
UC Davis
UC Davis Previously Published Works

Title
Targeting Nerve Growth Factor for Pain Management in Osteoarthritis-
Clinical Efficacy and Safety.

Permalink
https://escholarship.org/uc/item/70d2q815

Journal
Rheumatic diseases clinics of North America, 47(2)

ISSN
0889-857X

Authors
Dietz, Brett W
Nakamura, Mary C
Bell, Matthew T
et al.

Publication Date
2021-05-01

DOI
10.1016/j.rdc.2020.12.003
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/70d2q815
https://escholarship.org/uc/item/70d2q815#author
https://escholarship.org
http://www.cdlib.org/


Targeting Nerve Growth
Factor for Pain Management

in Osteoarthrit is—Clinical
Efficacy and Safety
Brett W. Dietz, MDa,*, Mary C. Nakamura, MDb,
Matthew T. Bell, BSc, Nancy E. Lane, MDd
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KEY POINTS

� Nerve growth factor plays a key role in pain hypersensitization in osteoarthritis.

� Inhibition of nerve growth factor is effective at reducing pain and improving physical func-
tion from osteoarthritis of the hip or knee.

� Use of these agents is complicated by adverse joint safety events, notably rapidly pro-
gressive osteoarthritis and an increased need for joint replacements.

� The mechanism driving these joint safety events remains poorly understood and is an
important area for further study.
BACKGROUND

Osteoarthritis (OA) is a leading cause of global disability,1 affecting as many as 250
million people worldwide.2 Estimates of the direct and indirect economic costs of
OA range from 1% to 2.5% of the gross domestic product in the United States, Can-
ada, France, the United Kingdom, and Australia.3 Guidelines for management of OA
generally agree on nonpharmacologic management with exercise, weight loss, educa-
tion and self-management, and hip or knee joint replacement in appropriate patients.
Pharmacologic agents that are variably recommended for management of OA include
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acetaminophen, topical and oral nonsteroidal anti-inflammatory drugs (NSAIDs),
duloxetine, tramadol, and intra-articular corticosteroids.4 Due to concerns regarding
limited and/or uncertain efficacy5,6 and overall safety of many of these agents, their
utility in OA management is limited. Nontramadol opioid medications have serious
safety issues, may be less effective than nonopiates in OA, and generally are not rec-
ommended.7 Given this significant unmet need for novel therapeutics, the develop-
ment of additional effective nonopioid pain medications for OA and other conditions
has been a topic of intense investigation, including compounds targeting nerve growth
factor (NGF). The clinical efficacy and safety profile of these anti-NGF agents are the
focus of this review.

BIOLOGIC ROLE OF NERVE GROWTH FACTOR

NGF is a member of a family of proteins called neurotrophins that regulate the devel-
opment and survival of certain neurons. NGF is critical to the development of the pe-
ripheral sensory and sympathetic nervous system in mammals,8,9 including humans.10

NGF mediates its effects on the nervous system via signaling through 2 receptors: a
specific tyrosine receptor kinase A (TrkA) (Fig. 1) and the low-affinity p75 neurotrophin
receptor.11 Humans with mutated NGF-B genes have congenital pain insensitivity,10

and mutations in TrkA cause pain insensitivity, anhidrosis, and developmental delay.12

Aside from its profound developmental importance, NGF plays a role in pain
signaling in adults. Injection of NGF induces hyperalgesic effects including heat sensi-
tivity, myalgias and tenderness to palpation lasting weeks, and NGF expression has
been associated with inflammatory, neuropathic, visceral, and cancer pain.13 NGF
is released by inflammatory cells in response to injury,14 and appears to play an impor-
tant role in pain and cachexia in pre-clinical models of inflammatory arthritis.15 NGF
also regulates levels of neuropeptides such as substance P and calcitonin gene-
related peptide in adult sensory neurons.16 NGF binding its TrkA receptor leads hyper-
sensitization via several mechanisms, including rapid post-translational modifications
Fig. 1. Anti-NGF antibodies inhibit NGF-TrkA binding. The anti-NGF monoclonal antibodies
tanezumab, fasinumab, and fulranumab bind to NGF and inhibit NGF interaction with its
high-affinity receptor TrkA. The p75 receptor (not shown) is a low-affinity receptor that in-
teracts with NGF. The p75 receptor can enhance NGF-TrkA interactions, although the precise
interactions between TrkA and p75 are incompletely understood. Ab, antibody.
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of ion channels, and increasing expression of a host of receptors in the membranes of
sensory neurons.17 A model of the effects of NGF on pain signaling is depicted in
Fig. 2. NGF binds to TrkA, and the complex is endocytosed and retrogradely trans-
ported to neuronal cell bodies, where it modulates the expression of cell surface re-
ceptors involved in nociception in the dorsal root ganglion, thus initiating peripheral
sensitization and pain hypersensitivity.18,19

NGF has effects beyond the nervous system. NGF-TrkA signaling in sensory nerves
during late embryogenesis is required for normal vascularization and ossification of
endochondral bone.20 Sensory nerves emanating from the dorsal root ganglia exten-
sively innervate the surfaces of mammalian bone. NGF/TrkA signaling in skeletal sen-
sory nerves has been shown to be an early response to mechanical loading of bone.
In vivo mechanical loading in mice and in vitro mechanical stretch were shown to
induce profound up-regulation of NGF in osteoblasts. Elimination of TrkA signaling
in mice was found to greatly attenuate load-induced bone formation whereas admin-
istration of exogenous NGF was found to significantly increase load-induced bone
formation.21

Studies in mice and humans have suggested that there is a localized increase in
NGF at sites of inflammation.22 Human osteoarthritic chondrocytes in vitro demon-
strate increased expression of TrkA and NGF-b protein relative to nonosteoarthritic
chondrocytes, and the degree of expression increased with worsening osteoarthritic
damage.23 NGF is detectable in the synovial fluid of human patients with rheumatoid
arthritis and OA but not in controls.24 In different models of inflammation, NGF has
Fig. 2. NGF initiation of pain hypersensitization. NGF is released by damaged tissues and
binds to its specific receptor, TrkA, on the terminals of sensory nociceptive neurons. The en-
docytosed NGF-TrkA complex is transported retrograde to the neuronal cell body in the dor-
sal root ganglion, where it increases expression of ion channels and neuropeptides, such as
substance P and calcitonin gene–related peptide (CGRP), leading to peripheral and central
pain hypersensitization. CNS, central nervous system.
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been suggested to down-regulate tissue inflammation, including down-regulation of
inflammatory cytokine production and up-regulation of the anti-inflammatory cytokine
interleukin 10; thus, NGFmay serve in part to dampen inflammatory responses to facil-
itate restoration of homeostasis.
NGF and its receptor, TrkA, appear also to regulate bone cells, including osteo-

blast25 and osteoclast differentiation26 and osteocyte activity27 as well as homeostasis
articular chondrocytes.28 The role of neurotrophins on the differentiation and function
of bone cells is an important area for further research, as better knowledge of this rela-
tionship and the interactions between bone cells, inflammatory cells, and sensory neu-
rons is critical to understanding both the mechanism of action and the important
adverse effects of anti-NGF agents.
NGF inhibitors in advanced phases of development for OA include tanezumab, a re-

combinant humanized anti-NGF monoclonal antibody,29 and fasinumab, a recombi-
nant fully human anti-NGF monoclonal antibody (Table 1).30 Fulranumab, another
human anti-NGF monoclonal antibody,31 is discussed in later but is no longer in active
development for OA.32 These agents block the interaction of NGF with its receptors,
TrkA and p75 (see Fig. 1).29 Small-molecule selective TrkA inhibitors also are in devel-
opment for OA pain33 but have no published phase III data thus are not included in this
review.

