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Abstract:

The present invention is directed inter alia to the treatment of pain. For example, there is provided a
chimeric clostridial neurotoxin for use in treating pain by inhibiting release of a pain mediator from a
neuron comprising an A nerve fiber or a C nerve fiber, wherein the chimeric clostridial neurotoxin
binds to the neuron comprising the A nerve fiber or the C nerve fiber, respectively, and wherein the
chimeric clostridial neurotoxin comprises a botulinum neurotoxin A (BoNT/A) light-chain and
translocation domain (HN domain), and a BoNT/B receptor binding domain (He domain). Also
provided are methods, uses, kits, and unit dosage forms.
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TREATMENT OF PAIN

FIELD OF THE INVENTION
The present invention relates to the treatment of disorders, such as pain.

BACKGROUND

Pain is an unpleasant sensory and emotional experience associated with, or resembling that

associated with, actual or potential tissue damage. Pain is also described as a neurologic
condition characterised by pathologic changes in the nervous system or, more precisely, a
dysfunction of the endogenous nociceptive system (Raffaeli & Arnaudo (2017), J Pain Res,
10, 2003-2008).

Nociception is the process by which information about actual tissue damage (or the potential
for such damage, should the noxious stimulus continue to be applied) is relayed to the brain.
The sensory neurons involved in nociception are classified into three main groups: Group A;
Group B; and Group C (Yam et al (2018), Int J Mol Sci, 19, 8, 2164).

Group A nerve fibers are classified as myelinated fibers and can be further subdivided into
Aa, AB, Ay and AJ, each with different sets of characteristics. These fibers generally
terminate in laminae [, I, IV and V of the dorsal horn of the spinal cord with some lamina Il
inner projection. Both Type la and Ib sensory fibers from muscle spindle endings and Golgi
tendons are type Aa. Type AP fibers are typically low-threshold, cutaneous, slow or fast
adapting mechanoreceptors, and include Type Il afferent fibers from the stretch receptor.
The ApR-fibers typically belong to laminae Ill and IV. Type Ay fibers may include Type Il
afferent fibers from the stretch receptors. Type Ad fibers may include the thermal and
mechanical nociceptors that terminate in the rexed laminae | and V, as well as Type Il
afferent fibers. Ad-fibers are also typically the smallest myelinated nerves and may have a
relatively fast conduction velocity of ~ 30 m/s. The diameter of AD-fibers is typically about 2-5

um, and is typically responsive towards short-lasting and pricking pain.

Group B nerve fibers are moderately myelinated usually with conduction velocities of 3—14
m/s. The preganglionic nerve fibers of the autonomous nervous system (ANS) and general

visceral afferent fibers belong to this group.
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Group C nerve fibers are unmyelinated and are typically less than 2 ym in diameter and have
a relatively slow conduction velocity typically of up to approximately 2 m/s. The nerve fibers
at the dorsal roots (Type IV afferent fibers) and postganglionic fibers in the ANS may be
categorized in this group. All these fibers are mainly nociceptive in function, carrying the
sensory information and assembling around 70% of the afferent nociceptive information,
which then enters the spinal cord. C-fibers may terminate in laminae | and Il in the grey
matter of the spinal cord. In terms of nociception, C-fiber nociceptors may be polymodal, as
they are activated by thermal, mechanical, and/or chemical stimuli. For example, C-fibers
may be activated via poorly localized stimuli. In terms of neurochemistry, C-fibers can be
classified as either peptidergic or non-peptidergic, and about 50% of these fibers express
neuropeptides including calcitonin gene-related peptide (CGRP), neurokinins and substance
P (SP).

There are a variety of neurotransmitters involved in pain, including all the major types of
neurotransmitters, such as inflammatory mediators: prostaglandin E2 (PGE2), prostacyclin
(PGI2), leukotriene B4 (LTB4), nerve growth factor (NGF), protons, bradykinin (BK), ATP,
adenosine, SP, neurokinin A (NKA), neurokinin B (NKB), 5-hydroxytryptamine (5-HT),
histamine, glutamate, norepinephrine (NE) and nitric oxide (NO); and non-inflammatory
mediators: CGRP, y-aminobutyric acid (GABA), opioid peptides, glycine and cannabinoids
(Yam et al (2018), Int J Mol Sci, 19, 8, 2164).

Of particular therapeutic interest is CGRP, which is widely produced in both the central and
peripheral nervous systems; however, it is primarily located in the primary afferent nerves. As
a direct derivative of the dorsal root ganglia (DRG), CGRP may be found in the dorsal horn of
the spinal cord and associated with the conduction of noxious stimulation. CGRP is related to
the excitatory effects of SP, which results in Ca?* release. The receptors of CGRP (calcitonin
receptor-like receptor (CALCRL)) are typically located in the nucleus accumbens, indicating
that the CNS may control CGRP-mediated pain transmission. CGRP is widely distributed in
the peripheral and central nervous system and its receptors are expressed in pain pathways.
CGRP-like immunoreactivity (CGRP-LI) is typically found in 40-50% of DRG neurons.
Moreover, CGRP is usually co-localized with other neuropeptides, including substance P and
neurokinins in DRG neurons. Peripheral CGRP-LI fibers may terminate in lamina I, Il and V
of spinal cord and CGRP-containing DRG neurons innervate joints. Thus, CGRP and its
receptors may be widely distributed in peripheral and central pain pathways (Schou ef al
(2017), The Journal of Headache and Pain, 18, 34, 1-17). In animals, CGRP may be

released from peripheral and central nerve endings upon noxious pain and/or mechanical
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stimulation of the skin. In rats, the major part of circulating CGRP may be released from
perivascular nerve terminals. Acute and chronic nociception may lead to altered release of
CGRP from sensory nerve endings and central terminals into the dorsal horn of the spinal
cord. CGRP is known as one of the most potent vasodilators. Two isoforms have been
characterized: a-CGRP and B-CGRP (Russell et a/ (2014), Physiol Rev, 94, 4, 1099-1142).
The isoform a is principally expressed in primary sensory neurons, whereas the isoform B is
mainly found in intrinsic enteric neurons. The mature form of this neuropeptide is composed
of 37 amino acids, and its expression has been particularly noticed in sensory neurons of the
DRG and trigeminal ganglion. The mature form is stored in vesicles localized in the terminal
region of central and peripheral nerve endings from where it may be secreted in the dorsal
spinal cord or in various peripheral tissues, especially surrounding blood vessels which may
modulate vascular tone. In addition, the presence of networks of nociceptors positive to
CGRP in rodent and human meningeal vessels has been observed, and about 40-50% of
trigeminal ganglion neurons have been found to be positive to CGRP. Moreover, CGRP
expression has been observed in areas of the CNS, such as the hypothalamus, thalamus,
periaqueductal grey, superior and inferior colliculi, amygdala, trigeminocervical complex, and
the cerebellum. These mentioned brain areas may be associated with migraine
pathophysiology, considering the capability of CGRP to change synaptic and neuronal
activity at the trigeminocervical complex, and transmission of nociceptive signals to the
thalamus and cortical areas (Tardiolo et al (2019), Int J Mol Sci, 20(12), 2932).

Conventional treatments for pain (e.g. CGRP-associated pain) include monoclonal antibodies
and small-molecule antagonists that target pain mediators (e.g. CGRP) once said mediators
have already been released by the pre-synaptic neurons. As an alternative approach,
certain conventional therapeutics target receptors of the pain mediators. These approaches
are associated with a number of disadvantages, including: effects on chemical mediators
(e.g. CGRP) systemically; nausea; vomiting; dyspepsia; diarrhoea; bradycardia; hypotension;
bronchospasm; dyspnoea; fatigue; insomnia; dizziness; dry mouth; flushing; hot or cold
sensations; chest pain; constipation; itchiness; drowsiness; ringing in the ears; restlessness;
muscle spasms; injection site pain; upper respiratory infection; fatigue; nasopharyngitis;
injection site erythema; injection site induration; anxiety; depression; injection site pruritus;
influenza; urinary tract infection; somnolence; paraesthesia; increased heart rate; stroke;
and/or heart attack (Woo (2020), Nature, 586, S4-S6 and Tardiolo et al (2019), Int J Mol Sci,
20(12), 2932). There is thus a need for improved pain therapeutics that are associated with

fewer side-effects and/or which block pain mediators at the point of release.
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The present invention overcomes one or more of the above-mentioned problems.

SUMMARY OF THE INVENTION

The present inventors have found that, unlike BoNT/A, a chimeric clostridial neurotoxin

comprising a botulinum neurotoxin A (BoNT/A) light-chain and translocation domain (Hn
domain), and a BoNT/B receptor binding domain (Hc domain) may bind to neurons
comprising AS or C nerve fibers that secrete pain mediators and may be efficacious at
inhibiting release of said mediators from said neurons. Thus, by way of such inhibition, the
chimeric clostridial neurotoxins of the invention may function as analgesics that are capable
of treating pain. In particular, the present inventors have shown that a chimeric clostridial
neurotoxin as claimed may be efficacious at inhibiting CGRP release from said neurons.
Thus, by way of said CGRP release inhibition, the chimeric clostridial neurotoxins of the

invention may function as analgesics that are capable of treating CGRP-associated pain.

