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CHAPTER 1

INTRODUCTION



In spite of the advances made since the description of willow bark to induce pain relief by
Hippocratesin ancient Greece, many millions worldwide today still suffer from untreated
pain. (Verhaak et al., 1998; Dureja et al., 2014; Breivik et al., 2006) Chronic pain has a
negative influence on an individual's wellbeing and may be associated with psychiatric
disorders including mood disorders and anxiety disorders (Tsang et al., 2008). (Racine,
2018) The unmet medical need pushes clinical drug development for the treatment of
paininto two directions. The first direction is the development of new compounds, which
can be further subdivided into refinements of existing and first-in-class compounds.
This direction is quite rare — especially completely novel concepts - illustrating the
many challenges that are faced in the development of a novel pain therapy. The second
direction is to repurpose already marketed pharmacological agents. Some eminent
examples are the antihypertensive clonidine, the anticonvulsant pregabalin, and the
tricyclic antidepressant amitriptyline. These two potential avenues in analgesic drug
development illustrate the spectrum of potential pharmacological targets to treat pain:
from highly specific sodium channels exclusive for the nociceptive system, to largely
serendipitous effects of serotonin and norepinephrine re-uptake blockage and Gamma-
Aminobutyric acid (GABA) modulation. This extensive assortment of potential targets
throughout the central and peripheral nervous system provides many opportunities, but
is also a perilin finding new effective and safe treatments against chronic pain.

Nociception versus pain

Pain serves an evolutionary purpose as the body’s warning system for any potential
physical threat. Since the threat of injury may require anticipatory or immediate
conscious actions, the system is inherently connected to affect and cognition. This
results in different dimensions of pain to be distinguished. The pain cascade is initiated
within the nociceptive system.

In1664,René Descarteslaid the foundation foramechanical approach to a specialised
pain system in humans, which was further developed in the nineteenth century as a
distinct sensory system responding to high intensity sensory input. In the twentieth
century understanding of the pain system deepened with the introduction of functional
neurophysiological and neuroimaging techniques including evoked potentials, fMRI and
PET.

This physiological nociceptive mechanism is defined by the transduction of a noxious
signal at the peripheral sensory nerve terminal, generating an action potential after the
activation threshold isreached. This signal is subsequently transmitted via nociceptors,
of which there are two main subtypes. Myelinated A6 fibres transmit signals fast and
respond to weaker stimuli. The unmyelinated C fibres respond to stimuli of stronger
intensity and provide slower longer lasting signalling.

The nociceptive signal is transmitted onto the dorsal horn of the spinal cord where
the peripheral nerve afferent synapses into a dorsal horn neuron. From here the signal
can be transmitted higher up to the central nervous system. At this level, many different
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neurotransmitters have been identified and implicated to play a role in modulation of
the action potential; these include excitatory (glutamate) and inhibitory (GABA, glycine)
neurotransmitters, neuro-active peptides (e.g. Substance P, Calcitonin gene-related
peptide [CGRP], nociceptin), opioid peptides (enkephalins and dynorphins), and various
other biogenic amines (serotonin, dopamine, norepinephrine, acetylcholine, ATP, nitric
oxide, etc).

Dependingonwhich type of nociceptoris activated, the pain signalis then transmitted
supraspinally, predominantly via the ascending pathways in the spinoreticular and
spinothalamic tracts. These project into the medulla, brain stem, periaqueductal
grey (PAG) and thalamus; structures that are involved in modulation of nociceptive
transmission.

Within the nociceptive system there are two modulatory mechanisms involved
in transmission, facilitation and inhibition, which are in equilibrium in the healthy
state. Where facilitation is crucial for early and anticipatory detection of pain signals,
regulation through descending inhibitionis asimportant for an adaptive sensory system.
The theoretical framework for this modulatory system was proposed in 1911 (Head and
Holmes, 1911) and experimentally confirmed in the following years. This framework was
expanded with the theory of gate control, approximately half a century later. (Melzack
and Wall, 1965) Brain regions that have been identified to play a role in pain modulation
are highly inter-related with the cognitive-affective dimensions of pain perception,
which comprise for example the PAG, amygdala, hypothalamus, components of the
anterior cingulate cortex, the insula and orbitofrontal the dorsolateral prefrontal cortex.