CLINICAL OUTCOMES IN ANTI–NERVE GROWTH FACTOR TRIALS

Many clinical trials of anti-NGF agents for hip and knee OA use scores on the Western
Ontario and McMaster Universities Arthritis Index (WOMAC) as outcomes. The
WOMAC is a self-administered patient-reported outcome instrument for OA of the
hip or knee. It consists of 3 subscales (pain, stiffness, and physical function) covering
24 total items.34 There are multiple versions of WOMAC and multiple scoring scales,
including a 5-level Likert scale, 0 to 10 numeric rating scale (NRS), and 0 to 100 visual
analog scale (VAS), leading to widely varying ranges of possible scores depending on
the scale used and whether a total or average score is reported.35 Least squares (LS)
mean difference often is reported, which is the difference of group means after having
adjusted for covariate(s). Whenever possible, the scale used in the referenced study
are discussed.

EARLY-PHASE TRIALS OF ANTI–NERVE GROWTH FACTOR AGENTS FOR HIP OR KNEE
OSTEOARTHRITIS

The initial studies of anti-NGF agents for OA of the hip or knee used intravenous (IV)
formulations of tanezumab or fulranumab, each humanized anti-NGF antibodies,
either alone or in combination with NSAIDs. In an early proof-of-concept study of tane-
zumab, 450 individuals with knee OA were randomized to receive IV tanezumab at
various doses ranging from 10 mg/kg to 200 mg/kg for 2 administrations 8 weeks apart,
compared with placebo. Averaged over 16 weeks, participants receiving tanezumab
had reductions in WOMAC Pain score of 46% to 64% versus 23% for placebo, and
reductions (indicating improvement) in the WOMAC Physical Function score of 47%
to 65% versus 22% for placebo. Adverse events were common, especially at higher
doses of tanezumab, 100 mg/kg and above, including headache, upper respiratory
tract infection, and paresthesias.36 A smaller phase II trial of 83 Japanese individuals
with moderate to severe knee OA received a either single dose of IV tanezumab at
doses ranging from 10 mg/kg to 200 mg/kg or placebo. At week 8, those receiving tane-
zumab, 25 mg/kg, 100 mg/kg, or 200 mg/kg, had improvement in WOMAC scores for
pain (100-mm VAS; LS mean differences from placebo of �11.5, �9.6, �18.8,
wnloaded for Anonymous User (n/a) at Washington State University from ClinicalKey.com by Elsevier on March 31, 
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Table 1
Summary of phase III trials of anti–nerve growth factor agents after lifting of Food and Drug Administration hold in 2015

Trial Intervention
Follow-
up Results Joint Adverse Events

Schnitzer et al,55

2019: TNZ for OA
698 patients randomized

to TNZ, 2.5 mg, d 1; TNZ,
2.5 mg, wk 8; TNZ, 2.5 mg,
d 1; TNZ, 5 mg, wk 8; or to PBO

40 wk Both TNZ doses improved WOMAC Pain
and Physical Function subscores and
improved PGA-OA compared with PBO
at 16 wk.

RPOA in 2.2% of TNZ, 2.5 mg/2.5 mg;
0.4% of TNZ, 2.5 mg/5 mg; 0% of PBO.
TJR in 3.5% of TNZ, 2.5 mg/2.5 mg;
6.7% of TNZ, 2.5 mg/5 mg; 1.7% of PBO

Berenbaum et al,56

2020: TNZ for OA
849 patients randomized to

TNZ, 2.5 mg; TNZ, 5 mg; or
PBO, every 8 wk for 3 doses

48 wk Both TNZ doses improved WOMAC Pain
and Physical Function subscores
compared with PBO at 24 wk. Only TNZ,
5 mg, was superior to PBO for PGA-OA
at 24 wk.

RPOA in 1.4% of TNZ 2.5, mg; 2.8% of
TNZ, 5 mg; 0% of PBO. TJR in 7.8% of
TNZ, 2.5 mg; 7.0% TNZ, 5 mg; 6.7% PBO

Hochberg et al,58 2019:
TNZ for OA

2996 patients randomized to
TNZ, 2.5 mg, or TNZ, 5 mg,
every 8 wk; or oral NSAID,
up to wk 56

80 wk TNZ, 5-mg dose, improved WOMAC Pain
andWOMAC Physical Function at 16 wk
compared with NSAIDs but no
difference from NSAIDs at 56 wk. TNZ,
2.5 mg, not statistically different from
NSAIDs at 16 wk or 56 wk

Composite joint safety outcome 3.8%,
TNZ, 2.5 mg; 7.1%, TNZ 5 mg; 1.5%
NSAIDs

Dakin et al,59 2019:
FAS for OA

421 patients randomized
to FAS, 1mg, 3mg, 6mg,
or 9mg; or to PBO every 4 wk
for 4 doses

36 wk All FAS doses improved WOMAC Pain and
Physical Function subscores compared
with PBO at 16 wk. Only FAS, 1 mg and
9 mg, improved PGA-OA compared
with PBO at 16 wk.

RPOA in 5% of fasinumab group (all
doses averaged), 0% PBO. Subchondral
insufficiency fracture in 1.8%
fasinumab, 1.2% PBO. TJR 4% in both
fasinumab and PBO

Markman et al,62

2020: TNZ for LBP
1832 patients randomized

to TNZ, 5-mg SC; TNZ
10-mg SC; TRA; or PBO
every 8 wk, up to wk 56

80 wk TNZ, 10-mg dose, improved LBPI and RDQ
score compared with PBO, and
improved RDQ compared with TRA at
16 wk. TNZ, 5-mg dose, not statistically
different from PBO at 16 wk

Composite adverse joint safety outcomes
in 2.6% of TNZ, 10 mg; 1.0% of TNZ
5 mg; 0.2% of TRA

