studies that have examined its role in mediating pain
behaviors associated with experimental models of musculoskeletal pain. Cervical facet joint
distraction in rats causes mechanical allodynia in both forepaws as early as one day after
injury, and BDNF protein is upregulated in the cervical DRGs and in the dorsal horns of the
spinal cord by day 7 after injury [144]. Intrathecal sequestration of BDNF with TrkB-Fc, a
chimera consisting of the extracellular domain of TrkB and the Fc portion of 1gG1, on day 5
after injury partially inhibited mechanical allodynia and decreased spinal expression of
pERK1 and pERKZ2, suggesting that BDNF plays a role in facet joint pain. A recent study
examined the role of BDNF in the periphery in two rat models of osteoarthritis pain [145].
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When BDNF was injected intra-articularly into healthy rat knees, it had no effect. By
contrast, when it was injected into the knees of rats with experimental osteoarthritis induced
with MIA, it worsened weight-bearing deficits and mechanical allodynia in the hind paw.
Furthermore, intra-articular injection of TrkB-Fc partially reversed established weight-
bearing deficits and mechanical allodynia of the hind paw in rats with MIA-induced
osteoarthritis, and even more so when osteoarthritis was induced with MNX surgery [145].
Because of the known link between NGF and BDNF expression, it will be interesting to
further investigate the role of BDNF in driving chronic musculoskeletal pain and the
interaction between BDNF and NGF in chronic pain, especially in osteoarthritis.

4.1.2.c. Development of drugsthat target BDNF-TrkB signaling.: A search of the
Clinicaltrials.gov registry (24 December 2019) revealed 34 studies for the search terms
“BDNF” and “pain”. However, evaluation of those protocols reveals that none involve
BDNF as a specific target. In each study, BDNF levels are followed after various minimally
invasive interventions, such as transcranial direct current stimulation, acupuncture, yoga, efc.
It appears that BDNF as a direct target for musculoskeletal pain (or any pain) has not yet
been translated to human studies. In contrast, its receptor TrkB has been a specific target
studied clinically. The pan-Trk inhibitor, Larotrectinib, is approved for anticancer treatments
and has been extensively studied for the treatment of a variety of malignancies, but not yet
for pain.

4.1.3. NEUROTROPHIN- 3 (NT-3)—Like NGF, NT-3 plays an important role in
neuronal development, and NT-3 deletion in mice leads to loss of nociceptors and
sympathetics, including spinal proprioceptive afferents, in a manner similar to NGF deletion
(reviewed in [146]).

Studies in adult animal models of pain have revealed both pro- and antinociceptive effects of
NT-3. Systemic injection of NT-3 in healthy rats induced mechanical hypoalgesia [147]. An
antibody against NT-3 delivered by pump into the L5-DRG reversed mechanical allodynia of
the hind paw in the chronic phase of neuropathic pain in a nerve injury model [148].

One study has investigated the role of NT-3 in muscle pain by using a model in which acid is
injected into the gastrocnemius muscle to induce persistent mechanical hyperalgesia of the
hindpaw [149]. Overexpression of NT-3 in the muscle using a genetic approach (myo/NT-3
mice), or intramuscular injection of exogenous NT-3 (but not BDNF or GDNF) at the time
of acid injection abrogated development of persistent hyperalgesia. Interestingly, the route of
injection of NT-3 was found to be important, since systemic (i.p.) or intrathecal injection of
NT-3 was not effective. In addition, intramuscular injection of NT-3 was only effective when
delivered before the emergence of hyperalgesia, suggesting an early role of NT-3 in this
model.

4.2. GDNF FAMILY OF LIGANDS:

The GDNF family of ligands (GFLs) is a family of proteins that is distantly related to the
TGFp family [150]. It comprises glial cell line-derived neurotrophic factor (GDNF) [151],
neurturin [152], persephin [153], and artemin (also known as neublastin and enovin) [154].
These proteins signal through the transmembrane receptor tyrosine kinase (RTK) rearranged
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during transfection (RET), after forming ternary complexes with a glycosyl
phosphatidylinositol (GPI)-anchored co-receptor (GFR-al, GFR-a2, GFR-a3, or GFR-a4).
These co-receptors bind the ligand with high affinity and confer specificity (GDNF/GFR-
al, neurturin/GFR-a.2, artemin/GFR-a.3, and persephin/GFR-a4), although lower affinity
alternative binding is also possible.