Without wishing to be bound by theory, it is believed that by blocking the chemical mediators
at the point of secretion, the chimeric clostridial neurotoxins of the invention may prevent
pain mediators (e.g. CGRP) reaching neighbouring and distal cells. Advantageously, this
may provide: selective blockade of pain-related abnormal mediator release, thus preserving
the mediator release elsewhere; a therapeutic with a longer duration of action (with fewer
side-effects and/or an increased safety window than non-chimeric clostridial neurotoxins);
and/or fewer side effects when compared to conventional therapeutics. In particular,
blockade of CGRP action once released and/or CGRP receptors by conventional
therapeutics can result in nausea, fatigue and increased heart rate, stroke, and/cr heart

attack. Said side effects may be minimised/avoided by the present invention.

The inventors have additionally found that a chimeric clostridial neurotoxin may be able to
cleave SNAP25 in central nervous system structures relevant to migraine pathophysiology.
Advantageously, the chimeric clostridial neurotoxin may be particularly efficacious in the

treatment of migraine (e.g. migraine pain).

DETAILED DESCRIPTION

In one aspect, the invention provides a chimeric clostridial neurotoxin for use in treating pain,
wherein the chimeric clostridial neurotoxin comprises a botulinum neurotoxin A (BoNT/A)
light-chain and translocation domain (Hn domain), and a BoNT/B receptor binding domain

(Hc domain).
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In one aspect, the invention provides a method for treating pain, the method comprising
administering to a subject a chimeric clostridial neurotoxin, wherein the chimeric clostridial
neurotoxin comprises a botulinum neurotoxin A (BoNT/A) light-chain and translocation

domain (Hy domain), and a BoNT/B receptor binding domain (Hc domain).

In one aspect, the invention provides the use of a chimeric clostridial neurotoxin in the
manufacture of a medicament for treating pain, wherein the chimeric clostridial neurotoxin
comprises a botulinum neurotoxin A (BoNT/A) light-chain and translocation domain (Hwn

domain), and a BoNT/B receptor binding domain (He domain).

In one aspect, the invention provides a chimeric clostridial neurotoxin for use in treating
migraine (preferably migraine pain), wherein the chimeric clostridial neurotoxin comprises a
botulinum neurctoxin A (BoNT/A) light-chain and translocation domain (Hy domain), and a

BoONT/B receptor binding domain (Hc domain).

In one aspect, the invention provides a method for treating migraine (preferably migraine
pain), the method comprising administering to a subject a chimeric clostridial neurotoxin,
wherein the chimeric clostridial neurotoxin comprises a botulinum neurotoxin A (BoNT/A)
light-chain and translocation domain (Hny domain), and a BoNT/B receptor binding domain

(Hc domain).

In one aspect, the invention provides the use of a chimeric clostridial neurotoxin in the
manufacture of a medicament for treating migraine (preferably migraine pain), wherein the
chimeric clostridial neurotoxin comprises a botulinum neurotoxin A (BoNT/A) light-chain and

translocation domain (Hn domain), and a BoNT/B receptor binding domain (Hc domain).

The migraine may be episodic migraine or chronic migraine (preferably chronic migraine). A
subject may have episodic migraine if the subject experiences headaches (e.g. migraine) on
fewer than 15 days per month (e.g. at least 1 but less than 15 days per month), preferably if
the subject experiences headaches (e.g. migraine) on at least 4 but less than 15 days per
month. In other words, episodic migraine may be defined as headache (e.g. migraine) on
fewer than 15 days per month (e.g. at least 1 but less than 15 days per month), preferably as
headache (e.g. migraine) on at least 4 but less than 15 days per month. A subject may have
chronic migraine if the subject experiences headaches (e.g. migraine) on at least 15 days per
month. A subject may have chronic migraine if the subject experiences headaches (e.g.
migraine) on at least 15 days per month for at least 3 months, with the features of migraine
on at least 8 days per month. In other words, chronic migraine may be defined as headache
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(e.g. migraine) on at least 15 days per month. In other words, chronic migraine may be
defined as headache (e.g. migraine) on at least 15 days per month for at least 3 months, with
the features of migraine on at least 8 days per month. In one embodiment, a chronic
migraine may last 4 hours a day or longer. In addition to headache pain, a migraine may be
associated with one or more additional symptom(s), including increased light sensitivity,

nausea, and/or vomiting.

Preferably when treating migraine, the chimeric clostridial neurotoxin treats migraine pain.

In one aspect, the invention provides a chimeric clostridial neurotoxin for use in treating pain
by inhibiting release of a pain mediator from a neuron comprising an Ad nerve fiber or a C
nerve fiber, wherein the chimeric clostridial neurotoxin binds to the neuron comprising the Ad
nerve fiber or the C nerve fiber, respectively, and wherein the chimeric clostridial neurotoxin
comprises a botulinum neurotoxin A (BoNT/A) light-chain and translocation domain (Hw
domain), and a BoNT/B receptor binding domain (Hc domain).

In a related aspect, the invention provides a method for treating pain by inhibiting release of
a pain mediator from a neuron comprising an Ad nerve fiber or a C nerve fiber, the method
comprising administering to a subject a chimeric clostridial neurotoxin, wherein the chimeric
clostridial neurotoxin binds to the neuron comprising the Ad nerve fiber or the C nerve fiber,
respectively, and wherein the chimeric clostridial neurotoxin comprises a botulinum
neurotoxin A (BoNT/A) light-chain and translocation domain (Hy domain), and a BoNT/B

receptor binding domain (Hc domain).

In another related aspect, the invention provides the use of a chimeric clostridial neurotoxin
in the manufacture of a medicament for treating pain by inhibiting release of a pain mediator
from a neuron comprising an Ad nerve fiber or a C nerve fiber, wherein the chimeric
clostridial neurotoxin binds to the neuron comprising the Ad nerve fiber or the C nerve fiber,
respectively, and wherein the chimeric clostridial neurotoxin comprises a botulinum
neurotoxin A (BoNT/A) light-chain and translocation domain (Hn domain), and a BoNT/B

receptor binding domain (Hc domain).

In one embodiment, the invention provides a chimeric clostridial neurotoxin for use in treating
CGRP-associated pain by inhibiting release of CGRP from a neuron comprising an Ad nerve
fiber or a C nerve fiber, wherein the chimeric clostridial neurotoxin binds to the neuron

comprising the Ad nerve fiber or the C nerve fiber, respectively, and wherein the chimeric
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clostridial neurotoxin comprises a botulinum neurotoxin A (BoNT/A) light-chain and
translocation domain (Hy domain), and a BoNT/B receptor binding domain (Hc domain).

Corresponding methods of treatment and uses are also provided.

A mediator may be any molecule released from a neuron that has a role in a disorder (such
as pain). Inhibition of release of said mediator by a chimeric clostridial neurotoxin in

accordance with the invention may treat said disorder (e.g. may treat pain).

A mediator may be a neurotransmitter.

The inhibition of release of a mediator from a neuron may be partial or complete inhibition,
preferably complete inhibition. For example, the chimeric clostridial neurotoxin may inhibit at
least 40%, 50%, 60%, 70%, 80%, 90%, 95% or 99% of the mediator being released from a
neuron. Preferably, the chimeric clostridial neurotoxin inhibits 100% of the mediator being
released from the neuron.

A pain mediator may be a neurotransmitter.

The inhibition of release of the pain mediator from the neuron may be partial or complete
inhibition, preferably complete inhibition. For example, the chimeric clostridial neurotoxin
may inhibit at least 40%, 50%, 60%, 70%, 80%, 90%, 95% or 99% of the pain mediator being
released from the neuron. Preferably, the chimeric clostridial neurotoxin inhibits 100% of the

pain mediator being released from the neuron.

The inhibition is preferably inhibition of SNARE-associated (e.g. SNAP25-associated)

release.

The chimeric clostridial neurotoxin of the invention preferably inhibits release of the mediator
from the neuron by a greater amount than BoNT/A (preferably native BoNT/A shown as SEQ
ID NO: 6 [such as a di-chain form of SEQ ID NO: 6]) inhibits release of the mediator from the
neuron. At a given dose (e.g. 1 nM), the chimeric clostridial neurotoxin of the invention may
inhibit at least 10% or 20% (preferably at least 30%) more mediator from the neuron than
BoNT/A at the same dose (e.g. 1 nM). At a given dose (e.g. 1 nM), the chimeric clostridial
neurotoxin of the invention may inhibit 10-90%, or 20-90% (preferably 30-85%) more
mediator from the neuron than BoNT/A at the same dose (e.g. 1 nM). Thus, a much lower

dose of the chimeric clostridial neurotoxin when compared to BoNT/A may be required to
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inhibit the same amount of release of the mediator from the neuron. For example, the dose
of chimeric clostridial neurotoxin may be at least 100 times lower, 200 times lower, or 500
times lower, preferably 1000 times lower than the dose of BoNT/A required to inhibit the
same amount of release of the mediator from the neuron. The dose of chimeric clostridial
neurotoxin may be at least 500-2000 times lower, or 750-1750 times, preferably 1000-1500
times lower than the dose of BoNT/A required to inhibit the same amount of release of the
mediator from the neuron.