Abbreviations: FAS, fasinumab (subcutaneous); LBP, low back pain intensity; NSAID, non-steroidal anti-inflammatory drug (oral); OA, osteoarthritis; PBO, placebo;
TNZ, tanezumab (subcutaneous); TRA, tramadol (oral).
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respectively) and physical function (100-mm VAS; LS mean differences from placebo
of �8.7, �9.5, �17.6, respectively). Five study patients reported adverse events
related to peripheral sensation, such as allodynia, paresthesia, thermohypoesthesia,
and dysesthesia.37 In summary, these phase II trials of tanezumab showed short-
term efficacy in reducing pain and improving function in hip and knee OA, with adverse
events of abnormal peripheral sensation.
Development of a different anti-NGF monoclonal antibody, fulranumab, occurred in

parallel with the tanezumab trials. An early-phase study randomized 466 adults with
moderate to severe OA pain of the hip or knee to receive subcutaneous fulranumab
at various doses and frequencies, or placebo, both in addition to existing pain therapy.
At week 12, those receiving the higher doses of fulranumab used in the study (3 mg
every 4 weeks, 6 mg every 6 weeks, or 10 mg every 8 weeks) had improved WOMAC
Pain subscale scores (0–10 NRS; LS mean differences from placebo �1.2, �0.8, and
�0.9, respectively) and WOMAC Physical Function subscale scores (0–10 NRS; LS
mean differences from placebo �1.3, �0.8, and �1.3, respectively). Neurologic
adverse events were reported in 6% of the placebo group and 12% of patients treated
with fulranumab, most commonly paresthesia and hypoesthesia.31 In a phase II
double-blind extension of the previous study, participants were eligible to continue
to receive those doses of fulranumab throughout a 92-week extension phase, followed
by a 24-week post-treatment follow-up period. The duration of drug exposure was
less than planned due to a Food and Drug Administration (FDA) hold on the anti-
NGF development program for joint-related adverse safety signals (discussed in
more detail later). Efficacy data were summarized, however, up to week 49. By this
point, the fulranumab, 3 mg every 4 weeks and 10 mg every 8 weeks, group had im-
provements in WOMAC Pain and Physical Function subscales versus placebo
throughout the study. The safety analysis revealed a joint safety signal of rapidly pro-
gressive OA (RPOA) in 15 of the 388 people (3.8%) receiving fulranumab and in none of
the placebo group. All cases of RPOA occurred in patients taking both fulranumab and
NSAIDs.38 Another trial of fulranumab asmonotherapy compared with placebo or oxy-
codone was terminated early due to an FDA hold on the anti-NGF development pro-
gram for adverse safety signals, but in the limited number of patients randomized,
fulranumab-treated patients had better pain relief than with controlled-release oxyco-
done, but not better than placebo.39 Taken together, the early studies of fulranumab
showed efficacy at pain reduction with the higher doses, with adverse events similar
to the tanezumab trials.
PRE–FOOD AND DRUG ADMINISTRATION HOLD PHASE III TRIALS OF ANTI–NERVE
GROWTH FACTOR AGENTS FOR HIP OR KNEE OSTEOARTHRITIS

In the first phase III study of IV tanezumab for knee OA, 690 patients were random-
ized to receive a single dose of IV tanezumab at 2.5 mg, 5 mg, or 10 mg or placebo. In
this and subsequent studies of tanezumab, the investigators used fixed-dose regi-
mens rather than those based on body weight. At week 16, those receiving tanezu-
mab, 2.5 mg, 5 mg, and 10 mg, had reductions in WOMAC Pain, WOMAC Physical
Function, and patient global assessment (PGA) compared with placebo. Similar to
prior studies, those receiving tanezumab had adverse events of abnormal peripheral
sensation.40 In the first phase III trial of tanezumab for hip OA, 627 participants were
randomized to IV tanezumab at 2.5 mg, 5 mg, or 10 mg doses or placebo. At
16 weeks, each group receiving tanezumab had reduced WOMAC Pain, WOMAC
Physical Function, and Patient Global Assessment of OA (PGA-OA) scores versus
placebo. As with previous trials, the tanezumab groups had more adverse events
wnloaded for Anonymous User (n/a) at Washington State University from ClinicalKey.com by Elsevier on March 31, 
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compared with placebo, with abnormal peripheral sensation the most commonly re-
ported.41 This phase III placebo-controlled trial of IV tanezumab, therefore, showed
efficacy at reducing OA pain and improving physical function, with a similar safety
signal to the early-phase studies.
Additional phase III studies compared IV tanezumab to other analgesics. One phase

III study randomized participants to tanezumab, 5mg or 10mg every 8 weeks for 1 or 2
doses; or controlled-release oxycodone; or placebo. At week 8, both the 5-mg and 10-
mg tanezumab groups had improvement in the WOMAC Pain compared with placebo
and oxycodone (0–10 NRS; LS mean differences from placebo �0.96 and �0.96,
respectively, and LS mean differences from oxycodone �0.99 and �0.99, respec-
tively, for tanezumab, 5 mg and 10 mg), improvement in the WOMAC Physical Func-
tion score (0–10 NRS; LS mean differences from placebo �1.14 and �1.15,
respectively, and LS mean differences from oxycodone �1.00 and �1.01, respec-
tively, for tanezumab, 5 mg and 10 mg), with similar rate of adverse peripheral sensa-
tion as in other studies and an overall lower rate of adverse events in tanezumab arms
compared with oxycodone.42 In 2 other randomized trials comparing IV tanezumab,
5 mg and 10 mg, against naproxen, 5-mg IV, tanezumab had superior improvement
of WOMAC Pain score (0–10 NRS; LS mean differences �1.21 and �1.13 in 2 trials,
respectively, vs placebo; LS mean differences �0.76 and �0.69 in 2 trials, respec-
tively, vs naproxen), and improved WOMAC Physical Function and PGA over nap-
roxen and placebo. The 10-mg IV tanezumab dose was only significantly better
than naproxen for WOMAC Physical Function, not for WOMAC Pain or PGA. Overall
rates of adverse events were similar for tanezumab and naproxen, although the 10-
mg dose of tanezumab had more frequent peripheral abnormal sensation events.11

These active-controlled phase III trials of IV tanezumab had short follow-up periods
but demonstrated superior pain reduction and physical function with an overall favor-
able side-effect profile compared with opiate analgesics. When compared with oral
NSAIDs, a typical first-line OA therapy, the results were mixed, with no superior
pain relief at the higher tanezumab dose.
Additional studies examined the efficacy of IV tanezumab in combination with oral

NSAIDs. In 1 study of individuals taking oral sustained-release diclofenac, 75 mg twice
daily, for moderate to severe knee or hip OA, 607 participants were randomized to IV
tanezumab, 2.5 mg, 5 mg, or 10 mg, or to placebo at weeks 0, 8, and 16. All continued
diclofenac. At week 16, those receiving tanezumab and sustained-release diclofenac
together had improvement over diclofenac plus placebo in WOMAC pain (0–10 NRS;
LS mean differences from baseline �2.09, �2.19, and �2.25, respectively, and LS
mean differences from placebo plus diclofenac �0.41, �0.51, and �0.57, respec-
tively, in tanezumab, 2.5 mg, 5 mg, and 10 mg), with similar improvements in WOMAC
Physical Function and PGA. The incidence of adverse events, however, was higher
with combination therapy, including abnormal peripheral sensation, RPOA, and
need for joint replacements.43 Another study of patients with moderate to severe
hip or knee OA expanded on these results by comparing tanezumab monotherapy
with tanezumab combination therapy with NSAIDs versus NSAIDs treatment alone.
In this study, 2700 individuals were randomized to receive IV tanezumab, 5 mg,
10 mg, or placebo, every 8 weeks, with or without oral naproxen or celecoxib. At
16 weeks, 5-mg and 10-mg tanezumab monotherapy improved WOMAC Pain and
WOMAC Physical Function scores over NSAIDs alone, but no additional improvement
was seen with combination therapy. Adverse events, however, were more frequent
with tanezumab, especially with tanezumab and NSAIDs in combination, compared
with NSAIDs therapy alone, primarily the development of RPOA.44 Due to the high
rate of adverse events seen in these combination trials of tanezumab and NSAIDs,
Downloaded for Anonymous User (n/a) at Washington State University from ClinicalKey.com by Elsevier on March 31, 
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and other trials of fulranumab in patients taking NSAIDs, in particular RPOA, the com-
bination of anti-NGF agents and NSAIDs is not recommended.
SAFETY CONCERNS AND FOOD AND DRUG ADMINISTRATION HOLD