GDNF and neurturin are important for neuronal survival in the CNS. GDNF was first
discovered in 1993 as a survival factor for midbrain dopaminergic neurons in culture [151].
Both GDNF and neurturin have reached the clinical trial stage for Parkinson’s disease, as a
local protein or gene therapy delivered into the putamen [155, 156].

GDNF family members are also widely expressed in both the developing and the adult PNS.
GDNF and neurturin stimulate survival of sensory and sympathetic neurons [150]. Artemin
has been shown to support the growth of sensory neurons [157]. Subpopulations of sensory
neurons express RET along with GFRa.1-3. Small diameter unmyelinated neurons that bind
the isolectin, IB4 (/.e., non peptidergic C-fibers) express RET, GFRa-1, and GFRa -2 [158]
while GFRa3 is predominantly expressed in the TrkA positive subset of DRG neurons,
although IB4 positive neurons can also express it [159].

4.2.1. GFLs in pain.—Because of their expression patterns, the role of the GDNF family
in pain has been extensively studied, both in inflammatory and neuropathic pain models
[160]. Early efforts focused on administering the GFRa.3 ligand, artemin, in animals where a
nerve injury was produced in order to model neuropathic pain. This approach was based on
the trophic actions of artemin on sensory neurons and the restricted expression of GFRa.3 on
nociceptors. It was reported that intermittent systemic administration of artemin reversed
morphological and neurochemical changes in the DRG caused by nerve injury (spinal nerve
ligation) in rats, and this was accompanied by normalizing of associated pain-related
behaviors (mechanical and thermal hypersensitivity). Interestingly, only a small fraction of
DRG neurons in healthy rats express GFRa.3, but this percentage increased after spinal
nerve ligation, indicating that additional neurons had become responsive to artemin [161]. In
addition to biological therapy approaches, there have been efforts to identify small molecule
agonists. Specifically, a small molecule RET agonist, BT13, has been shown to promote
neurite growth from sensory neurons and attenuate neuropathic pain in a rat spinal nerve
ligation model [162].

A recent genome-wide association study suggested an association of chromosome 8p21.3,
with new variants near GFRAZ with diabetic neuropathic pain [163] (Table 2). In contrast to
the approach in neuropathic pain, where agonists are used, research in experimental models
of inflammatory pain has focused on inhibiting GFL signaling in order to produce analgesic
effects. A recent study examined the role of local GDNF, neurturin, and artemin in bone pain
[164]. Injection of any of these factors directly into the marrow cavity of healthy rats caused
a weight-bearing deficit in the ipsilateral limb, concordantly with their sensitizing effect on
bone afferents to mechanical stimuli. The authors showed expression of GFRa.1 or GFRa2
in approximately 20% of bone afferents, and these were largely non-peptidergic. In addition,
they showed that 40% of afferents expressed GFRa.3, the co-receptor for artemin.
Interestingly, 80% of TrkA-positive sensory neurons innervating the marrow cavity of the
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tibia also expressed GFRa3. In addition, the authors tested the effect of neutralizing
antibodies to either GDNF, neurturin, or artemin in a model of inflammatory pain induced
by injecting CFA into the tibial marrow cavity. Antibodies against either neurturin or artemin
prevented CFA-induced weight-bearing deficits, but sequestration of GDNF had no effect.

4.2.2. Development of drugs that target GFL signaling.—The clinical utility of
targeting GFL signaling for musculoskeletal pain has not yet been demonstrated. Biogen-
Idec developed an engineered artemin for clinical use, termed BG00010, and successfully
completed Phase 1 trials in sciatica [165], which suggested that the agent was safe although
there was no clear signal regarding pain relief. Larger Phase 2 trials subsequently failed to
demonstrate convincing pain efficacy or any dose response for sciatica [166, 167], and the
program was apparently discontinued since no further trials have been registered.

GFR-a.3 remains an active target for clinical development. At present, there is at least one
program evaluating a monoclonal antibody against GFR-a.3 for pain. Regeneron is currently
recruiting for a Phase 2 randomized placebo-controlled trial of their antibody, REGN5069,
in osteoarthritis of the knee (https://clinicaltrials.gov/ct2/show/NCT03956550), with
completion targeted for the end of 2021. To date, however, there is no literature in the public
domain concerning possible efficacy and safety.