The chimeric clostridial neurotoxin of the invention preferably inhibits release of the pain
mediator from the neuron by a greater amount than BoNT/A (preferably native BoNT/A
shown as SEQ ID NO: 6 [such as a di-chain form of SEQ ID NO: 8]) inhibits release of the
pain mediator from the neuron. At a given dose (e.g. 1 nM), the chimeric clostridial
neurotoxin of the invention may inhibit at least 10% or 20% (preferably at least 30%) more
pain mediator from the neuron than BoNT/A at the same dose (e.g. 1 nM). At a given dose
(e.g. 1 nM), the chimeric clostridial neurotoxin of the invention may inhibit 10-90%, or 20-90%
(preferably 30-85%) more pain mediator from the neuron than BoNT/A at the same dose
(e.g. 1 nM). Thus, a much lower dose of the chimeric clostridial neurotoxin when compared
to BoNT/A may be required to inhibit the same amount of release of the pain mediator from
the neuron. For example, the dose of chimeric clostridial neurotoxin may be at least 100
times lower, 200 times lower, or 500 times lower, preferably 1000 times lower than the dose
of BoNT/A required to inhibit the same amount of release of the pain mediator from the
neuron. The dose of chimeric clostridial neurotoxin may be at least 500-2000 times lower, or
750-1750 times, preferably 1000-1500 times lower than the dose of BoNT/A required to

inhibit the same amount of release of the pain mediator from the neuron.

The chimeric clostridial neurotoxin may inhibit the release of a plurality of mediators from a

neuron.

The chimeric clostridial neurotoxin may inhibit the release of a plurality of pain mediators

from a neuron.

The chimeric clostridial neurotoxin of the invention preferably has analgesic properties. In
other words, a chimeric clostridial neurotoxin of the invention is preferably an analgesic

chimeric clostridial neurotoxin.
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Preferably, a chimeric clostridial neurotoxin of the invention neither promotes neuronal
growth nor neuronal repair to treat pain. In other words, preferably, the chimeric clostridial
neurotoxin does not treat pain by any of the following means: by promoting neuronal growth,

by promoting neuronal repair, or by promoting neuronal growth and repair.

Preferably, a chimeric clostridial neurotoxin of the invention neither promotes neuronal
growth nor neuronal repair to treat a disorder described herein. In other words, preferably,
the chimeric clostridial neurotoxin does not treat a disorder described herein by any of the
following means: by promoting neuronal growth, by promoting neuronal repair, or by

promoting neuronal growth and repair.

The term “promotes neuronal growth and/or neuronal repair’ encompasses an increase in
the rate of neuronal growth and/or neuronal repair. The term “neuronal growth and/or
neuronal repair’” encompasses the rebuilding of damaged neuronal circuits, thereby restoring
activity and/or neuronal communication in a network or population of neurons. Thus, the
term “neuronal repair” as used herein encompasses repair of a specific neuron as well as
repair of a neuronal circuit. The term also encompasses neuronal plasticity. The term
“neuronal plasticity” as used herein encompasses axonal sprouting, dendritic sprouting,
neurogenesis (e.g. the production of new neurons), maturation, differentiation, and/or
synaptic plasticity (e.g. including changes to synaptic strength, activity, anatomy, and/or
connectivity). The term “promotes neuronal growth and/or neuronal repair” also
encompasses promoting the establishment of functional synapses (e.g. at or near to a site of
injury). The term “neuronal growth” as used herein encompasses growth of any part of a
neuron, including growth of axons and/or dendrites. Said term encompasses an increase in
neurite length, neurite number (e.g. number of neurites per cell), and/or an increase in the
length and/or numbers of projections from a cell body or cell membrane of a neuron, e.g.
axonal growth of a neuron and/or axonal sprouting, e.g. a neuron in a subject. Said axonal

growth may promote connections and/or chemical communication between neurons.

Preferably, a chimeric clostridial neurotoxin of the invention does not promote a
neuroimmune response to treat pain. Preferably, a chimeric clostridial neurotoxin of the
invention does not promote a neuroimmune response to treat a disorder described herein. A
neuroimmune response in this context encompasses a microglial response. Thus, in one
embodiment a chimeric clostridial neurotoxin of the invention does not promote a microglial
response to treat pain. Thus, in one embodiment a chimeric clostridial neurotoxin of the

invention does not promote a microglial response to treat a disorder described herein.
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In a preferred embodiment, the pain is not pain associated with, or caused by, a brain
disorder. In a preferred embodiment, the disorder described herein is not a disorder
associated with, or caused by, a brain disorder. The term “brain disorder” used in this
context is interchangeable with “brain disease”. A “brain disorder’ as used in this context
encompasses a disorder that originates from within or outside the brain, and includes
disorders associated with bodily insults that cause brain tissue damage. Examples of brain
disorders encompassed in this context include any one (or more) of traumatic brain injury,
cancer (e.g. a brain tumour), infectious disease (e.g. encephalitis, meningitis, a brain
abscess, and encephalitis), stroke, a neurodegenerative disorder (e.g. Alzheimer’s disease,
Parkinson’s disease, Parkinson’s disease related disorders, motor neuron disease (e.g.
amyotrophic lateral sclerosis), prion disease, Huntington’s disease, spinocerebellar ataxia,
ataxia, Hallervorden-Spatz disease, and frontotemporal lobar degeneration), brain aneurysm,
multiple sclerosis, anoxic injury, toxic injury and metabolic injury. A brain disorder may be
caused by traumatic brain injury, cancer, infectious disease (e.g. encephalitis, meningitis, a
brain abscess, and encephalitis), stroke, a neurodegenerative disorder (e.g. Alzheimer’s
disease, Parkinson’s disease, Parkinson’s disease related disorders, motor neuron disease
(e.g. amyotrophic lateral sclerosis), prion disease, Huntington’s disease, spinocerebellar
ataxia, ataxia, Hallervorden-Spatz disease, and frontotemporal lobar degeneration), brain

aneurysm, multiple sclerosis, anoxic injury, toxic injury and/or metabolic injury.

The chimeric clostridial neurotoxin preferably binds to a neuron comprising an Ad fiber or a C
fiber. Said binding may be mediated by the BoNT/B He domain of the chimeric clostridial
neurotoxin (e.g. the Hee portion thereof). Following binding to the neuron, the chimeric
clostridial neurotoxin may be internalised via an endosome and the BoNT/A light-chain may
be translocated from the endosome into the cytosol of the neuron by the BoNT/A
translocation domain. Once in the cytosol, the light-chain may cleave a SNARE protein (e.g.
SNAP25), thereby inhibiting release/secretion from said neuron (including release/secretion

of a pain mediator from said neuron).

Neurons comprising an Ad fiber or a C fiber are described in Pichon & Chesler (2014),
Frontiers in Neurcanatomy (https://doi.org/10.3389/fnana.2014.00021) and Yam et al (2018),
Int J Mol Sci, 19, 8, 2164. The term “fiber” (e.g. in the context of an Ad fiber or a C fiber)
preferably refers to an axon of a neuron. Typically, a plurality of fibers (e.g. a plurality of Ad
fibers or a plurality of C fibers, respectively) together may define a greater neural/neuronal

structure in a subject, e.g. as a bundle of fibers. For example, a bundle of Ad fibers or a
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bundle of C fibers. Said plurality of fibers may, in some embodiments, include fibers
additional to Ad fibers or C fibers. For example, a nerve may comprise a plurality of neurons,

including a neuron comprising an Ad fiber and/or a neuron comprising a C fiber.

The chimeric clostridial neurotoxin may bind to a neuron comprising an Ad fiber. A fibers
(or neurons comprising the same) may be characterised as being peptidergic, fast
conducting, lightly myelinated, involved in sharp/fast pain, involved in nociception and/or
involved in temperature sensation. Preferably, an Ad fiber (or neuron comprising the same)
may have a conduction velocity of 5-75 m/s (e.g. 5-35 m/s) and/or a diameter of about 1-5
pm (e.g. 2-5 pm). Neurons comprising an Ad fiber bound by a chimeric clostridial neurotoxin
of the invention are those that are capable of releasing pain mediators. In particular, said
neurons may be capable of releasing CGRP and thus have a role in CGRP-associated pain.
By binding to a neuron comprising an Ad fiber, the chimeric clostridial neurotoxin inhibits
release of a pain mediator from said neuron by cleaving a SNARE protein (e.g. SNAP25)
thereof, thereby inhibiting release/secretion of the pain mediator from said neuron.

The chimeric clostridial neurotoxin may bind to a neuron comprising a C fiber. C fibers (or
neurons comprising the same) may be characterised as being peptidergic, low (e.g. slow)
conducting, unmyelinated, involved in dull/slow pain, involved in neuropathic pain, involved in
thermal sensation, and/or involved in the itch sensation. The neurons comprising a C fiber
may be polymodal. Preferably, a C fiber (or neuron comprising the same) may have a
conduction velocity of 0.5-2 m/s and/or a diameter of about 0.2-1.5 pm (e.g. 0.2-0.5 pm).
Neurons comprising a C fiber bound by a chimeric clostridial neurotoxin of the invention are
those that are capable of releasing pain mediators. In particular, said neurons may be
capable of releasing CGRP and thus have a role in CGRP-associated pain. By binding to a
neuron comprising a C fiber, the chimeric clostridial neurotoxin may inhibit release of a pain
mediator from said neuron by cleaving a SNARE protein (e.g. SNAP25) thereof, thereby

inhibiting release/secretion of the pain mediator from said neuron.

Preferably a neuron to which a chimeric clostridial neurotoxin binds is a neuron comprising a
C fiber.