In 2010, after reports arose of adverse events classified as osteonecrosis in the phase
II and phase III trials of tanezumab for low back pain and hip or knee OA, respectively,
the FDA placed a partial clinical hold on tanezumab and, subsequently, all other anti-
NGF monoclonal antibodies, including fulranumab, for all indications except for can-
cer pain. An adjudication committee was formed by Pfizer, the results of which
were presented to the FDA in 2012. Janssen Research & Development conducted a
similar process for fulranumab. In the 11,712 participants in the phase 3 OA and phase
2 chronic low back pain (cLBP) tanezumab development programs, there were 87 re-
ported cases of osteonecrosis, 55 of which occurred when tanezumab and NSAIDs
were used in combination, 28 in tanezumab monotherapy, 4 in active comparator
agents, and 0 with placebo. After adjudication, most of the osteonecrosis adverse
events were reclassified as worsening OA (58.6%), of which two-thirds were RPOA.
In addition, 24.1% of the osteonecrosis events were reclassified as other diseases,
the most common of which was a subchondral insufficiency fracture of the knee.
Data from the phase II studies in the fulranumab development program revealed
increased rate of total joint replacements in participants receiving fulranumab (86
per 1000 patient-years) than with oxycodone (39.8 per 1000 patient-years) or placebo
(50.8 per 1000 patient-years). These reviews confirmed the adverse safety signal of
RPOA and total joint replacements with use of anti-NGF monoclonal antibodies.
The rate of these complications was greater with the higher doses of the anti-NGF an-
tibodies and concurrent use of NSAIDs in combination with tanezumab. The vast ma-
jority (85%) of those receiving fulranumab already were receiving NSAIDs.45,46

After adjudication, most of the osteonecrosis events were reclassified as worsening
or RPOA, and risk mitigation strategies were developed to reduce the risk of RPOA.
These strategies included avoiding combination therapy with NSAIDs, using lower
doses of anti-NGF agents administered subcutaneously, excluding patients with risk
factors for RPOA or who would not be candidates for joint replacement, and establish-
ing joint and neurologic safety monitoring protocols.47 The FDA hold due to joint safety
concerns was lifted in 2012.
Also in 2012, however, an additional clinical hold was placed due to reports of

changes in the sympathetic nervous systems of animals receiving anti-NGF agents
in nonclinical rodent studies. Three additional nonclinical studies of adult cynomolgus
monkeys investigated the effect of subcutaneous tanezumab on the sympathetic ner-
vous system. Tanezumab was associated with decreased sympathetic ganglia vol-
ume and average neuron size in the first month of treatment, but these changes
were not associated with clinical deficits and reversed on drug withdrawal. There
was no evidence found for adverse effects of sympathetic control of cardiovascular
function (eg, orthostasis) nor evidence of neuronal cell death.48 A study of fulranumab
in adult cynomolgus monkeys similarly found decreased size of neurons and sympa-
thetic ganglia, without evidence of neuronal cell death. The changes were found to be
reversed after 3 months of drug withdrawal.49 The clinical hold for sympathetic ner-
vous system changes was lifted in 2015.
There is clinical evidence from case reports of skeletal disorders in some patients

with congenital insensitivity to pain with anhidrosis, caused by loss-of-function muta-
tions in either NGF or TrkA.50–53 In these patients, fracture healing was described as
occurring normally, but some patients developed a progressive arthropathy, resulting
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in disabling Charcot joints with gross deformity and instability. These patients lacked
deep pain perception in bones and joints and had no protective reflexes, leading to
significant bone and joint complications.54
POST-2015 PHASE III STUDIES IN KNEE AND HIP OSTEOARTHRITIS

Development of tanezumab and fasinumab resumed after lifting of the FDA holds in
2015. A summary of these post-2015 trials is provided in Table 1. In 1 phase III study,
698 participants with hip or knee OA who had not responded to or could not take stan-
dard OA analgesics were randomized to subcutaneous tanezumab, 2.5 mg, at week 1
and week 8; subcutaneous tanezumab, 2.5 mg, at week 1, and 5 mg at week 8; or pla-
cebo. At 16 weeks, WOMAC Pain scores (0–10 NRS) decreased from a mean of 7.1 to
3.6 in the tanezumab, 2.5-mg/2.5-m, group; from 7.3 to 3.6 in the tanezumab, 2.5-mg/
5-m, group; and from 7.3 to 4.4 in the placebo arm (LS mean differences from placebo
of�0.60 in the 2.5-mg/2.5-mg group and�0.73 in the 2.5-mg/5-mg group). There was
a similar response in the WOMAC Physical Function score (0–10 NRS), with LS mean
difference versus placebo of�0.66 for tanezumab, 2.5 mg/2.5 mg, and�0.89 for tane-
zumab, 2.5 mg/5 mg. Five patients in the tanezumab, 2.5-mg/2.5-m, arm (2.2%), and 1
patient in the tanezumab, 2.5-mg/5-m, arm (0.4%) developed RPOA versus no pa-
tients in the placebo group. Incidence rates of total joint replacement were 3.5%,
6.9%, and 1.7% in the tanezumab, 2.5-mg/2.5-mg; tanezumab, 2.5-mg/5-mg; and
placebo groups, respectively.55 In summary, lower doses of tanezumab administered
subcutaneously reduced OA pain and improved function at 16 weeks but were asso-
ciated with higher rates of RPOA and joint replacement compared to placebo.
Another phase III trial of subcutaneous tanezumab randomized 849 patients to