The aggregate of signalling within the sensory-discriminative and cognitive-
affective systems results in pain perception: the subjective experience of becoming
aware of a signal from the nociceptive system. It is the culmination of sensory and
emotional input, and involves different cognitive aspects including casual attribution,
appraisal, attention, context-specific meaning making, memory, etc. It is dependent not
only on factors within the human body, but also on external factors including culture,
upbringing, situation and numerous other factors.

Clearly, this unpleasant sensation is the most relevant aspect of the entire cascade
foran individual patient, yet it is the most elusive.

Pain as symptom or as disease

Thereisacleardistinction between acute and chronic pain. \Where acute painis typically
asymptom of an underlying pathophysiological source, chronic pain can to some degree
be considered to be the disease itself. (Treede et al., 2019) Chronic pain persists for
more than six months and results from a dysregulation within the nociceptive system.
The International Association for the Study of Pain has classified chronic pain for the
International Classification of Diseases (ICD-11) as a disease or symptom with either
chronic primary pain syndromes (e.g. fioromyalgia, complex regional pain syndromes,
irritable bowel syndromes, non-specific low-back pain, chronic migraine), or chronic
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secondary pain syndromes (cancer-related pain, posttraumatic pain, musculoskeletal
and neuropathic pain). (Treede et al., 2019)

In the case of neuropathic pain, a lesion secondary to the primary illness develops
within the nociceptive system. Dependent on the localisation and type of the lesion in
the nervous system this may induce different symptoms, which are either spontaneous
(e.g. burning, cold, paraesthesia, hypoesthesia) or an extreme reaction to external
stimuli. Sensitisation to evoked stimuli can result in the phenomena allodynia or
hyperalgesia. Allodynia is the sensation of pain resulting from a low intensity stimulus
due to hyperexcitability and lowered activation thresholds of the nociceptors, which in
the healthy state would not induce pain. Hyperalgesia is a heightened pain sensation
to a normally painful stimulus resulting from increased afferent firing after activation of
a nociceptor. This phenomenon transpires not only in the context of neuropathic pain
but also during localised inflammation of dermal tissue, for example after sunburn. This
is known as peripheral sensitisation and results in increased sensitivity to thermal and
mechanical stimulation at the primary area of injury.

When the lesion within the nociceptive system is located at the level of the dorsal
horn or higher, central sensitisation may occur. This may not only lead to sensitisation
in the primary area, but also to referred pain or secondary hyperalgesia or allodynia,
i.e. sensitisation in an unaffected area. The exact underlying mechanisms are not fully
understood, but different types of sensitisation occur. The activation thresholds to
nociceptive afferents decreases, but also their receptive field increases to a level that
even non-nociceptive (i.e. AB mechanoreceptors) can activate a nociceptive pathway.
In the healthy state this protective mechanism ensures that damaged tissue is actively
protected. However, in the pathological state this may result in (extremely) painful
sensation to light touch of large body surfaces.

Precision pharmacology

Due to its multifaceted character, the treatment of chronic and neuropathic pain is a
prototype indication where precision pharmacology should be applied. This refers to
both clinical practice at bedside but also to drug development at large.

According to the Precision Medicine Initiative, precision medicine is “an emerging
approach for disease treatment and prevention that takes into account individual
variability in genes, environment, and lifestyle for each person.” (NIH) As a successor
to "personalised medicine”, the term precision medicine describes the use of various
factors to categorise patients into accurate subcategories, thereby enabling evidence-
based decision-making. Reversed, the failure to make the correct distinction between
individual patients or groups of patients, may lead to errorsin the selection of a treatment
or treatment regimen.

Precision pharmacology requires anintegrated approach that combines mechanistic
information and clinical pharmacology in order to address inter-individual variability and
to define subtypes where applicable.
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Complex pain demands complex treatment

In 1986 the World Health Organisation (WHO) introduced the analgesic stepladder
for cancer pain. (WHO, 1986) These recommendations have been the blueprint for
the treatment of cancer pain but also other types of pain. The ladder that is proposed
is a sequential list of different types of therapies that can be used. If a drug in the
recommended dose regimen is not effective, a drug from the next group should be
administered. Adjuvant drugs may be used as described. If a drug ceases to be effective,
an alternative that is definitely stronger should be used instead. The steps of the ladder
are as follows:
1 Non-opioids (e.g. aspirin, paracetamol, NSAIDS*
2 Weak opioids (e.g. codeine, hydrocodone*, oxycodone*, tramadol*,)
3 Strong opioids (e.g. morphine, buprenorphine, meperidine, hydromorphone,
fentanyl, methadone, tapentadol)
*Not introduced in the initial ladder in 1986.