Expression of tropomyosin receptor kinase A (TrkA) may be a marker for distinguishing a
neuron comprising an Ad nerve fiber or a C nerve fiber (e.g. from a neuron comprising an AB
fiber). In other words, a neuron comprising an Ad nerve fiber or a C nerve fiber of the

invention may be one that expresses TrkA.
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In use, the chimeric clostridial neurotoxin may bind to a plurality of neurons comprising at
least a neuron that comprises an Ad fiber and a neuron that comprises a C fiber. The
plurality of neurons may be part of a greater neural/neuronal structure in a subject, e.g.

comprising a bundle of fibers.

A neuron comprising an Ad nerve fiber or a C nerve fiber may be a neuron of the central
nervous system (e.g. the hypothalamus, thalamus, periaqueductal grey, superior colliculi,
inferior colliculi, amygdala, trigeminocervical complex, and/or the cerebellum) or peripheral
nervous system. A chimeric clostridial neurotoxin may inhibit release of a mediator from a
neuron of the central nervous system when treating certain conditions, such as headache
pain, preferably migraine pain. A chimeric clostridial neurotoxin may inhibit release of a pain
mediator from a neuron of the central nervous system when treating certain pain conditions,

such as headache pain, preferably migraine pain.

A neuron comprising an Ad nerve fiber or a C nerve fiber according to the invention is
preferably a sensory neuron. The sensory neuron may be a primary sensory neuron, such
as a primary afferent neuron. For example, a neuron to which the chimeric clostridial
neurotoxin binds may be a sensory neuron of the dorsal route ganglia and/or trigeminal

ganglia. Additionally or alternatively, the neuron may be an intrinsic enteric neuron.

The chimeric clostridial neurotoxin of the invention may bind to a neuron comprising an Ad
fiber or C fiber with an affinity that is greater than the affinity with which BoNT/A (preferably
native BoNT/A shown as SEQ ID NO: 6 [such as a di-chain form of SEQ ID NO: 6]) binds to
the neuron. In particular, the chimeric clostridial neurotoxin of the invention may bind to a
neuron comprising an Ad fiber or C fiber with an affinity that is at least 2x, 5x, 10x, 50x, 100x,
1,000x or 10,000x greater than the affinity with which BoNT/A binds to the neuron.

The chimeric clostridial neurotoxin of the invention may bind to a neuron comprising an Ad
fiber or C fiber with an affinity that is greater than the affinity with which the chimeric
clostridial neurotoxin binds to a neuron (preferably sensory neuron) that does not comprise
an AD fiber or C fiber (e.g. a neuron that comprises an AR fiber). For example, the chimeric
clostridial neurotoxin of the invention may bind to a neuron comprising an Ad fiber or C fiber
with an affinity that is at least 2x, 5x, 10x, 50x, 100x, 1,000x or 10,000x greater than the

affinity with which the chimeric clostridial neurotoxin binds to a neuron (preferably sensory
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neuron) that does not comprise an Ad fiber or C fiber (e.g. a neuron that comprises an AR
fiber).

AP fibers (or neurons comprising the same) may be characterised as being myelinated, fast
conducting, involved in touch, and/or responsive to other non-noxious stimuli generally.
Preferably, an AB fiber (or neuron comprising the same) may have a conduction velocity of
80-120 m/s and/or a diameter of about 6-20 um. Expression of neurofilament 200 (NF200)
may be a marker for distinguishing a neuron comprising an A nerve fiber (e.g. from a
neuron comprising an Ad fiber or a C fiber). In other words, a neuron comprising an AB fiber

may be one that expresses NF200.

In other embodiments, the chimeric clostridial neurotoxin may be able to exert an effect at a
site distal to the site of administration (e.g. injection). For example, following administration of
the chimeric clostridial neurotoxin SNARE protein cleavage (e.g. SNAP25 cleavage) may
occur at a site distal to the site of administration (e.g. injection). Preferably, such an effect
occurs via neuronal transport of the chimeric clostridial neurotoxin from its site of
administration to the distal site. When treating pain (preferably headache pain, most
preferably migraine pain) or migraine, the chimeric clostridial neurotoxin preferably exerts an
effect at a site distal to the site of administration (e.g. injection). In one embodiment, this
effect may be additional to a peripheral effect. Accordingly, preferably, the chimeric clostridial
neurotoxin may be transported via neuronal transport when treating pain (preferably

headache pain, most preferably migraine pain) or migraine.

Neuronal transport may be retrograde transport or anterograde transport, preferably

retrograde transport. The transport may be axonal transport.

“Retrograde transport” may be a form of axonal transport (aka. axoplasmic transport or
axoplasmic flow); a cellular process normally responsible for movement of mitochondria,
lipids, synaptic vesicles, proteins, and other organelles to and from a neuron's cell body,
through the cytoplasm of its axon called the axoplasm. Axons are on the order of meters
long, such that neurons cannot rely on diffusion to carry products of the nucleus and
organelles to the end of their axons, hence the use of axonal transport. Axonal transport may
also be responsible for moving molecules destined for degradation from the axon back to the

cell body, where they are broken down by lysosomes.

CA 03234608 2024-4-10



10

15

20

25

30

35

WO 2023/089343 PCT/GB2022/052957

14

“Retrograde transport” may refer to movement toward the cell body of a neuron and

“anterograde transport” may refer to movement toward the synapse of a neuron.

In one embodiment, neuronal (e.g. retrograde) transport to a neuron of the central nervous
system may refer to transport (e.g. axonal transport) of the chimeric clostridial neurotoxin

toward a neuron cell body that is positioned in the proximity of the central nervous system.

Neuronal (e.g. retrograde) transport is now described in more detail. In one embodiment, the
chimeric clostridial neurotoxin may bind to a first neuron (such as a primary sensory afferent)
at a site of administration. The chimeric clostridial neurotoxin may be internalised by the first
neuron, transported within the first neuron, and then released from the first neuron.
Preferably, the clostridial neurotoxin binds to a first neuron at a site of intramuscular or
intradermal administration (e.g. intramuscular or intradermal injection). Such a neuron may
be a peripheral neuron, preferably a neuron comprising an A® fiber or a C fiber. Once
released, the chimeric clostridial neurotoxin may bind to a second neuron, be internalised,
and cleave a SNARE protein (e.g. SNAP25) within said second neuron. Alternatively, the
chimeric clostridial neurotoxin may bind to the second neuron, be internalised by the second
neuron, transported within the second neuron, and then released from the second neuron.
This process may be repeated until the chimeric clostridial neurotoxin binds to a neuron (e.g.
a third neuron), is internalised, and cleaves a SNARE protein (e.g. SNAP25) within said
neuron. A second neuron may be a secondary sensory afferent. Preferably, a second neuron
is a neuron of the central nervous system, such as a neuron present in the brain, brainstem,
or spinal cord. The second neuron may be a neuron present in the trigeminal ganglia (e.g.

and SNARE cleavage may occur in an axon thereof).

In some embodiments, when administered intramuscularly, the chimeric clostridial neurotoxin
may be neuronally (e.g. retrogradely) transported via a motor neuron, released from the
motor neuron, and enter a second neuron, preferably a neuron of the central nervous

system. Said neuron may be a sensory neuron.

In one embodiment, when administered intramuscularly, the chimeric clostridial neurotoxin
may diffuse to and bind to a sensory neuron present in the periosteum or skin (e.g.

terminating in the periosteum or skin).

Without wishing to be bound by theory, it is believed that, by the neuronal (e.g. retrograde)

transport mechanism referred to above, the chimeric clostridial neurotoxin of the invention
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may inhibit secretion from one or more neurons of the central nervous system. Accordingly,
the chimeric clostridial neurotoxin may travel by neuronal (e.g. retrograde) transport to a
neuron of the central nervous system and cleaves a SNARE protein (e.g. SNAP25) of said

neuron.

In a preferred embodiment, by inhibiting secretion (e.g. inhibiting release of a mediator (e.g.
pain mediator) from one or more neuron(s) of the central nervous system, the chimeric
clostridial neurotoxin may treat pain or a disorder described herein. This may be particularly
relevant in the treatment of pain or migraine, preferably treating migraine pain. The chimeric
clostridial neurotoxin may travel by neuronal (e.g. retrograde) transport to the neuron of the
central nervous system and cleave a SNARE protein (e.g. SNAP25) of said neuron.
Accordingly, the chimeric clostridial neurotoxin may treat pain (e.g. headache pain or
migraine pain) or migraine by inhibiting secretion from a neuron of the central nervous
system, preferably by inhibiting secretion of a mediator, more preferably a pain mediator from
a neuron of the central nervous system.

A neuron of the central nervous system may be a neuron of the brainstem, spinal cord,
and/or brain. For example, a neuron of the central nervous system may be a neuron of the:
trigeminal nuclei (e.g. the spinal trigeminal nucleus, such as the spinal trigeminal sensory
nucleus), spinal cord (preferably a neuron of the dorsal horn of the spinal cord),
hypothalamus, thalamus, periaqueductal grey, superior colliculi, inferior colliculi, amygdala,
trigeminocervical complex, cortex, and/or the cerebellum. A neuron of the trigeminal nuclei

may be a neuron of the trigeminal nucleus caudalis (e.qg. pars caudalis).