receive tanezumab, 2.5 mg; tanezumab, 5 mg; or placebo every 8 weeks for 3 doses.
At 24 weeks, the LS mean differences of tanezumab, 2.5 mg, compared with placebo
was �0.46 for WOMAC Pain (0–10 NRS) and �0.59 for WOMAC Physical Function (0–
10 NRS) but not significantly different than placebo for PGA-OA. For tanezumab, 5mg,
the LS mean differences from placebo were �0.62 for WOMAC Pain, �0.71 for
WOMAC Physical Function, and �0.19 for PGA-OA (5-point Likert scale from
1 5 very good to 5 5 very poor). Safety findings were studied out to week 48.
RPOA occurred in 0 patients receiving placebo; 4 patients (1.4%) receiving tanezu-
mab, 2.5 mg; and 8 patients (2.8%) receiving tanezumab, 5 mg. There was 1 case
of subchondral insufficiency fracture in the tanezumab, 2.5-mg group, and 1 case of
primary osteonecrosis in the tanezumab, 5-mg, group. Rates of total joint replacement
were 6.7% in placebo; 7.8% in tanezumab, 2.5 mg; and 7.0% in tanezumab, 5 mg.
During the treatment period, paresthesia was more common with tanezumab, 5 mg
(4.2%,) than with placebo (1.8%) and equivalent to placebo in tanezumab, 2.5 mg
(1.8%). Hypoesthesia was more common in tanezumab, 5 mg (2.1%), and in tanezu-
mab, 2.5 mg (1.4%), than in placebo (0.7%). None of the paresthesia or hypoesthesia
events was considered severe. There were no patients in any of the groups who devel-
oped sympathetic neuropathies, as confirmed by protocol-specified cardiology or
neurology consultation.56 This study had a longer duration of treatment and moni-
toring than in previous studies and showed efficacy for pain and physical function
of both 2.5-mg and 5-mg doses of subcutaneous tanezumab but with a dose-
dependent increasing in adverse joint events compared with placebo.
Additional information on the long-term efficacy and safety of subcutaneous tane-

zumab for hip or knee OA comes from a phase III active-controlled study of subcu-
taneous tanezumab compared with NSAIDs, currently published in abstract form
(NCT02528188). In this trial, 2996 participants who had moderate to severe hip or
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knee OA despite oral NSAIDs therapy either were switched to subcutaneous tanezu-
mab or continued on oral NSAIDs. Patients received subcutaneous tanezumab
(2.5 mg or 5 mg every 8 weeks) plus oral placebo, or oral NSAIDs plus subcutaneous
placebo, continued from baseline through week 56, with an additional 24 weeks of
safety monitoring. At week 16, those receiving tanezumab, 5 mg, had statistically sig-
nificant improvement versus oral NSAIDs in WOMAC Pain (0–10 NRS; LS mean differ-
ence from NSAIDs �0.26) and in WOMAC Physical Function (0–10 NRS; LS mean
difference from NSAIDs �0.31) but not in PGA-OA. The 2.5-mg tanezumab dose
was not statistically different than NSAIDs therapy at week 16. Neither dose of tane-
zumab was statistically different than NSAIDs therapy at week 56.57 The primary adju-
dicated composite joint safety outcome was defined as the combined rate of RPOA,
osteonecrosis, subchondral insufficiency fracture, and pathologic fracture. At a total
follow-up period of 80 weeks, the composite joint safety outcome occurred in 1.5%
of the oral NSAIDs group; 3.8% of the tanezumab, 2.5-mg, group; and in 7.1% of
the tanezumab, 5-mg, group. Most of these joint safety events were RPOA, occurring
in 1.2% of the oral NSAIDs group; 3.2% of the tanezumab, 2.5-mg, group; and 6.3% in
the tanezumab, 5-mg, group. Total joint replacement also was more common in tane-
zumab, 2.5 mg (5.3%), and in tanezumab, 5 mg (8.0%), than in those receiving oral
NSAIDs (2.6%).58 Although the lower dose of tanezumab, 2.5 mg, did not meet the ef-
ficacy endpoints versus oral NSAIDs in this study, the prolonged duration of treatment
and follow-up provide the best information to date about the safety profile of
tanezumab.
Fasinumab, a human anti-NGF monoclonal antibody, also is in phase III develop-

ment. A phase IIb/III study randomized 421 individuals with hip or knee OA and inad-
equate response to analgesics to subcutaneous fasinumab at doses ranging from
1 mg to 9 mg every 4 weeks or placebo. At week 16, all doses of fasinumab led to
decreased WOMAC Pain score (0–10 NRS; LS mean difference from placebo ranging
from�0.8 to�1.4), with similar improvements in WOMAC Physical Function and PGA,
with no obvious dose dependence observed. Adjudicated analysis found arthropathy
adverse events in 5% of the study overall, involving 25 joints (13 index and 12 nonin-
dex) in 7% of those in the fasinumab groups and 1% in the placebo group. The ar-
thropathies demonstrated a dose relationship. RPOA occurred in 5% of the
fasinumab and 0% of the placebo group, and subchondral insufficiency fractures in
1.8% of the fasinumab and 1.2% in the placebo group. The rates of joint replacement,
approximately 4%, were similar in all groups. Most arthropathies were detected
radiographically.59

As of the date of this publication, fulranumab is not in active development. Fasinu-
mab is in ongoing phase III trials. The developer of tanezumab has submitted a bio-
logics license application to the US Food and Drug Administration for the 2.5-mg
dose of subcutaneous tanezumab for the treatment of moderate to severe OA.
ANTI–NERVE GROWTH FACTOR AGENTS FOR CHRONIC LOW BACK PAIN

Early studies of anti-NGF agents tanezumab, fulranumab, and fasinumab for cLBP
showed mixed results in reducing pain versus placebo and shared the same joint
safety concerns as in trials for hip and knee OA.60 After lifting of the FDA hold in
2015, development of anti-NGF agents for cLBP resumed. Important outcome mea-
sures in these trials include the low back pain intensity (LBPI) score (0–10 NRS with
0 5 no pain and 10 5 most severe pain) and the Roland-Morris Disability Question-
naire (RDQ) (24-item assessment of daily physical function scored from 0 5 no
disability to 24 5 maximum disability).61
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The first phase III study of subcutaneous tanezumab randomized 1832 patients with
cLBP and inadequate response to analgesics to receive subcutaneous tanezumab,
5 mg or 10 mg, every 8 weeks, or placebo, or prolonged-release oral tramadol. At
16 weeks, tanezumab, 10 mg, provided significantly better improvement in LBPI
than placebo (LS mean difference vs placebo �0.40) and better improvement in
RDQ than placebo (LS mean difference vs placebo �1.74). Improvements with tane-
zumab, 5 mg, were not significantly different than placebo at week 16. Neither tane-
zumab dose was superior to tramadol at reducing LBPI at 16 weeks, although
tanezumab, 10 mg, provided greater reduction in RDQ than tramadol. There was no
significant difference in LBPI or RDQ with tanezumab compared with placebo or tra-
madol at week 56. Joint safety adjudication revealed more frequent adverse joint
safety outcomes in the tanezumab, 10-mg, group (2.6%) than in the tanezumab, 5-
mg, group (1.0%), or than in the tramadol group (0.2%). The most frequent adverse
joint outcome was RPOA (1.4% in the tanezumab, 10-mg, group) in 80 weeks’ total
follow-up.62

SUMMARY

NGF inhibitors reduce pain and improve physical function in patients with moderate to
severe hip or knee OA. The anti-NGF antibodies currently under development are
administered by subcutaneous injection every 4 weeks to 8 weeks, providing a pro-
longed duration of pain relief. Enthusiasm for these agents has been limited primarily
by the development of RPOA and other adverse joint events that are dose-dependent
safety signals seen with administration of anti-NGF agents, particularly because the
mechanism behind these events is not entirely clear. The magnitude of and mechanism
behind the further increased risk of RPOA when anti-NGF agents are combined with
NSAIDs also are not defined. Relatively mild neurologic adverse events also have
been reported. Trials have been relatively short term, and, given the chronic continuous
nature of OA, the rates of RPOA and joint replacement during long-term use of anti-NGF
agents also are not yet clear and remain areas of active investigation. In the largest
recent studies, RPOA occurred in 2.4% to 8.4% of those receiving subcutaneous fasi-
numab at various doses for 16 weeks of treatment at 36 weeks’ total follow-up59; in
3.2% of those receiving subcutaneous tanezumab, 2.5 mg; and 6.3% of those receiving
tanezumab, 5 mg, for 56 weeks of treatment at 80 weeks’ total follow-up.58 Thus, the
benefit of anti-NGF therapy to reduce pain and improve function must be balanced
cautiously against the risk of accelerated OA. Further studies are needed to determine
the mechanisms underlying the development of RPOA, which may enable identifying
patients at higher or lower risk, which would enable a more personalized medicine
approach to use of anti-NGF therapy.

