Impact case study (REF3b) RGF@@H@L

Research Excellence Framework

Institution: King's College London

Unit of Assessment: UoA5

Title of case study: Identification and validation of nerve growth factor as a peripheral pain
mediator

1. Summary of the impact

There a great need to develop novel drugs to treat pain and in particular chronic pain. Scientists at
King’s College London (KCL) identified nerve growth factor (NGF) as an important mediator of
persistent pain and validated it as a therapeutic target by demonstrating the beneficial effects of
neutralising its activity using biological reagents in a number of animal models. The KCL team
collaborated closely with the scientists at Genentech who went on to develop a neutralising
antibody to NGF for the treatment of pain. This drug has been found to exhibit unprecedented
efficacy in phase Il trials in man and is currently being considered for registration. Their discovery
has also led to several other major pharmaceutical companies initiating drug discovery programs in
this area and has contributed to the subject area of pain management.

2. Underpinning research

Chronic pain remains a major unmet medical need affecting around 20% of Europeans with a
considerable socio-economic burden due to both cost of therapy and loss of working hours.
Pharmacological treatment of chronic pain is focussed around two major classes of drug — opiates
and non-steroid anti-inflammatory agents — both of which have significant side effects and limited
long-term efficacy. Research into new pain-relieving compounds has been led at King’s College
London (KCL) by Prof Steve McMahon (1984-present, Sherrington Professor of Physiology)
supported by several colleagues including Dr Dave Bennett (2006-12, Wellcome Trust Fellow) and
Dr John Priestley (at KCL until 1999).

Following early work on the influences of peripheral tissues on the properties of their sensory
innervation, KCL scientists hypothesised that nerve growth factor (NGF), which at this point was
largely viewed as a molecule with only beneficial properties, acted as a peripheral pain mediator in
a number of chronic pain states. This ground-breaking hypothesis was rigorously tested by the
KCL team with the key results published in a number of high impact papers.

Following development by the biotechnology company Genentech in 1994 of a NGF knockout
mouse, KCL scientists demonstrated that these animals failed to respond to noxious mechanical
stimuli. This provided the first clue that NGF might be a pain mediator (Crowley C, et al. Cell.
1994). This could have been interpreted as reflecting a role for NGF solely in the development of
pain sensing neurons, especially as in-utero up to 80% of dorsal root ganglion (DRG) cells are
dependent on NGF for their survival. However, a number of breakthrough studies by KCL showed
that the high-affinity NGF receptor TrkA was expressed on pain sensing neurons in adult animals.
For instance, in the rat, TrkA was found to be expressed by a very high percentage of visceral
afferents of DRG neurons (McMahon S, et al. Neuron, 1994; Bennett, DL et al. Eur J Neurosci,
1996) and in cells in the dorsal horn of the spinal cord (Averil S, et al. Eur J Neurosci, 1995). This
indicated an ongoing function for NGF as opposed to a role restricted to development.

The next major breakthrough came when KCL scientists showed that administration of NGF can
induce pain. Studies with adult rats found that single intradermal injections of doses over 250 ng of
human recombinant NGF into the hindpaw led to a prolonged thermal hyperalgesia to radiant heat,
suggesting activation and sensitization of cutaneous nociceptors (Andreev N, et al. Eur J Neurosci,
1995). Together with collaborators at Genentech these observations led to seminal studies
demonstrating that endogenous NGF could be neutralised by administration of a TrkA-lgG fusion
molecule (a biological molecule that directly binds NGF and prevents its action). They also found
that neutralisation of endogenous NGF reduced abnormal pain sensitivity in a variety of models of
pain, particularly those associated with peripheral inflammation. For instance, in one study,
administration of TrkA-1gG to cultured sensory neurons produced a sustained thermal and
chemical hypoalgesia and led to a downregulation of the sensory neuropeptide calcitonin gene-
related peptide. Acute administration of TrkA-1gG also blocked the hyperalgesia that normally
develops with carrageenan-induced inflammation (McMahon S, et al. Nature Med, 1995). Another
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study used an in vitro rat skin nerve preparation in which carrageenan administration produced a
marked increase in the proportion of nociceptors displaying ongoing activity and spontaneously
active fibres were sensitized to heat. Here, when TrkA-IgG was coadministered with carrageenan
at the onset of inflammation, primary afferent nociceptors did not sensitize and displayed
essentially normal response properties (Koltzenburg M, et al. Eur J Neurosci, 1999).
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4. Details of the impact (indicative maximum 750 words)