In a preferred embodiment, the chimeric clostridial neurotoxin cleaves a SNARE protein (e.g.
SNAP25) in a neuron of the brainstem, more preferably a neuron of the trigeminal nuclei
(even more preferably the spinal trigeminal (sensory) nucleus). The chimeric clostridial
neurotoxin may inhibit secretion (e.g. of a mediator, preferably a pain mediator) from said
neuron. Cleavage of said SNARE protein may occur via neuronal (e.g. retrograde) transport
of the chimeric clostridial neurotoxin from the site of administration. Such a neuron may be
targeted by administering the chimeric clostridial neurotoxin to muscles, the periosteum
and/or skin innervated by sensory trigeminal neurons (e.g. muscles, the periosteum, and/or
skin located in the face and/or scalp of a subject). Alternatively, the neuron may comprise an
AD nerve fiber or a C nerve fiber, the chimeric clostridial neurotoxin may bind thereto, and
then cleave a SNARE protein thereof (e.g. following transport/diffusion through the cytoplasm

of the neuron). Said cleavage may be at a neuronal terminal present in the spinal trigeminal
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sensory nuclei. Most preferably, said SNARE cleavage and inhibition of secretion results in

the treatment of migraine or migraine pain.

In one embodiment, the chimeric clostridial neurotoxin cleaves a SNARE protein (e.g.
SNAP25) a neuron of the trigeminal motor nuclei. The chimeric clostridial neurotoxin may
inhibit secretion from said neuron. Cleavage of said SNARE protein may occur via neuronal
(e.g. retrograde) transport of the chimeric clostridial neurotoxin from the site of

administration.

In another preferred embodiment, the chimeric clostridial neurotoxin cleaves a SNARE
protein (e.g. SNAP25) in a neuron of the spinal cord, such as the cervical spinal cord. More
preferably, said neuron is a neuron present in the dorsal horn (e.g. associated with sensory
neurons) of the spinal cord. The chimeric clostridial neurotoxin may inhibit secretion (e.g. of a
mediator, preferably a pain mediator) from said neuron. Cleavage of said SNARE protein
may occur via neuronal (e.g. retrograde) transport of the chimeric clostridial neurotoxin from
the site of administration. Such a neuron may be targeted by administering the chimeric
clostridial neurotoxin to muscles, the periosteum and/or skin innervated by sensory spinal
neurons (e.g. muscles, the periosteum, and/or skin located at the back of head and/or neck
of a subject). Alternatively, the neuron may comprise an Ad nerve fiber or a C nerve fiber, the
chimeric clostridial neurotoxin may bind thereto, and then cleave a SNARE protein thereof
(e.g. following transport/diffusion through the cytoplasm of the neuron). Said cleavage may
be at a neuronal terminal present in the spinal cord. Most preferably, said SNARE cleavage

and inhibition of secretion results in the treatment of migraine or migraine pain.

In one embodiment, the chimeric clostridial neurotoxin cleaves a SNARE protein (e.g.
SNAP25) in a neuron of the ventral horn (e.g. associated with motor neurons) of the spinal
cord. The chimeric clostridial neurotoxin may inhibit secretion (e.g. of a mediator, preferably
a pain mediator) from said neuron. Cleavage of said SNARE protein may occur via neuronal
(e.g. retrograde) transport of the chimeric clostridial neurotoxin from the site of

administration.

In another preferred embodiment, the chimeric clostridial neurotoxin cleaves a SNARE
protein (e.g. SNAP25) in a neuron of the trigeminal ganglia, such as in the axon thereof. The
chimeric clostridial neurotoxin may inhibit secretion (e.g. of a mediator, preferably a pain
mediator) from said neuron. Cleavage of said SNARE protein may occur via neuronal (e.g.

retrograde) transport of the chimeric clostridial neurotoxin from the site of administration.
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Alternatively, the neuron may comprise an Ad nerve fiber or a C nerve fiber, the chimeric
clostridial neurotoxin may bind thereto, and then cleave a SNARE protein thereof (e.g.
following transport/diffusion through the cytoplasm of the neuron). Most preferably, said
SNARE cleavage and inhibition of secretion results in the treatment of migraine or migraine

pain.

The neuronal (e.g. retrograde) transport of clostridial neurotoxins has been described (see
Bomba-Warczak et al (2016), Cell Rep., 16(7), 1974-1987) and, without wishing to be bound
by theory, is believed to occur by binding of a clostridial neurotoxin to a non-canonical
receptor (e.g. in the present case via binding to a receptor other than SYTI or SYTII),
incorporation into a non-acidified organelle, neuronal (e.g. retrograde) transport (e.g. away
from the periphery of the body towards the central nervous system), and release from the
neuron into the extracellular space. In such instances, it has been described that the
clostridial neurotoxin may remain intact (i.e. the di-chain comprising an L-chain and H-chain
joined together by a di-sulphide bond remains intact), allowing for binding via a canonical
intoxication route to a second neuron (e.g. via SYTI or SYTII in the context of a chimeric

clostridial neurotoxin of the invention).

A portion of the chimeric clostridial neurotoxin administered to a subject may bind to a
neuron comprising the Ad nerve fiber or the C nerve fiber and inhibit release of a mediator
(e.g. pain mediator) from said neuron, and a portion of the chimeric clostridial may exert an
effect at a site distal to the site of administration. The portion that exerts its effect at a site
distal to the site of administration may inhibit secretion from a neuron of the central nervous
system, preferably inhibit secretion of a mediator (e.g. a neurotransmitter), more preferably a
pain mediator from a neuron of the central nervous system. The chimeric clostridial
neurotoxin may travel by neuronal (e.g. retrograde) transport to the neuron of the central

nervous system and cleave a SNARE protein (e.g. SNAP25) of said neuron.

In some embodiments the neuronal (e.g. retrograde) transport of the chimeric clostridial
neurotoxin may comprise transynaptic movement (e.g. transcytosis) of the chimeric clostridial

neurotoxin from one neuron to another.

Inhibition of secretion from a neuron may be partial or complete inhibition, preferably
complete inhibition. For example, the chimeric clostridial neurotoxin may inhibit at least 40%,
50%, 60%, 70%, 80%, 90%, 95% or 99% of secretion from the neuron. Preferably, the
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chimeric clostridial neurotoxin inhibits 100% of secretion from the neuron. The secretion in

this context is preferably SNARE-associated (e.g. SNAP25-associated) secretion.

In a preferred embodiment, a chimeric clostridial neurotoxin of the invention may treat
migraine or a disorder described herein (preferably pain) by inhibiting release of a mediator
(e.g. pain mediator) from a neuron comprising an Ad nerve fiber or a C nerve fiber, wherein
the chimeric clostridial neurotoxin binds to the neuron comprising the Ad nerve fiber or the C
nerve fiber, respectively and by inhibiting secretion (e.g. of a mediator, preferably a pain

mediator) from a neuron of the central nervous system.

Bacteria in the genus Clostridia produce highly potent and specific protein toxins, which can
poison neurons and other cells to which they are delivered. Examples of such clostridial
toxins include the neurotoxins produced by C. letani (TeNT) and by C. botulinum (BoNT)
serotypes A-G, and X (see WO 2018/009903 A2), as well as those produced by C. baratii
and C. butyricum. Both tetanus and botulinum toxins act by inhibiting the function of affected
neurons, specifically the release of neurotransmitters. While botulinum toxin typically acts at
the neuromuscular junction and inhibits cholinergic transmission in the peripheral nervous

system, tetanus toxin acts in the central nervous system.

In nature, clostridial neurotoxins are synthesised as a single-chain polypeptide that is
modified post-translationally by a proteolytic cleavage event to form two polypeptide chains
joined together by a disulphide bond. Cleavage occurs at a specific cleavage site, often
referred to as the activation site (e.g. activation loop) that is located between the cysteine
residues that provide the inter-chain disulphide bond. It is this di-chain form that is the active
form of the toxin. The two chains are termed the heavy-chain (H-chain), which has a
molecular mass of approximately 100 kDa, and the light-chain (L-chain), which has a
molecular mass of approximately 50 kDa. The H-chain comprises an N-terminal
translocation component (Hn domain) and a C-terminal targeting component (Hc domain).
The cleavage site is located between the L-chain and the translocation domain components.
Following binding of the Hc domain to its target neuron and internalisation of the bound toxin
into the cell via an endosome, the Hy domain translocates the L-chain across the endosomal
membrane and into the cytosol, and the L-chain provides a protease function (also known as

a non-cytotoxic protease).

Non-cytotoxic proteases act by proteolytically cleaving intracellular transport proteins known
as SNARE proteins (e.g. SNAP25, VAMP, or Syntaxin, preferably SNAP25). The acronym
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SNARE derives from the term Soluble NSF Attachment Receptor, where NSF means N-
ethylmaleimide-Sensitive Factor. SNARE proteins are integral to intracellular vesicle fusion,
and thus to secretion of molecules via vesicle transport from a cell. The protease function is
a zinc-dependent endopeptidase activity and exhibits a high substrate specificity for SNARE
proteins. Accordingly, once delivered to a desired target cell, the non-cytotoxic protease is
capable of inhibiting cellular secretion from the target cell. The L-chain proteases of

clostridial neurotoxins are non-cytotoxic proteases that cleave SNARE proteins.

In view of the ubiquitous nature of SNARE proteins, clostridial neurotoxins such as botulinum

toxin have been successfully employed in a wide range of therapies.

For further details on the genetic basis of toxin production in Clostridium botulinum and C.
tetani, see Henderson ef al (1997) in The Clostridia: Molecular Biology and Pathogenesis,

Academic press.

Clostridial neurotoxin domains are described in more detail below.