Each step may be accompanied with adjuvant treatment (e.g. anticonvulsants,
anxiolytics, antidepressants, gabapentinoids, NMDA receptor antagonists, steroids)
Over time, this ladder, which was intended for terminally ill cancer patients, served as
a standard to treat other persistent pains as well, even in the absence of evidence that
this treatment is in fact reducing pain in the long term. For example, the effectiveness
on quality of life of opioid therapy in the treatment of chronic painisinconclusive (Noble
et al., 2010), even though the risks and reduction in quality of life associated with opioid
use are widely known. Although the ladder provides valid guidance in the treatment
of acute and end of life pains, this is not necessarily the case for chronic pain, due to
its unpredictable and capricious disease course. Neuroimaging studies have confirmed
the clinical observation that in chronification of pain, plastic changes in cortical-limbic
structures occur, inducing a shift from a somatosensorial experience to an affective
experience. (Mansour et al., 2014) These affective components express into altered
mood, anxiety, stress and a subsequent reduction in quality of life and doubling of
suicide risk. (Racine, 2018) Consequently, the perception of pain, taking into account not
only somatosensory but also the affective components, isthe true target in the treatment
of chronic pain.

Developing treatment that targets pain perception

The treatment of acute pain is characterised by symptom control, but chronic pain
requires a more refined therapeutic approach. Due to the heterogeneity of chronic pain
conditions and the abundance of potential pharmacological targets that involve most
of the nervous system from peripheral nerves to higher brain centres, identifying new
treatments that will be effective in large groups of different patients is challenging. It
has been argued that clinicians today are not much more advanced than they were 20
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years ago, in their capacity to either effectively treat or even diagnose their patients.
(Vardeh et al., 2016) Apart from the hiatus in mechanistic understanding of underlying
pathophysiology, the fact that the potential pharmacological targets are distributed
throughout the entire nervous system creates a challenge in terms of the occurrence of
undesirable effects resulting from either primary or secondary pharmacological action.

All these factors combined create the frameworkin which drug development for new
therapies for chronic and neuropathic pain takes place. Thisis a complicated area where
the chance of a "quick win" is minimal. However, given the disease burden of untreated
and undertreated pain, there is a high need for effective analgesic drug development, for
which the large diversity of targets provides ample opportunity. To treat pain perception,
especially in the case of chronic neuropathic pain, it is crucial to approach the central
nervous system in its totality. Although many peripheral causes of pain can be treated
with single targeted pharmacological interventions, the most effective treatments
for neuropathic pain do not target highly specific receptors, but aim to modulate the
perception of pain at different levels in the cascade. Central pain modulationis the focus
of this thesis, which mainly deals with two of the most widely distributed targets in the
central nervous system. Cannabinoid and GABAergic transmission plays an important
role in pain perception, but also in many other CNS functions, warranting an integrated
approach. We will now present these two neurotransmitter systems as potential targets
for the treatment of neuropathic pain, and subsequently proceed with a description of
methods to measure their diverse effects.

CANNABINOID RECEPTORS

The two most important cannabinoid (CB) receptors are CB1 and CB2. As CB2 is
predominantly found in the immune system, this thesis focuses on the CB1 receptor,
which is distributed throughout the nervous system. These G-protein coupled
receptors (GPCR) are chiefly expressed in neurons, mostly presynaptical. They function
in modulating the release of different neurotransmitters including GABA, dopamine,
noradrenaline, glutamate and serotonin. (Schlicker and Kathmann, 2001)

Anatomically, they are expressed in various brain regions: the cortex, basal
ganglia, hippocampus, cerebellum, thalamus, amygdala, periaqueductal grey and
medulla oblongata. Many of these regions are known to play a role in pain perception.
Furthermore, CB1 receptors are found spinally, primarily in the interneurons of the
dorsal horn. (Mackie, 2005). These receptors have not only been identified centrally,
but are also expressed in the peripheral nervous system. (Hohmann and Herkenham,
1999; Veress et al., 2013) CB1 receptors are abundantly present in the sympathetic nerve
endings and the peripheral nociceptive nerve fibres, mostly in the myelinated A6 fibres,
but alsoin a limited number of C fibres. (Bridges et al., 2003)