CLINICS CARE POINTS
� Anti-NGF monoclonal antibodies are being considered for FDA approval for use in OA of the
hip or knee.

� RPOA is a safety signal observed in NGF inhibitor trials that remains poorly understood.

� NGF inhibitors never should be used concurrently with NSAIDs due to an enhanced risk of
RPOA when both agents are used together.

� The benefit of anti-NGF therapy to reduce pain and improve function must be balanced
cautiously against the risk of accelerated OA.
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6. Jüni P, Hari R, Rutjes AWS, et al. Intra-articular corticosteroid for knee osteoar-
thritis. Cochrane Database Syst Rev 2015;10:CD005328.

7. Deveza LA, Hunter DJ, Van Spil WE. Too much opioid, too much harm. Osteoar-
thritis Cartilage 2018;26(3):293–5.

8. Ritter AM, Lewin GR, Kremer NE, et al. Requirement for nerve growth factor in the
development of myelinated nociceptors in vivo. Nature 1991;350(6318):500–2.

9. Crowley C, Spencer SD, Nishimura MC, et al. Mice lacking nerve growth factor
display perinatal loss of sensory and sympathetic neurons yet develop basal
forebrain cholinergic neurons. Cell 1994;76(6):1001–11.

10. Einarsdottir E, Carlsson A, Minde J, et al. A mutation in the nerve growth factor
beta gene (NGFB) causes loss of pain perception. Hum Mol Genet 2004;13(8):
799–805.

11. Chao MV. Neurotrophins and their receptors: a convergence point for many sig-
nalling pathways. Nat Rev Neurosci 2003;4(4):299–309.

12. Indo Y. Molecular basis of congenital insensitivity to pain with anhidrosis (CIPA):
mutations and polymorphisms in TRKA (NTRK1) gene encoding the receptor
tyrosine kinase for nerve growth factor. Hum Mutat 2001;18(6):462–71.

13. Mizumura K, Murase S. Role of nerve growth factor in pain. In: Schaible H-G, ed-
itor. Pain Control. Handbook of experimental pharmacology. Berling, Heidelberg:
Springer; 2015. p. 57–77. https://doi.org/10.1007/978-3-662-46450-2_4.

14. Lindholm D, Heumann R, Meyer M, et al. Interleukin-1 regulates synthesis of
nerve growth factor in non-neuronal cells of rat sciatic nerve. Nature 1987;
330(6149):658–9.

15. Shelton DL, Zeller J, Ho W-H, et al. Nerve growth factor mediates hyperalgesia
and cachexia in auto-immune arthritis. Pain 2005;116(1–2):8–16.

16. Lindsay RM, Harmar AJ. Nerve growth factor regulates expression of neuropep-
tide genes in adult sensory neurons. Nature 1989;337(6205):362–4.
wnloaded for Anonymous User (n/a) at Washington State University from ClinicalKey.com by Elsevier on March 31, 
2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0889-857X(20)30138-1/sref1
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref1
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref1
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref2
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref3
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref3
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref4
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref4
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref4
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref4
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref5
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref5
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref5
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref6
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref6
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref7
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref7
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref8
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref8
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref9
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref9
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref9
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref10
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref10
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref10
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref11
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref11
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref12
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref12
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref12
https://doi.org/10.1007/978-3-662-46450-2_4
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref14
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref14
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref14
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref15
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref15
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref16
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref16


Targeting Nerve Growth Factor 193
17. Mantyh PW, Koltzenburg M, Mendell LM, et al. Antagonism of Nerve Growth
Factor-TrkA Signaling and the Relief of Pain. Anesthesiology 2011;115(1):
189–204.

18. McKelvey L, Shorten GD, O’Keeffe GW. Nerve growth factor-mediated regulation
of pain signalling and proposed new intervention strategies in clinical pain man-
agement. J Neurochem 2013;124(3):276–89.

19. Shang X, Wang Z, Tao H. Mechanism and therapeutic effectiveness of nerve
growth factor in osteoarthritis pain. Ther Clin Risk Manag 2017;13:951–6.

20. Tomlinson RE, Li Z, Zhang Q, et al. NGF-TrkA signaling by sensory nerves coor-
dinates the vascularization and ossification of developing endochondral bone.
Cell Rep 2016;16(10):2723–35.

21. Tomlinson RE, Li Z, Li Z, et al. NGF-TrkA signaling in sensory nerves is required
for skeletal adaptation to mechanical loads in mice. Proc Natl Acad Sci U S A
2017;114(18):E3632–41.

22. Minnone G, De Benedetti F, Bracci-Laudiero L. NGF and its receptors in the regu-
lation of inflammatory response. Int J Mol Sci 2017;18(5). https://doi.org/10.3390/
ijms18051028.

23. Iannone F, De Bari C, Dell’Accio F, et al. Increased expression of nerve growth
factor (NGF) and high affinity NGF receptor (p140 TrkA) in human osteoarthritic
chondrocytes. Rheumatology (Oxford) 2002;41(12):1413–8.

24. Aloe L, Tuveri MA, Carcassi U, et al. Nerve growth factor in the synovial fluid of
patients with chronic arthritis. Arthritis Rheum 1992;35(3):351–5.

25. Johnstone MR, Brady RD, Schuijers JA, et al. The selective TrkA agonist, gambo-
gic amide, promotes osteoblastic differentiation and improves fracture healing in
mice. J Musculoskelet Neuronal Interact 2019;19(1):94–103.

26. Hemingway F, Taylor R, Knowles HJ, et al. RANKL-independent human osteoclast
formation with APRIL, BAFF, NGF, IGF I and IGF II. Bone 2011;48(4):938–44.

27. Stapledon CJM, Tsangari H, Solomon LB, et al. Human osteocyte expression of
nerve growth factor: the effect of pentosan polysulphate sodium (PPS) and impli-
cations for pain associated with knee osteoarthritis. PLoS One 2019;14(9):
e0222602.

28. Jiang Y, Tuan RS. Role of NGF-TrkA signaling in calcification of articular chondro-
cytes. FASEB J 2019;33(9):10231–9.