Examples of L-chain reference sequences include:
Botulinum type A neurotoxin: amino acid residues 1-448

Botulinum type B neurotoxin: amino acid residues 1-440

The above-identified reference sequences should be considered a guide, as slight variations

may occur according to sub-serotypes. By way of example, US 2007/0166332 (hereby

incorporated by reference in its entirety) cites slightly different clostridial sequences:
Botulinum type A neurotoxin: amino acid residues M1-K448

Botulinum type B neurotoxin: amino acid residues M1-K441
The translocation domain is a fragment of the H-chain of a clostridial neurotoxin
approximately equivalent to the amino-terminal half of the H-chain, or the domain
corresponding to that fragment in the intact H-chain.

Examples of reference translocation domains include:

Botulinum type A neurotoxin - amino acid residues (449-871)

Botulinum type B neurotoxin - amino acid residues (441-858)
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The above-identified reference sequence should be considered a guide as slight variations
may occur according to sub-serotypes. By way of example, US 2007/0166332 (hereby

incorporated by reference thereto) cites slightly different clostridial sequences:

Botulinum type A neurotoxin - amino acid residues (A449-K871)

Botulinum type B neurotoxin - amino acid residues (A442-S858)

In the context of the present invention, a variety of BoNT/A Hy regions comprising a
translocation domain can be useful in aspects of the present invention. The Hy regions from
the heavy-chain of BoNT/A are approximately 410-430 amino acids in length and comprise a
translocation domain. Research has shown that the entire length of a Hy region from a
clostridial neurotoxin heavy-chain is not necessary for the translocating activity of the
translocation domain. Thus, aspects of this embodiment can include BoNT/A Hn regions
comprising a translocation domain having a length of, for example, at least 350 amino acids,
at least 375 amino acids, at least 400 amino acids or at least 425 amino acids. Other aspects
of this embodiment can include BoNT/A Hn regions comprising a translocation domain
having a length of, for example, at most 350 amino acids, at most 375 amino acids, at most

400 amino acids or at most 425 amino acids.

The term Hny embraces naturally-occurring BoNT/A Hy portions, and modified BoNT/A Hn
portions having amino acid sequences that do not occur in nature and/or synthetic amino
acid residues. Preferably, said modified BoNT/A Hy portions still demonstrate the above-

mentioned translocation function.

Examples of clostridial neurotoxin receptor binding domain (Hc) reference sequences
include:

BoNT/A - N872-L1296

BoNT/B - E859-E1291

The ~50 kDa Hc domain of a clostridial neurotoxin (such as a BoNT) comprises two distinct
structural features that are referred to as the Hcc and Hen domains, each typically of ~25
kDa. Amino acid residues involved in receptor binding are believed to be primarily located in
the Hee domain. The He domain of a native clostridial neurotoxin may comprise
approximately 400-440 amino acid residues. This fact is confirmed by the following
publications, each of which is herein incorporated in its entirety by reference thereto: Umland
TC (1997) Nat. Struct. Biol. 4: 788-792; Herreros J (2000) Biochem. J. 347: 199-204; Halpern
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J (1993) J. Biol. Chem. 268: 15, pp. 11188-11192; Rummel A (2007) PNAS 104: 359-364;
Lacey DB (1998) Nat. Struct. Biol. 5: 898-902; Knapp (1998) Am. Cryst. Assoc. Abstract
Papers 25: 90; Swaminathan and Eswaramoorthy (2000) Nat. Struct. Biol. 7: 1751-1759; and
Rummel A (2004) Mol. Microbiol. 51(3), 631-643.

Examples of (reference) Heny domains include:
Botulinum type A neurotoxin - amino acid residues (872-1110)

Botulinum type B neurotoxin - amino acid residues (859-1097)

The above sequence positions may vary a little according to serotype/ sub-type, and further
examples of (reference) Hen domains include:
Botulinum type A neurotoxin - amino acid residues (874-1110)

Botulinum type B neurotoxin - amino acid residues (861-1097)

Examples of (reference) Hec domains include:
Botulinum type A neurotoxin - amino acid residues (Y1111-L1296)

Botulinum type B neurotoxin - amino acid residues (Y1098-E1291)

WO 2017/191315 A1 (which is incorporated herein by reference) teaches chimeric clostridial
neurotoxins and methods for preparing and manufacturing the same. Thus, a chimeric
clostridial neurotoxin comprising a botulinum neurotoxin A (BoNT/A) light-chain and
translocation domain (BoNT/A Hy), and a BoNT/B receptor binding domain (Hc domain) for

use in the present invention may be one taught in WO 2017/191315 A1.

The term “chimeric clostridial neurotoxin” or “chimeric neurotoxin” as used herein means a
neurotoxin comprising (preferably consisting of) a clostridial neurotoxin light-chain and
translocation domain (Hn domain) from a first clostridial neurotoxin serotype and a receptor
binding domain (Hc domain) originating from a second different clostridial neurotoxin
serotype. Specifically, a chimeric clostridial neurotoxin for use in the invention comprises a
botulinum neurctoxin A (BoNT/A) light-chain and translocation domain (Hy domain), and a
BoNT/B receptor binding domain (Hc domain). The BoNT/A LHn domain of the chimeric
clostridial neurotoxin is covalently linked to the BoNT/B Hc domain. The chimeric clostridial
neurotoxin of the invention may be referred to as a chimeric botulinum neurotoxin. Said
chimeric clostridial neurotoxin is also referred to herein as “BoNT/AB”, “mrBoNT/AB” or a
“BoNT/AB chimera”.
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The L-chain and Hn domain (optionally including a complete or partial activation loop, e.g. a
complete activation loop when the chimeric clostridial neurotoxin is in a single-chain form and
a cleaved/partial activation loop when in a di-chain form) may be collectively referred to as an

LHN domain. The LHy domain thus does not further comprise an He domain.

The chimeric clostridial neurotoxin may consist essentially of a botulinum neurotoxin A
(BoNT/A) light-chain and translocation domain (Hny domain), and a BoNT/B receptor binding

domain (Hc domain).

The term “consist(s) essentially of” as used in this context means that the chimeric clostridial
neurotoxin does not further comprise one or more amino acid residues that confer additional
functionality to the polypeptide, e.g. when administered to a subject. In other words, a
polypeptide that “consists essentially of” a botulinum neurotoxin A (BoNT/A) light-chain and
translocation domain (Hn demain), and a BoNT/B receptor binding domain (Hc domain) may
further comprise one or more amino acid residues (to those of the botulinum neurotoxin A
(BoNT/A) light-chain and translocation domain (Hn domain), and BoNT/B receptor binding
domain (Hc domain)) but said one or more further amino acid residues do not confer
additional functionality to the polypeptide, e.g. when administered to a subject. Additional
functionality may include enzymatic activity, binding activity and/or any physiological activity

whatsoever.

The chimeric clostridial neurotoxin may comprise non-clostridial neurotoxin sequences in
addition to any clostridial neurotoxin sequences so long as the non-clostridial neurotoxin
sequences do not disrupt the ability of the chimeric clostridial neurotoxin to achieve its
therapeutic effect (preferably to treat pain). Preferably, the non-clostridial neurotoxin
sequence is not one having catalytic activity, e.g. enzymatic activity. In one embodiment the
chimeric clostridial neurotoxin of the invention does not comprise a non-clostridial
catalytically active domain. In one embodiment, a chimeric clostridial neurotoxin does not
comprise a further catalytically active domain. In one embodiment, the non-clostridial
sequence is not one that binds to a cellular receptor. In other words, in one embodiment, the
non-clostridial sequence is not a ligand for a cellular receptor. A cellular receptor may be a
proteinaceous cellular receptor, such as an integral membrane protein. Examples of cellular
receptors can be found in the IUPHAR Guide to Pharmacology Database, version 2019 4,
available at https://www.guidetopharmacology.org/download.jsp#db_reports. Non-clostridial

neurotoxin sequences may include tags to aid in purification, such as His-tags. In one
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embodiment, a chimeric clostridial neurotoxin of the invention does not comprise a label or a

site for adding a label, such as a sortase acceptor or donor site.

Preferably, a chimeric clostridial neurotoxin may consist of a botulinum neurotoxin A
(BoNT/A) light-chain and translocation domain (Hy domain), and a BoNT/B receptor binding
domain (Hc domain).

The chimeric clostridial neurotoxin comprises a light-chain that is capable of exhibiting non-
cytotoxic protease activity and of cleaving a SNARE protein in the cytosol of a target neuron.
As explained above, the di-chain form is the active form of a clostridial neurotoxin. Thus, the
invention excludes the use of a chimeric clostridial neurotoxin comprising a light-chain that
has been catalytically inactivated (a “catalytically inactive light-chain”), e.g. by way of one or
more mutations. Such catalytically inactive light-chains (and clostridial neurotoxins
comprising the same) are known in the art. A catalytically inactive L-chain may have one or
more mutations that inactivate said catalytic activity. For example, a catalytically inactive L-
chain may comprise a mutation of an active site residue. A mutation may be a substitution or
a deletion, in particular a substitution with a chemically-similar amino acid. Glutamic acid
may be substituted with glutamine, histidine may be substituted with tyrosine, arginine may
be substituted with glutamine, and/or tyrosine may be substituted with phenylalanine.
Alternatively, any residue may be substituted with alanine. A catalytically inactive BoNT/A L-
chain may comprise a mutation at H223, E224, H227, E262, R363, and/or Y366, e.g. a
mutation of at least E224 and H227. A catalytically inactive BONT/A L-chain may comprise a
substitution at E224 with glutamine (E224Q) and substitution at H227 with tyrosine (H227Y).