Apart from the two principal endogenous ligands for the cannabinoid receptors,
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), other endocannabinoidsinclude
noladin ether, virodhamine, and N-arachidonoyldopamine (NADA). Unlike most other
neurotransmitters, endocannabinoids are not stored in presynaptic vesicles, but are
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synthesised and released from the cell membrane responding to physiological or
pathological stimulation, including noxious stimuli. (Walker et al., 2002; De Petrocellis et
al., 2004) The main psychoactive ingredient of Cannabis sativa, Ag-tetrahydrocannabinol
(A9-THC) is the most widely known exogenous ligand for the CB1 (and CB2) receptors.

The CB1 receptor does not only respond to different endogenous ligands, but these
ligands (AEA and 2-AG) also have also been reported to interact with other receptors, in
particular the Transient Receptor Potential (TRP) channel family, of which the TRPV1 is
widely recognised for its role in (heat) pain sensation and regulation, and pathological
pain states. (Ahluwalia et al., 2003)

As aresult of its widespread distribution, the endocannabinoid system is associated
with the regulation of a myriad of functions, e.g. learning, memory, mood, appetite, sleep,
neuroprotection, gastrointestinal motility and pain perception. This wide spectrum of
functions makesit an interesting and challenging opportunity for the treatment of various
pathological states. Due to its undisputed association with pain and the modulation
of pain sensation, this neurotransmitter system is of interest when developing new
therapies for the treatment of chronic neuropathic pain.

GABA RECEPTORS

y-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the Central
Nervous System. Similar to the cannabinoid receptors, two receptor types have been
identified for GABA: GABA, and GABAg. GABA, is a pentameric ionotropic receptor,
mediating fast responses by opening chloride channels in the presence of GABA.
Over 20 combinations of the subunits a,, B1-4, y1-3, §, €, o have been identified, named
subtypes. This results in a high degree of heterogeneity among the functional effects
exhibited by the different subtypes. GABAg, is a GPCR involved in slower cascades of
second messenger systems. Activation of GABAg receptorsis associated with activation
of adenylyl cyclase, opening potassium channels, and inhibiting calcium channels.

GABA occurs in 30-40% of all synapses, and the specific types and subtypes of
GABA receptors are distributed throughout the CNS. For example, the most prevalent
GABA, receptors in the brain consist of a combination of a,/a, /a; /as, and B, /Bs and y;,
There is only little overlap in localisation of specific subtypes, consequently subtypes
are associated with specific neurophysiological functions. Apart from its abundant
distribution in the brain, GABA receptors are also widely expressed in the spinal cord.
The highest concentration is found in the dorsal grey and ventral grey matter. In the
dorsal horn, both GABA 5 receptorsand GABAgreceptors are localised in the presynaptic
interneurons. (Malcangio and Bowery, 1996)

Behavioural and pharmacological investigations, ranging from in vitro to preclinical
and clinical research, have assigned different functional roles to the different receptor
subunits of GABAA. For example, a1 agonism is mostly implicated with sedation and
amnesia. The subtypes containing a2 and a3 have predominantly been associated
with anxiolysis (Rudolph et al., 1999). In the last decade however, their role in the
modulation of pain perception has also been established. (Knabl et al., 2008) Temporal
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and special memory is processed among others in the hippocampus. Experiments have
demonstrated that tonic inhibition of glutamatergic input via a5 regulates learning and
memory. (Collinson et al., 2002b) When targeted with an agonist, the loss of inhibitory
control results in a decrease in cognitive and memory performance.

Parallel to the endocannabinoid system, the GABA system is a comprehensive system
involved in an extensive range of physiological functions. Based on this physiology, there
are vast opportunities to intervene, when developing a treatment for neuropathic pain.
However, both CB1 and GABA are important for the fine-tuning of neuronal cellular and
network connections. The challenge for the development of drugs that target these
neurotransmitters for the treatment of chronic pain is therefore to prevent further
disruption of any (impaired) balance in pain regulation. Since these pharmacological
mechanisms play similar regulatory roles in other CNS functions, inhibition can easily
lead to adverse effects. Consequently, cannabinoid or GABAergic drug development
for chronic pain should always consider the impact on comprehensive pain processing,
in conjunction with other neurophysiological or psychological systems. This thesis
contains several chapters where integrated or combined measurements were used for
dose selection and optimisation, applying multimodal batteries for pain — the PainCart®
—and for drug-sensitive CNS functions —the NeuroCart®.