5. CONCLUSIONS

Musculoskeletal pain remains highly prevalent and is the source of vast morbidity and
societal costs, notwithstanding the dramatic advances made in the areas of pharmacology
and therapeutics during the past half century. Moreover, as the risks and societal impact of
opiates as well as their inadequate efficacy for chronic non-cancer pain, have become
apparent, novel approaches and improved therapies for musculoskeletal pain have become
an urgent unmet medical need. Fortunately, recent advances in our understanding of the
neurobiology of such pain have yielded multiple promising targets among the neurotrophins
and their signaling pathways. It has been appreciated for decades that the neurotrophins
mediate pain sensation, however it is only recently that these growth factors have been
specifically targeted to relieve chronic pain. Among the neurotrophins, the best studied in
humans, and the most advanced in clinical development, is NGF. Multiple monoclonal
antibodies targeting NGF have been developed, Phase 3 trials have been successfully
completed, and at least one agent is planned for submission to the US FDA for registration.
The data are compelling that the NGF antagonists are effective for pain in knee and hip
osteoarthritis, yet there are also convincing data to suggest that these agents carry a
substantial risk of accelerating disease progression, with an apparent dose-related evolution
to arthroplasty. Hence, even if the current anti-NGF antibodies are ultimately approved for
clinical use, there will remain a need for additional effective approaches that entail less risk.
A variety of other neurotrophin targets are in preclinical and clinical development, with
extensive investigation both of small molecule therapeutics and of biologicals. Although
several recent trials have failed to meet their pain endpoints, there is room for substantial
optimism that the next decade will see dramatic improvement in the therapeutic
armamentarium for the musculoskeletal pain conditions by leveraging the neurotrophin
targets.
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Fig. 1. Neuroanatomy of the pain pathway and sites of action of the different neurotrophic
factorsunder investigation astargetsfor chronic musculoskeletal pain.

Sensory neurons, including nociceptors (medium sized A8-fibers and small unmyelinated
slow-conducting C-fibers) innervate peripheral tissues. Nociceptors are equipped with a
broad array of specialized receptors and channels to detect noxious signals in the innervated
tissues and carry them to the dorsal horn (DH) of the spinal cord. To perform this function,
nociceptors have a unique pseudo-unipolar morphology, with an axonal stalk that extends
from the cell body in the dorsal root ganglia (DRG) and splits into two terminals. The
peripheral terminal innervates the tissues, and the central terminal extends into the DH to
synapse with second-order neurons. Injury or inflammation in the innervated tissues results
in release of mediators by resident (damaged) tissue cells and infiltrating inflammatory cells
(for example macrophages, mast cells), causing peripheral sensitization. At the same time,
gene expression changes occur in the DRG, and inflammatory cells infiltrate the DRG.
Ongoing nociceptive input from the periphery results in increased excitability of second
order neurons in the spinal cord [16]. Neurotrophic factors can act at different sites to
modify pain processing pathways (mostly to increase excitability and promote pain). Nerve
growth factor (NGF), secreted by cells in the innervated tissues, is active in the periphery
and binds TrkA expressed by afferents, resulting in sensitization. The NGF-TrkA complex
can be internalized by neurons and retrogradely transported to cell bodies in the DRG,
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initiating gene expression changes that lead to synthesis of pro-algesic peptides and ion
channels. Pain-producing effects of brain-derived neurotrophic factor (BDNF), which binds
TrkB, have been documented in the periphery and in the dorsal horn. Members of the GDNF
family of ligands (GFL) are active in the periphery as well as in the central nervous system,
but their signaling in musculoskeletal pain and in the joint has been less studied.
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Table 1.

Neurotrophic factors studied in pain research

Neurotrophic factors

Neurotrophins

GDNF family of ligands

nerve growth factor (NGF)

glial cell line-derived neurotrophic factor (GDNF)

brain-derived neurotrophic factor (BDNF)

neurturin

neurotrophin (NT)-3

persephin

neurotrophin (NT)-4

artemin (also known as neublastin and enovin)
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Neurotrophic factors: Human mutations and single nucleotide polymorphisms (SNP) associated with altered

pain sensitivity.

Neurotrophic factor

Mutation(s) reported

SNP(s) reported

Phenotype

Reference

NTRK1H604Y, with
substitution of tyrosine
for histidine

NGF Point mutation located on Severe reduction of unmyelinated Einarsdottir
Encoding NGF chromosome 1p11.2-p13.2, fibers and congenital insensitivity 2004,
resulting in R100W to pain Minde 2009
missense mutation in mature
NGF
NTRK1 Autosomal recessive loss of Congenital insensitivity to pain Indo 1996
Encoding TrkA function mutations with anhydrosis (CIPA)
nonsynonymous SNP Children with the SNP experienced | Mamie 2013

more post-surgical pain (subtle
effect)