The term “catalytically inactive” as used herein in respect of a clostridial neurotoxin L-chain
means that said L-chain exhibits substantially no non-cytotoxic protease activity, e.g. no non-
cytotoxic protease activity. A catalytically inactive clostridial neurotoxin L-chain may be one
that does not cleave a protein of the exocytic fusion apparatus in a target cell. The term
“substantially no non-cytotoxic protease activity” means that the clostridial neurotoxin L-chain
has less than 5% of the non-cytotoxic protease activity of a catalytically active clostridial
neurotoxin L-chain (preferably an L-chain of native BONT/A shown as SEQ ID NO: 6), for
example less than 2%, 1% or less than 0.1% of the non-cytotoxic protease activity of a
catalytically active clostridial neurotoxin L-chain. Non-cytotoxic protease activity can be
determined in vitro by incubating a test clostridial neurotoxin L-chain with a SNARE protein
and comparing the amount of SNARE protein cleaved by the test clostridial neurotoxin L-

chain when compared to the amount of SNARE protein cleaved by a catalytically active

CA 03234608 2024-4-10



10

15

20

25

30

35

WO 2023/089343 PCT/GB2022/052957

24

clostridial neurotoxin L-chain (preferably an L-chain of native BONT/A shown as SEQ ID NO:
6) under the same conditions. Routine techniques, such as SDS-PAGE and Western blotting
can be used to quantify the amount of SNARE protein cleaved. Suitable in vitro assays are
described in WO 2019/145577 A1, which is incorporated herein by reference.

Cell-based and in vivo assays may also be used to determine if a clostridial neurotoxin
comprising an L-chain and a functional cell binding and translocation domain has non-
cytotoxic protease activity. Assays such as the Digit Abduction Score (DAS) assay, the
dorsal root ganglia (DRG) assay, spinal cord neuron (SCN) assay, and mouse phrenic nerve
hemidiaphragm (PNHD) assay are routine in the art. A suitable assay for determining non-
cytotoxic protease activity may be one described in Aoki KR, Toxicon 39: 1815-1820; 2001 or
Donald et a/ (2018), Pharmacol Res Perspect, e00446, 1-14, which are incorporated herein

by reference.

When administered to a subject, a chimeric clostridial neurotoxin is preferably in its active di-
chain form where the light-chain and heavy-chain are joined together by a disulphide bond.
Where a clostridial neurotoxin (e.g. chimeric clostridial neurotoxin) is defined herein by way
of a polypeptide sequence (SEQ ID NO), an L-chain portion of the sequence (SEQ ID NO)
may constitute a first chain of the di-chain clostridial neurotoxin (e.g. di-chain chimeric
clostridial neurotoxin) and the Hy and Hc domains together may constitute a second chain of
the di-chain clostridial neurotoxin (e.g. di-chain chimeric clostridial neurotoxin), wherein the
first and second chains are joined together by a di-sulphide bond. The skilled person will
appreciate that a protease may cleave at one or more positions within the activation loop of
the clostridial neurotoxin (e.g. chimeric clostridial neurotoxin), preferably at two positions
within the activation loop. Where cleavage occurs at more than one position (preferably at
two positions) within the activation loop, a small fragment of the C-terminal L-chain portion of
the sequence may be absent from the di-chain clostridial neurotoxin sequence (e.g. di-chain
chimeric clostridial neurotoxin). In view of this, the sequence of the di-chain clostridial
neurotoxin (e.g. di-chain chimeric clostridial neurotoxin) may be slightly different to that of the
corresponding single-chain clostridial neurotoxin (e.g. single-chain chimeric clostridial
neurotoxin). The small fragment may be 1-15 amino acids. In particular, in one embodiment,
when Lys-C is used to covert a single-chain chimeric clostridial neurotoxin into a di-chain
clostridial neurotoxin, the small fragment of the C-terminal L-chain portion of the sequence
that is absent may be SEQ ID NO: 15 or 16.
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The C-terminal amino acid residue of the LHy domain may correspond to the first amino acid
residue of the 310 helix separating the LHy and He domains of BoNT/A, and the N-terminal
amino acid residue of the Hc domain may correspond to the second amino acid residue of

the 319 helix separating the LHy and He domains in BoNT/B.

An example of a BoNT/A polypeptide sequence is provided as SEQ ID NO: 6.

An example of a BoNT/B polypeptide sequence is provided as SEQ ID NO: 7 (UniProt

accession number B1INP5).

Reference herein to the “first amino acid residue of the 3.0 helix separating the LHn and Hc
domains of BONT/A” means the N-terminal residue of the 310 helix separating the LHy and He

domains.

Reference herein to the “second amino acid residue of the 319 helix separating the LHy and
Hc domains of BoNT/B” means the amino acid residue following the N-terminal residue of the

310 helix separating the LHy and He domains.

A “310 helix” is a type of secondary structure found in proteins and polypeptides, along with a-
helices, B-sheets and reverse turns. The amino acids in a 310 helix are arranged in a right-
handed helical structure where each full turn is completed by three residues and ten atoms
that separate the intramolecular hydrogen bond between them. Each amino acid
corresponds to a 120° turn in the helix (i.e., the helix has three residues per turn), and a
translation of 2.0 A (= 0.2 nm) along the helical axis, and has 10 atoms in the ring formed by
making the hydrogen bond. Most importantly, the N-H group of an amino acid forms a
hydrogen bond with the C = O group of the amino acid three residues earlier; this repeated i
+ 3 — i hydrogen bonding defines a 3¢ helix. A 340 helix is a standard concept in structural

biology with which the skilled person is familiar.

This 340 helix corresponds to four residues which form the actual helix and two cap (or
transitional) residues, one at each end of these four residues. The term “31¢ helix separating
the LHn and He domains” as used herein consists of those 6 residues.

Through carrying out structural analyses and sequence alignments, a 310 helix separating the
LHy and He domains was identified. This 315 helix is surrounded by an ao-helix at its N-

terminus (i.e. at the C-terminal part of the LHy domain) and by a B-strand at its C-terminus
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(i.,e. at the N-terminal part of the Hc domain). The first (N-terminal) residue (cap or

transitional residue) of the 34 helix also corresponds to the C-terminal residue of this a-helix.

The 340 helix separating the LHy and He domains can be for example determined from
publicly available crystal structures of botulinum neurotoxins, for example 3BTA
(http://mww.rcsb.org/pdb/explore/explore.do?structureld=3BTA) and 1EPW
(http://mww.resb.org/pdb/explore/explore.do?structureld=1EPW) for botulinum neurotoxins

A1 and B1 respectively.

In silico modelling and alignment tools which are publicly available can also be used to
determine the location of the 340 helix separating the LHn and Hc domains in other
neurotoxins, for example the homology modelling servers LOOPP (Learning, Observing and
Outputting Protein Patterns, http://loopp.org), PHYRE (Protein Homology/analogY
Recognition Engine, http://iwww.sbg.bio.ic.ac.uk/phyre2/) and Rosetta
(https://www.rosettacommons.org/), the protein superposition server SuperPose
(http://wishart.biology.ualberta.ca/superpose/), the alignment program Clustal Omega
(http://www .clustal.org/omega/), and a number of other tools/services listed at the Internet
Resources for Molecular and Cell Biologists (http://molbiol-tocls.ca/). In particular, the region
around the “Hn/Hen” junction may be structurally highly conserved which renders it an ideal

region to superimpose different serotypes.

For example, the following methodology may be used to determine the sequence of this 34¢
helix in other neurotoxins:

1. The structural homology modelling tool LOOP (http://loopp.org) may be used to
obtain a predicted structure of other BoNT serotypes based on the BoNT/A1 crystal
structure (3BTA.pdb);

2. The structural (pdb) files thus obtained may be edited to include only the N-terminal
end of the Hcn domain and about 80 residues before it (which are part of the Hy
domain), thereby retaining the “Hn/Hen” region which is structurally highly conserved,;

3. The protein superposition server SuperPose
(http://wishart.biology.ualberta.ca/superpose/) may be used to superpose each
serotype onto the 3BTA.pdb structure;

4. The superposed pdb files may be inspected to locate the 310 helix at the start of the
Hc domain of BoNT/A1, and corresponding residues in the other serotype may then
be identified.
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5. The other BoNT serotype sequences may be aligned with Clustal Omega in order to

check that corresponding residues are correct.

Examples of LHy, He and 315 helix domains determined by this method are presented below:

Accession Number
. |[(Plus Sequence .