Human evoked pain models as biomarkers for pain

In the changing landscape of analgesic drug development, the blockbuster model is
likely tocome to an end. With a stronger emphasis on identifying subpopulations of those
that are likely to respond well to treatment, and those with higher risk of adverse events,
more effective treatments could be developed and potentially with a lower chance of
failure. This approach is for example precedented in the field of oncology. The concept
that genotypical, phenotypical and mechanistic understanding is a prerequisite for the
development of an effective therapy of one or more pharmacological interventions is
now established, on account of the extensive efforts made to understand underlying
pathophysiology.

An indispensible feature of effective analgesic drug development is to gain
mechanistic knowledge on the mode of action of the pharmacological agent at each
step of development. This is the only way to gain true understanding of the drug’'s
pharmacology and the potential benefit and harm for the patient. This can be expected to
lead to a more efficient and cost-effective development trajectory. In order to implement
this already in the early clinical phase of research, biomarkers play a crucial role. A
biomarker is defined as “a characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or pharmacological
responses to a therapeutic intervention”. (BiomarkersDefinitionsWorkingGroup, 2001).
There is an inherent chasm between research in preclinical pain models of pain and
a clinical, proof-of-concept study in patients with pain (Berge, 2011; Yekkirala et al.),
strongly contributing to failed clinical trials at this stage.
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Incorporating biomarkers for pain in early phase clinical studies in healthy subjects and
patients has the potential to bridge this gap to a certain extent. Given the complexity of
the pathophysiology of pain, itis highly improbable that a single biomarker can represent
pain in its totality. However, it is achievable to identify mechanism-specific biomarkers
that are: consistent in their response to pharmacological intervention; respond to
therapeutic doses; demonstrate a dose-response relationship; and are valid in the sense
that they reflect a plausible relationship with the pathophysiology under investigation.
These criteria are defined as imperative for the selection of a biomarker, in addition to
validation including an assessment of its sensitivity. (Cohen et al., 2015) In this light, a
multi-modal approach, as applied in the battery of evoked pain tasks, referred to as the
PainCart can play an important role in phase | clinical trials in healthy subjects. Even
though the clinical presentation of a patient with chronic pain cannot be mimicked
in any model, the battery of evoked pain tasks could provide valuable information on
the mechanism of action of an analgesic compound under investigation. If aforesaid
tool is utilised in a data-intensive phase | or lla study, in conjunction with frequent
pharmacokinetic and safety assessments, it is possible to obtain a comprehensive
understanding of the human pharmacology of a new or already known compound.
The value of this tool lies within the perception of the researcher or sponsor. Namely,
where the limited resemblance between a highly heterogeneous chronic pain patient
and evoking pain in a healthy volunteer in a controlled clinical research setting may be
perceived as a constraint, it is actually a strong asset for early drug development. A few
advantages for example are: homogenous study population, standardised stimulus
modalities, controlled intensity and duration of painful stimuli, quantitative outcomes
that can be compared over time. (Arendt-Nielsen et al., 2007) Therefore, this type of tool
allows to thoroughly quantify specific elements of a system that is dysregulated in the
pathophysiological state.

Gaining information in clinical pharmacology early during clinical development of a
pharmacological agent provides the context for decision-making in subsequent steps,
but needs to be interpreted prudently with the correct context.

Multimodal measurement of pain and central nervous system
functions: PainCart® and NeuroCart®

Because many types of chronic pain ultimately lead to widespread dysregulations
within the pain cascade, it is likely that drugs for these conditions will also have an
impact throughout the central nervous system. To aid in the development of these
drugs, integrated measurements of pain and other CNS functions should be used to
determine the profile of desired and undesirable effects. This approach can help identify
the optimal therapeutic window, as well as secondary pharmacological effects that can
be used to treat concomitant conditions like insomnia or anxiety. To this end, the Centre
for Human Drug Research (CHDR) developed two test batteries: the PainCart and the
NeuroCart.
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The PainCart is a test battery of human evoked pain tasks, which comprises different
tasks, associated with different pain modalities. The individual pain tasks have been
used extensively individually in clinical research. (Okkerse, 2018) A set of complementary
tasks has been combined and validated into a composite, multi-modal biomarker. The
operational characteristics are described in this thesis and elsewhere. (Hay et al., 2016)