KCL research leads to the development of tanezumab

King’'s College London (KCL) scientists contributed to the identification and validation of nerve
growth factor (NGF) as a peripheral pain mediator. Collaborative work with Genentech led to this
San Francisco-based biotechnology company developing a neutralising antibody to NGF for the
treatment of pain: tanezumab (RN-624). Genentech established as spinout company — Rinat — to
take tanezumab forward and in 2006 the drug was acquired by the pharmaceutical company
Pfizer. Pfizer have invested heavily in tanezumab and sponsored a large number of Phase Il and IlI
clinical trials involving over 10,000 patients for a variety of conditions including osteoarthritis (OA)
pain, low back pain and visceral pain. The successful results of these trials have been published in
a number of peer-reviewed journals. For example, Phase Il and Ill trials using tanezumab to
reduce joint pain and improve function in people with OA of the knee, involving 450 and 690 people
respectively, have shown superior analgesic efficacy of tanezumab compared to a placebo. These
studies also showed that tanezumab was well tolerated, something essential in pain management
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therapy as current treatment options can be limited by their adverse event profiles (1a,b). Both of
these papers draw on KCL research when discussing the background to the discovery of the role
of NGF in causing or augmenting pain, including McMahon 1995 and a 1996 review of NGF by
McMahon that includes the early studies detailed above (1c).

More recently tanezumab has been shown to be an effective treatment for OA hip pain in a trial
involving over 600 patients that used McMahon’s 2006 review to paint the background of
tanezumab’s development (1d). Other studies, involving over 1500 patients in total and citing
Andreev 1995 when discussing how NGF administration results in hyperalgesia, have shown
tanezumab to be safe and efficacious in the treatment of chronic low back pain (1e,f). The
contribution of KCL work to the development of tanezumab is also reflected in the inclusion of this
research in a number of patents. For instance, Crowley 1994 is one of the first references cited in
two of Pfizer’s patents for anti-NGF antibodies, published in 2009 (1g) and 2010 (1h). The second
of these also cites Andreev 1995, McMahon 1995 and McMahon'’s 1996 review.

KCL research spurs development of other NGF-blocking compounds

Since the trials of tanezumab established the translatability of the preclinical work pioneered at KCL
several other companies have invested heavily in clinical trials for compounds blocking NGF’s actions.
For instance, PG110 (ABT-110) a humanized mAb developed by the company PanGenetics, was
acquired in 2009 by Abbott Labs for $190 million (2a). The patent for this product cites the majority
of the above-discussed KCL studies as well as McMahon’s 1996 review (2b). Other NGF products
in development include fulranumab, a fully human mAb by Amgen for OA pain (2c); fasinumab, a
fully human mAb by Regeneron/Sanofi-Aventis (2d) and MEDI-578, a monoclonal single chain
variable fragment for OA of the knee by Medimmune/AstraZenica (2e). This reflects considerable
investment by each company in the first important new class of drugs for general pain for around
100 years.

Following reports that a small number of OA patients in these trials needed early joint replacement,
the FDA recently halted all trials of NGF blockers and reviewed the data to assess potential side
effects of the treatments. Subsequently their Arthritis Drugs Advisory Committee voted 21-0 that
anti-NGF agents should continue to be developed to treat OA pain. The panel also voted 20-1 that
anti-NGFs should be studied in indications for which there are no products with demonstrated
analgesic efficacy, such as interstitial cystitis or chronic pancreatitis. The green light was given
based on the fact that this is an entirely new and very effective treatment for pain and many studies
have resumed (2f).

KCL studies impact knowledge of pain therapy

NGF blocking agents have been heralded as the ‘next big thing’ in pain management in several
recent reviews that cite KCL research when discussing the background to their development (e.qg.
3a,b). Research from KCL is also highly cited in the book ‘The Senses: A Comprehensive
Reference’ in chapters about ‘Pharmacological Modulation of Pain’ (citing Andreev 1995) and
‘Neurotrophins and Pain’ (citing the majority of studies discussed above), among others (3c) and in
‘The Human Nervous System,’ the standard reference book for the anatomy of the central and
peripheral nervous system, in the chapter on ‘Pain Systems’ (citing Averill 1995, Bennett 1996,
McMahon 1994) (3d).
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