29. Abdiche YN, Malashock DS, Pons J. Probing the binding mechanism and affinity
of tanezumab, a recombinant humanized anti-NGF monoclonal antibody, using a
repertoire of biosensors. Protein Sci 2008;17(8):1326–35.

30. Tiseo PJ, Kivitz AJ, Ervin JE, et al. Fasinumab (REGN475), an antibody against
nerve growth factor for the treatment of pain: results from a double-blind, pla-
cebo-controlled exploratory study in osteoarthritis of the knee. Pain 2014;
155(7):1245–52.

31. Sanga P, Katz N, Polverejan E, et al. Efficacy, safety, and tolerability of fulranu-
mab, an anti-nerve growth factor antibody, in the treatment of patients with mod-
erate to severe osteoarthritis pain. Pain 2013;154(10):1910–9.

32. Janssen announces discontinuation of fulranumab phase 3 development program
in osteoarthritis pain j Johnson & Johnson. Available at: https://www.jnj.com/media-
center/press-releases/janssen-announces-discontinuation-of-fulranumab-phase-3-
development-program-in-osteoarthritis-pain. Accessed October 21, 2020.

33. Walsh DA, Neogi T. A tale of two TrkA inhibitor trials: same target, divergent re-
sults. Osteoarthritis Cartilage 2019;27(11):1575–7.

34. Bellamy N, Buchanan WW, Goldsmith CH, et al. Validation study of WOMAC: a
health status instrument for measuring clinically important patient relevant
Downloaded for Anonymous User (n/a) at Washington State University from ClinicalKey.com by Elsevier on March 31, 
2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0889-857X(20)30138-1/sref17
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref17
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref17
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref18
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref18
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref18
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref19
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref19
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref20
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref20
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref20
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref21
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref21
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref21
https://doi.org/10.3390/ijms18051028
https://doi.org/10.3390/ijms18051028
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref23
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref23
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref23
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref24
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref24
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref25
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref25
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref25
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref26
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref26
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref27
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref27
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref27
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref27
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref28
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref28
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref29
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref29
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref29
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref30
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref30
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref30
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref30
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref31
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref31
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref31
https://www.jnj.com/media-center/press-releases/janssen-announces-discontinuation-of-fulranumab-phase-3-development-program-in-osteoarthritis-pain
https://www.jnj.com/media-center/press-releases/janssen-announces-discontinuation-of-fulranumab-phase-3-development-program-in-osteoarthritis-pain
https://www.jnj.com/media-center/press-releases/janssen-announces-discontinuation-of-fulranumab-phase-3-development-program-in-osteoarthritis-pain
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref33
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref33
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref34
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref34


Dietz et al194

Do
outcomes to antirheumatic drug therapy in patients with osteoarthritis of the hip or
knee. J Rheumatol 1988;15(12):1833–40.

35. Copsey B, Thompson JY, Vadher K, et al. Problems persist in reporting of
methods and results for the WOMAC measure in hip and knee osteoarthritis trials.
Qual Life Res 2019;28(2):335.

36. Lane NE, Schnitzer TJ, Birbara CA, et al. Tanezumab for the treatment of pain
from osteoarthritis of the knee. N Engl J Med 2010;363(16):1521.

37. Nagashima H, Suzuki M, Araki S, et al. Preliminary assessment of the safety and
efficacy of tanezumab in Japanese patients with moderate to severe osteoar-
thritis of the knee: a randomized, double-blind, dose-escalation, placebo-
controlled study. Osteoarthritis Cartilage 2011;19(12):1405–12.

38. Sanga P, Katz N, Polverejan E, et al. Long-term safety and efficacy of fulranumab
in patients with moderate-to-severe osteoarthritis pain: a phase ii randomized,
double-blind, placebo-controlled extension study. Arthritis Rheumatol 2017;
69(4):763–73.

39. Mayorga AJ, Wang S, Kelly KM, et al. Efficacy and safety of fulranumab as mono-
therapy in patients with moderate to severe, chronic knee pain of primary osteo-
arthritis: a randomised, placebo- and active-controlled trial. Int J Clin Pract 2016;
70(6):493–505.

40. Brown MT, Murphy FT, Radin DM, et al. Tanezumab reduces osteoarthritic knee
pain: results of a randomized, double-blind, placebo-controlled phase III trial.
J Pain 2012;13(8):790–8.

41. Brown MT, Murphy FT, Radin DM, et al. Tanezumab reduces osteoarthritic hip
pain: results of a randomized, double-blind, placebo-controlled phase III trial.
Arthritis Rheum 2013;65(7):1795–803.

42. Spierings ELH, Fidelholtz J, Wolfram G, et al. A phase III placebo- and
oxycodone-controlled study of tanezumab in adults with osteoarthritis pain of
the hip or knee. Pain 2013;154(9):1603–12.

43. Balanescu AR, Feist E, Wolfram G, et al. Efficacy and safety of tanezumab added
on to diclofenac sustained release in patients with knee or hip osteoarthritis: a
double-blind, placebo-controlled, parallel-group, multicentre phase III rando-
mised clinical trial. Ann Rheum Dis 2014;73(9):1665–72.

44. Schnitzer TJ, Ekman EF, Spierings ELH, et al. Efficacy and safety of tanezumab
monotherapy or combined with non-steroidal anti-inflammatory drugs in the treat-
ment of knee or hip osteoarthritis pain. Ann Rheum Dis 2015;74(6):1202–11.

45. Hochberg MC. Serious joint-related adverse events in randomized controlled tri-
als of anti-nerve growth factor monoclonal antibodies. Osteoarthritis Cartilage
2015;23:S18–21.

46. Hochberg MC, Tive LA, Abramson SB, et al. When is osteonecrosis not osteonec-
rosis?: adjudication of reported serious adverse joint events in the tanezumab
clinical development program. Arthritis Rheumatol Hoboken NJ 2016;68(2):
382–91.

47. Bélanger P, West CR, Brown MT. Development of pain therapies targeting nerve
growth factor signal transduction and the strategies used to resolve safety issues.
J Toxicol Sci 2018;43(1):1–10.

48. Belanger P, Butler P, Butt M, et al. From the cover: evaluation of the effects of ta-
nezumab, a monoclonal antibody against nerve growth factor, on the sympathetic
nervous system in adult cynomolgus monkeys (Macaca fascicularis): a stereo-
logic, histomorphologic, and cardiofunctional assessment. Toxicol Sci 2017;
158(2):319–33.
wnloaded for Anonymous User (n/a) at Washington State University from ClinicalKey.com by Elsevier on March 31, 
2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0889-857X(20)30138-1/sref34
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref34
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref35
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref35
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref35
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref36
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref36
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref37
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref37
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref37
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref37
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref38
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref38
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref38
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref38
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref39
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref39
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref39
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref39
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref40
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref40
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref40
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref41
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref41
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref41
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref42
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref42
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref42
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref43
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref43
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref43
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref43
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref44
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref44
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref44
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref45
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref45
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref45
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref46
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref46
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref46
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref46
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref47
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref47
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref47
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref48
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref48
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref48
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref48
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref48


Targeting Nerve Growth Factor 195
49. Rocca M, Han C, Butt M, et al. Evaluation of the toxicity and neurological effects
of fulranumab in adult cynomolgus monkeys. Int J Toxicol 2019. https://doi.org/
10.1177/1091581819830980.