Initially, the PainCart consisted of four tasks, each targeting different modalities of
painindifferent tissues, localised at different areas of the body. The following modalities
were included: Pressure pain, Cold pain, Electrical pain and Heat pain. However, the
test battery did not include a model for hyperalgesia, which is a common symptom of
neuropathic pain. Therefore the literature review described in Chapter 2 of this thesis
was performed to identify a model for hyperalgesia in humans that meets the criteria for
biomarkers in early phase clinical research.

TABLE 1 Overview of tasks and pharmacodynamics endpointsincluded in the PainCart®
described in this thesis

PainCart Task Endpoints

Cold Pressor (s) PDT, PTT, AUC, VAS
Electrical Stimulation (mA) PDT, PTT, AUC, VAS
CPM: Electrical stimulation * (mA) PDT, PTT, AUC, VAS
Pressure Stimulation (kPa) PDT, PTT, AUC, VAS
Normal Heat (°C) PDT

UVB Heat (°C) PDT

*(Difference Pre-Post Cold Pressor) /PDT - Pain Detection Threshold /PTT - Pain Tolerance Threshold /
AUC - Area Under the Curve / VAS - Post-test Visual Analogue Scale

The tasks in the PainCart are performed consecutively during a measurement round.
Each measurement round is performed before administration of a treatment, and then
multiple times after administration of a treatment (active or placebo). To account for
bias resulting from inter-individual variability in pain reporting, a crossover design is
recommended, asintra-individual variability is considerably lower. Variability from affects
associated with fear of pain, is reduced by making the subjects themselves responsible
for starting and ending each pain task. Therisk of tissue damage is eliminated, as all pain
tasks have a maximum safety cut-off.

The pain tasks in the battery are complementary in the sense that different elements
of the nociceptive system are stimulated, resulting in the perception of pain. The
distinction between the pain tasks arises from various phases of the pain cascade.
The most obvious difference is observed on the level of the peripheral sensory nerve
endings. Each pain task activates the nociceptive system through a specific receptor.
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The Cold pressor task excites the nociceptive cascade through activation of the TRPM8
and TRPA1 receptors in the skin (Foulkes and Wood, 2007). Heat on the other hand is
transduced into an action potential after exciting the TRPV1 receptor. Hyperalgesia,
when induced forinstance by UVB or a thermode burn, results from a local inflammatory
reaction in response to tissue damage. In this process, a broad array of inflammatory
factors are released, including bradykinin, protons (H+), Nerve Growth Factor (NGF)
and various others, that either modulate or directly activate TRPV1 and TRP1 channels.
Apart from the peripheral sensitisation that ensues, microglia activated by CASP6 can
induce a spinal component to the observed hyperalgesia via sensitisation of nociceptor
nerve terminals in the dorsal horn (Guan et al., 2016). Consequently, the activation
threshold of thermal and mechanical nociceptors decreases in the injured area, causing
allodynia and hyperalgesia. (Gustorff et al., 2004) The Pressure pain task does not
activate superficial cutaneous mechanoreceptors, but reaches deeper high threshold
mechanoreceptorsin the muscle tissue. Muscle pain mainly originates from deep tissue
group lll and IV afferents. (Graven-Nielsen et al., 2004) In contrast with the other pain
tasks, the Electrical Pain task bypasses the peripheral receptors and directly stimulates
the nociceptive nerve.

TABLE 2 Overview of tasks and pharmacodynamics endpoints included in the NeuroCart®
described in this thesis

NeuroCart Task Endpoints

Saccadic eye movement Saccadic Peak Velocity (deg/sec)
Smooth pursuit Proportion in smooth pursuit (%)
Adaptive tracking Average performance (%)

Body sway Anteroposterior movement (mm)
VAS Bond and Lader VAS Alertness (mm)

VAS Mood (mm)
VAS Calmness (mm)

VAS Bowdle VAS Internal perception (mm)
VAS External perception (mm)
VAS ‘Feeling High' (mm)

Visual Verbal Learning Test (VVLT) Immediate recall: Number correct
Delayed recall: Number correct
Delayed recognition: Number correct