NGFR

Encoding Low
Affinity
Neurotrophin
Receptor P7T5NTR

rs9908234, but did not
replicate in independent
cohorts

Genome-wide association study on
migraine

Ligthart 2011

the BDNFgene

BDNF Val66Met Increased risk for chronic Tian 2018
Encoding BDNF postoperative pain
haploinsufficiency of Strong reduction in pain sensitivity | Sapio 2019

in patients with Wilms tumor-
aniridia (WAGR) syndrome
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Table 3.
NGF blockade in experimental models of osteoarthritis
Type of study OA Model Drug Results Reference
Therapeutic: Destabilization of TrkA inhibitor Reversed weight-bearing asymmetry for 3 days when McNamee
One time the medial (TrkADS5; 2 mg/kg, given at the 16-week time point 2010
injection meniscus (DMM);  s.c.)
mouse
Therapeutic: Monosodium anti- NGF Anti-NGF (0.3 or 1 mg/kg) given on day 3 or day 28 was Ishikawa
One time iodoacetate (MIA);  (AS2886401-00; 0.3 able to suppress gait imbalances. Anti-NGF given on day 2015
injection rat or 1 mg/kg, i.v.) 3 exacerbated knee swelling by day 35 of the model.
Therapeutic: Bilateral MIA, rat anti-NGF (extracted Anti-NGF given on day 2 after MIA induction reversed Bryden 2015
One time from the patent burrowing deficits 24 hours later
injection application WO
2004/058184 A2; 9
mg/kg, s.c.)
Therapeutic: MIA; rat anti-NGF (L148M Anti-NGF therapy given on day 21 inhibited gait changes Miyagi 2017
One time (Exalpha Biological for one week
injection Inc.); 10mg/kg, i.p.)
Preventativeor ~ MIA,; rat anti-NGF (muMab911;  Preventative (from day 0): Prevented development of Xu 2016
Therapeutic 10 mg/kg; s.c. weekly)  weight-bearing asymmetry. Mechanical allodynia of the
hind paw was reduced on day 28 only. There was a trend
in increased cartilage damage score with treatment.
Therapeutic (injections on days 14 and 21): Reversed
weight-bearing asymmetry and hind paw mechanical
allodynia through day 28. No change in cartilage damage
score.
Preventative or ~ Meniscal TrkA inhibitor Preventative (from 1 h before surgery): Prevented Nwosu 2016
Therapeutic transection (AR786; 30 mg/kg, development of weight-bearing asymmetry and hind paw
(MNX); rat orally, twice daily) mechanical allodynia.
Preventative (from 1 h before surgery — day 14):
Withdrawal of treatment on day 14 continued to provide
relief in weight-bearing asymmetry until day 24, but hind
paw mechanical allodynia developed rapidly when
treatment stopped and was fully developed by day 19.
Therapeutic (day 14-21): Weight-bearing asymmetry and
hind paw mechanical allodynia reduced after 5 days of
treatment.
Therapeutic MIA; rat Therapeutic (day 14-21): Weight-bearing asymmetry
reduced after 3 days of treatment. Hind paw mechanical
allodynia reduced after 5 days of treatment. Synovitis and
cartilage degeneration were reduced with treatment.
Preventative or Medial meniscal anti-NGF (tanezumab;  Preventative (from day 0): All doses decreased gait LaBranche
Therapeutic tear (MMT); rat 0.1, 1 or 10 mg/kg; s.c.  changes observed at day 3 post surgery, but all doses 2017
once a week) increased cartilage damage scores in rats taken down at
day 7, 14, or 28.
Therapeutic (0.1 mg/kg, day 23-37): Cartilage damage
score increased with treatment.
Therapeutic (0.1 mg/kg, day 57-71): Cartilage damage
score increased with treatment, but not significantly since
damage was already severe by the time treatment was
started.
Preventative or Male partial anti-NGF vaccination Preventative (first immunization 2 weeks prior to surgery): ~ von Loga
Therapeutic medial Immunization with 3 boosters reduced weight-bearing 2019
meniscectomy asymmetry. No change in cartilage damage score.
(PMX); mouse Therapeutic (first immunization week 10 after surgery):
Immunization with 2 boosters reduced weight-bearing
asymmetry until antibody titers decreased.
Therapeutic Mechanical anti-NGF Therapeutic (week 2 and 4 post loading): Each anti-NGF Ter Heegde
loading; mouse (MedImmune, injection reduced hind paw mechanical allodynia for 6 2019

AstraZeneca; 3 mg/kg;
i.p. every two weeks)

days until the allodynia began to return. Similarly, anti-
NGF reduced weight bearing asymmetry for 1 week post
injection but returned by week 2.
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