50. Rosemberg S, Marie SK, Kliemann S. Congenital insensitivity to pain with anhid-
rosis (hereditary sensory and autonomic neuropathy type IV). Pediatr Neurol
1994;11(1):50–6.

51. Toscano E, della Casa R, Mardy S, et al. Multisystem involvement in congenital
insensitivity to pain with anhidrosis (CIPA), a nerve growth factor receptor(Trk
A)-related disorder. Neuropediatrics 2000;31(1):39–41.

52. Indo Y, Mardy S, Miura Y, et al. Congenital insensitivity to pain with anhidrosis
(CIPA): novel mutations of the TRKA (NTRK1) gene, a putative uniparental dis-
omy, and a linkage of the mutant TRKA and PKLR genes in a family with CIPA
and pyruvate kinase deficiency. Hum Mutat 2001;18(4):308–18.

53. Bonkowsky JL, Johnson J, Carey JC, et al. An infant with primary tooth loss and
palmar hyperkeratosis: a novel mutation in the NTRK1 gene causing congenital
insensitivity to pain with anhidrosis. Pediatrics 2003;112(3 Pt 1):e237–41.

54. Minde J, Svensson O, Holmberg M, et al. Orthopedic aspects of familial insensi-
tivity to pain due to a novel nerve growth factor beta mutation. Acta Orthop 2006;
77(2):198–202.

55. Schnitzer TJ, Easton R, Pang S, et al. Effect of tanezumab on joint pain, physical
function, and patient global assessment of osteoarthritis among patients with
osteoarthritis of the hip or knee. JAMA 2019;322(1):37–48.

56. Berenbaum F, Blanco FJ, Guermazi A, et al. Subcutaneous tanezumab for oste-
oarthritis of the hip or knee: efficacy and safety results from a 24-week rando-
mised phase III study with a 24-week follow-up period. Ann Rheum Dis 2020;
79(6):800–10.

57. Subcutaneous tanezumab vs NSAID for the treatment of osteoarthritis: efficacy
and general safety results from a randomized, double-blind, active-controlled,
80-week, phase-3 study. ACR meeting abstracts. Available at: https://
acrabstracts.org/abstract/subcutaneous-tanezumab-vs-nsaid-for-the-treatment-
of-osteoarthritis-efficacy-and-general-safety-results-from-a-randomized-double-
blind-active-controlled-80-week-phase-3-study/. Accessed October 20, 2020.

58. Subcutaneous tanezumab versus NSAID for the treatment of osteoarthritis: joint
safety events in a randomized, double-blind, active-controlled, 80-week,
phase-3 study. ACR meeting abstracts. Available at: https://acrabstracts.org/
abstract/subcutaneous-tanezumab-versus-nsaid-for-the-treatment-of-osteoarthri
tis-joint-safety-events-in-a-randomized-double-blind-active-controlled-80-week-p
hase-3-study/. Accessed October 20, 2020.

59. Dakin P, DiMartino SJ, Gao H, et al. The efficacy, tolerability, and joint safety of
fasinumab in osteoarthritis pain: a phase IIb/III double-blind, placebo-controlled,
randomized clinical trial. Arthritis Rheumatol Hoboken NJ 2019;71(11):1824–34.

60. Leite VF, Buehler AM, El Abd O, et al. Anti-nerve growth factor in the treatment of
low back pain and radiculopathy: a systematic review and a meta-analysis. Pain
Physician 2014;17(1):E45–60.

61. Roland M, Morris R. A study of the natural history of back pain. Part I: develop-
ment of a reliable and sensitive measure of disability in low-back pain. Spine
1983;8(2):141–4.

62. Markman JD, Bolash RB, McAlindon TE, et al. Tanezumab for chronic low back
pain: a randomized, double-blind, placebo- and active-controlled, phase 3 study
of efficacy and safety. Pain 2020;161(9):2068–78.
Downloaded for Anonymous User (n/a) at Washington State University from ClinicalKey.com by Elsevier on March 31, 
2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

https://doi.org/10.1177/1091581819830980
https://doi.org/10.1177/1091581819830980
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref50
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref50
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref50
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref51
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref51
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref51
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref52
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref52
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref52
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref52
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref53
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref53
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref53
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref54
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref54
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref54
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref55
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref55
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref55
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref56
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref56
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref56
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref56
https://acrabstracts.org/abstract/subcutaneous-tanezumab-vs-nsaid-for-the-treatment-of-osteoarthritis-efficacy-and-general-safety-results-from-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
https://acrabstracts.org/abstract/subcutaneous-tanezumab-vs-nsaid-for-the-treatment-of-osteoarthritis-efficacy-and-general-safety-results-from-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
https://acrabstracts.org/abstract/subcutaneous-tanezumab-vs-nsaid-for-the-treatment-of-osteoarthritis-efficacy-and-general-safety-results-from-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
https://acrabstracts.org/abstract/subcutaneous-tanezumab-vs-nsaid-for-the-treatment-of-osteoarthritis-efficacy-and-general-safety-results-from-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
https://acrabstracts.org/abstract/subcutaneous-tanezumab-versus-nsaid-for-the-treatment-of-osteoarthritis-joint-safety-events-in-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
https://acrabstracts.org/abstract/subcutaneous-tanezumab-versus-nsaid-for-the-treatment-of-osteoarthritis-joint-safety-events-in-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
https://acrabstracts.org/abstract/subcutaneous-tanezumab-versus-nsaid-for-the-treatment-of-osteoarthritis-joint-safety-events-in-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
https://acrabstracts.org/abstract/subcutaneous-tanezumab-versus-nsaid-for-the-treatment-of-osteoarthritis-joint-safety-events-in-a-randomized-double-blind-active-controlled-80-week-phase-3-study/
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref59
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref59
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref59
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref60
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref60
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref60
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref61
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref61
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref61
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref62
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref62
http://refhub.elsevier.com/S0889-857X(20)30138-1/sref62

	Targeting Nerve Growth Factor for Pain Management in Osteoarthritis—Clinical Efficacy and Safety
	Key points
	Background
	Biologic role of nerve growth factor
	Clinical outcomes in anti–nerve growth factor trials
	Early-phase trials of anti–nerve growth factor agents for hip or knee osteoarthritis
	growth factor agents for hip or knee osteoarthritis
	Safety concerns and Food and Drug Administration hold
	Post-2015 phase III studies in knee and hip osteoarthritis
	Anti–nerve growth factor agents for chronic low back pain
	Summary
	Clinics care points
	References