Neurotoxin ] LHn He 310 helix
Version after
Decimal)

BoNT/A1

(SEQ ID |ASHZZ9.1 1-872 873-1296 | 872NIINTS877

NO: 6)

BoNT/A2 X73423.3 1-872 873-1296 | 2NIVNTS87
DQ185900.1 (aka

BoNT/A3 1-872 873-1292 | 82NIVNTS8/
Q3LRX9.1)
EU341307.1 (aka

BoNT/A4 1-872 873-1296 | E72NITNASS77
Q3LRX8.1)
EUB879004.1 (aka

BoNT/A5 1-872 873-1296 | 82NIINTS877
C11IPK2.1)

BoNT/AB FJ981696.1 1-872 873-1296 | 82NIINTS®77
JQ954969.1 (akal

BoNT/A7 1-872 873-1296 | T2NIINTSE7
K4LN57.1)

BoNT/A8 KM233166.1 1-872 873-1297 | 82NITNTS®/

BoNT/B1

(SEQ ID B1INP5.1 1-859 860-1291 | 859E|LNNI864

NO: 7)
AB084152.1 (aka

BoNT/B2 1-859 860-1291 | 85°EILNN]|%64
QB8GR96.1)
EF028400.1 (aka

BoNT/B3 1-859 860-1291 | 89E|LNNI®64
A21252.1)
EF051570.1 (aka

BoNT/B4 1-859 860-1291 | 89E|LNNI864
A212W0.1)
EF033130.1 (aka

BoNT/B5 1-859 860-1291 | 2°DILNNIe64
A212U6.1)
IAB302852.1 (aka

BoNT/B6 1-859 860-1291 | 85°EILNNI|3%64
ABR089.1)
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Accession Number
(Plus Sequence]
Neurotoxin . LHn Hc 310 helix
Version after
Decimal)
JQ354985.1 (aka
BoNT/B7 1-859 860-1291 | %59E|LNN]I%64
HOCNK9.1)
JQ9648086.1 (aka
BoNT/B8 1-859 860-1292 | 859E|ILNNI884
1628G9.1)

Using structural analysis and sequence alignments, it was found that the B-strand following
the 310 helix separating the LHn and He domains is a conserved structure in all botulinum and
tetanus neurotoxins and starts at the 8t residue when starting from the first residue of the 319
helix separating the LHy and Hc domains (e.g., at residue 879 for BoNT/A1).

A BoNT/AB chimera may comprise an LHy domain from BoNT/A covalently linked to a Hc
domain from BoNT/B, wherein the C-terminal amino acid residue of the LHy domain
corresponds to the eighth amino acid residue N-terminally to the B-strand located at the
beginning (N-term) of the Hc domain of BoNT/A, and wherein the N-terminal amino acid
residue of the Hg domain corresponds to the seventh amino acid residue N-terminally to the

B-strand located at the beginning (N-term) of the Hc domain of BoNT/B.

A BoNT/AB chimera may comprise an LHn domain from BoNT/A covalently linked to a Hc
domain from BoNT/B, wherein the C-terminal amino acid residue of the LHy domain
corresponds to the C-terminal amino acid residue of the a-helix located at the end (C-
terminus) of the LHn domain of BoNT/A, and wherein the N-terminal amino acid residue of
the Hc domain corresponds to the amino acid residue immediately C-terminal to the C-
terminal amino acid residue of the a-helix located at the end (C-terminus) of the LHn domain
of BoNT/B.

The rationale of the design process of the BoNT/AB chimera was to try to ensure that the
secondary structure was not compromised and thereby minimise any changes to the tertiary
structure and to the function of each domain. Without wishing to be bound by theory, it is
hypothesized that by not disrupting the four central amino acid residues of the 31 helix in the
BoNT/AB chimera ensures an optimal conformation for the chimeric neurotoxin, thereby
allowing for the chimeric neurotoxin to exert its functions to their full capacity. In fact,

surprisingly, retaining solely the first amino acid residue of the 349 helix of the BoNT/A and
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the second amino acid residue of the 34 helix onwards of BoNT/B not only allows the
production of soluble and functional BoNT/AB chimera, but further leads to improved
properties over other BONT/AB chimeras, in particular an increased potency, an increased
Safety Ratio and/or a longer duration of action (as well as an increased Safety Ratio and/or
duration of action when compared to native BoNT/A [e.g. SEQ ID NO: 6)]).

Undesired effects of a neurotoxin (caused by diffusion of the neurotoxin away from the site of
administration) can be assessed experimentally by measuring percentage bodyweight loss in
a relevant animal model (e.g. a mouse, where loss of bodyweight is detected within seven
days of administration). Conversely, desired on-target effects of a neurctoxin can be
assessed experimentally by the Digital Abduction Score (DAS) assay, a measurement of
muscle paralysis. The DAS assay may be performed by injection of 20 yL of neurotoxin,
formulated in Gelatin Phosphate Buffer, into the mouse gastrocnemius/soleus complex,
followed by assessment of Digital Abduction Score using the method of Aoki (Aoki KR,
Toxicon 39: 1815-1820; 2001). In the DAS assay, mice are suspended briefly by the tail in
order to elicit a characteristic startle response in which the mouse extends its hind limbs and
abducts its hind digits. Following neurotoxin injection, the varying degrees of digit abduction
are scored on a five point scale (O=normal to 4=maximal reduction in digit abduction and leg

extension).

The Safety Ratio of a neurotoxin may then be expressed as the ratio between the amount of
neurotoxin required for a 10% drop in a bodyweight of a mouse (measured at peak effect
within the first seven days after dosing in a mouse) and the amount of neurotoxin required for
a DAS score of 2. High Safety Ratio scores are therefore desired, and indicate a neurotoxin

that is able to effectively paralyse a target muscle with little undesired off-target effects.

A high Safety Ratio is particularly advantageous in therapy because it represents an increase
in the therapeutic index. In other words, this means that reduced dosages can be used
compared to alternative clostridial neurotoxin therapeutics and/or that increased dosages can
be used without any additional (e.g. deleterious) effects. Deleterious effects may include
systemic toxicity and/or undesired spread to adjacent muscles. The possibility to use higher
doses of neurotoxin without additional effects is particularly advantageous as higher doses

usually lead to a longer duration of action of the neurotoxin.

The potency of a chimeric clostridial neurotoxin may be expressed as the minimal dose of

neurotoxin which leads to a given DAS score when administered to a mouse
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gastrocnemius/soleus complex, for example a DAS score of 2 (EDsp dose) or a DAS score of
4. The Potency of a chimeric clostridial neurotoxin may be also expressed as the ECso dose
in a cellular assay measuring SNARE cleavage by the neurotoxin, for example the ECso dose

in a cellular assay measuring SNAP25 cleavage by a chimeric clostridial neurotoxin.

The duration of action of a chimeric clostridial neurotoxin may be expressed as the time
required for retrieving a DAS score of 0 after administration of a given dose of neurotoxin, for
example the minimal dose of neurotoxin leading to a DAS score of 4, to a mouse

gastrocnemius/soleus complex.

The chimeric clostridial neurotoxin may have a Safety Ratio of greater than 7, wherein the
Safety Ratio is calculated as: dose of toxin required for -10% bodyweight change measured
as pg/mouse divided by DAS EDsy measured as pg/mouse, wherein EDsp = dose required to
produce a DAS score of 2. For example, a chimeric clostridial neurotoxin may have a Safety
Ratio of at least 8, 9, 10, 15, 20, 25, 30, 35, 40, 45 or 50.

Preferably, the chimeric clostridial neurotoxin has a Safety Ratio of at least 10 (e.g. a Safety
Ratio of 10), more preferably at least 12 or 13 (e.g. 14-15). The chimeric clostridial
neurotoxin may have a Safety Ratio of greater than 7 up to 50 e.g. 8-45, 10-20 or 12-15.

The chimeric clostridial neurotoxin of the invention preferably has a longer duration of action
(e.g. an improvement in one or more symptoms of at least 5%, 10%, 25%, or 50%) when
compared to BONT/A (e.g. SEQ ID NO: 6, such as SEQ ID NO: 6 in a di-chain form). Said
duration of action may be at least 1.25x, 1.5x, 1.75x, 2.0x, or 2.25x greater. The duration of
action of said chimeric clostridial neurotoxin may be between 4.5 and 9 months or between 6
and 9 months. For example, a duration of action may be at least 4.5 months (from onset),
5.0 months, 5.5 months, 6 months, 6.5 months, 7.0 months, 7.5 months, 8.0 months, 8.5
months, or 9.0 months. In particular embodiments, a duration of action may be greater than
9.0 months.

Thus, in one embodiment, a chimeric clostridial neurotoxin may treat a disorder (e.g. pain or
a sensory disorder, preferably pain) of a subject for a longer duration (e.g. from
administration) than that of a subject treated with BoNT/A (e.g. SEQ ID NQO: 6, such as SEQ
ID NO: 6 in a di-chain form). Said duration may be a duration from administration that is
consistent with the duration of action of a chimeric clostridial neurotoxin of the invention.

Thus, a chimeric clostridial neurotoxin may treat a disorder of a subject for a duration from
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administration that is at least 1.25x, 1.5x, 1.75x, 2.0x, or 2.25x greater than the duration of
treatment from administration with BoNT/A (e.g. SEQ ID NO: 6, such as SEQ ID NO: 6 in a
di-chain form). A chimeric clostridial neurotoxin may treat a disorder of a subject for a
duration from administration of between 4.5 and 9 months or between 6 and 9 months, for
example, at least 4.5 months, 5.0 months, 5.5 months, 6 months, 6.5 months, 7.0 months,
7.5 months, 8.0 months, 8.5 months, or 9.0 months from administration. In particular
embodiments, a chimeric clostridial neurotoxin may treat a disorder of a subject for a

duration from administration of greater than 9.0 months.

Thus, in one aspect, the invention provides a method for treating a disorder (e.g. pain or a
sensory disorder, preferably pain) of a subject for a longer duration (e.g. from administration)
than that of a subject treated with BoNT/A (e.g. SEQ ID NO: 6, such as SEQ ID 