Pharmaco-EEG Alpha Fz-Cz, Pz-Oz
Beta Fz-Cz, Pz-Oz
Delta Fz-Cz, Pz-Oz
Theta Fz-Cz, Pz-Oz

VAS = Visual Analogue Scale
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The noxious stimulus is transduced into an action potential that is transmitted via
nociceptive nerve fibres. The Aé fibres are responsible for the fast,immediate sensation
of pain, whereas the C fibres cause the more dull, prolonged sensation of pain. AS fibres
are specific for thermal and mechanical stimulation, and C fibres can also be polymodal.
Cold painis known to be mediated via specific subpopulations of A fibres (Simone and
Kajander, 1997) and C fibres, (Campero et al., 2009). Heat pain is initially mediated via A
fibres, but hyperalgesia resulting from the UVB model is thought sensitise both AS fibres
and C fibres, both peripheral and centrally. (Neumann et al., 1996)

The NeuroCart, a multimodal cognitive and neurophysiological test battery, was
alsodeveloped at CHDR. This test battery has been used extensively to characterise the
specific, time- and dose-dependent, neurophysiological and/or neuropsychological
effects of a compound, thereby confirming whether the compound reaches its
intended target in the central nervous system. (Groeneveld et al., 2016) The NeuroCart
consists of a diverse selection of validated tasks which provide information on various
functional domains of the central nervous system and the effects of pharmacological
agents thereon. In its full scope, the following functional domains are included in the
NeuroCart: (visuo)motor coordination, alertness, memory, subjective drug effects and
neurophysiological brain activity (electroencephalography). In this thesis, the test
battery is limited to the tasks that have previously been demonstrated to be sensitive
to cannabinoids and GABAergic compounds. Over the years, CHDR has gained
extensive experience in assessing the pharmacodynamics of these agents with the
NeuroCart.

Cannabinoids were the topic of two CHDR dissertations. Lineke Zuurman examined
a newly developed standardised mode of intrapulmonary administration of A9-THC,
which was thoroughly investigated with the NeuroCart in healthy subjects. (Zuurman,
2008) These studies provided reliable pharmacokinetic-pharmacodynamic models for
a range of concentration-dependent CNS effects, in particular postural instability and
visual analogue scales for alertness (Bond& Lader) and psychomimetic effects (Bowdle),
but not eye movements or adaptive tracking. In a subsequent thesis, Linda Klumpers
used these method validations to quantify the inhibitory effects of a range of selective
CB1-antagonists. (Klumpers, 2014) Klumpers also published the first results with a novel
oral formulation of A9-THC (Namisol®) in healthy volunteers. (Klumpers et al., 2012) In
the current thesis the effects of this compound are described in Chapters 3 and 4.
Chapter 3 describes a clinical trial in which an oral formulation of A9-THC is investigated
in a four-week, placebo-controlled, proof-of-concept trial in a population of patients
with progressive (primary or secondary) multiple sclerosis, suffering from spasticity in at
least one of the lower limbs. Both objective and subjective endpoints for spasticity and
pain, as well as objective and subjective endpoints for sedation and postural instability
were included as endpoints to determine the efficacy of the therapy in relation to its
undesirable effects. The mode of action of A9-THC in the treatment of pain is further
characterised in healthy volunteers, as reported in Chapter 4. Here, the PainCart was
utilised to determine the pharmacodynamic effects of an oral formulation of A9-THC and
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oral paracetamol, compared with placebo and the negative control promethazine. In
conjunction with the pain tasks, subjective effects were measured using the NeuroCart.

At CHDR, a considerable number of both nonselective and subtype-selective
GABA modulators have been examined in healthy subjects, using the NeuroCart,
several of which were described in the thesis by Xia Chen (2017). (Chen, 2017). These
studies consistently present a similar pattern in the pharmacodynamic effect profiles
of a2/a3 subtype selective GABA receptor modulators. In these studies, the subtype
selectivity was demonstrated by the presence of significant treatment effects on
tasks representative for specific GABAp receptor subtypes compared with the
pharmacodynamic effect profile of nonselective positive allosteric modulators of the
GABAreceptor. Forexample, areductionin saccadic peak velocity (the primary endpoint
in the task measuring saccadic eye movements) has been associated with modulation
of the a2/a3 subunits of the GABA receptor (Atack, 2010), whereas performance on
adaptive tracking, subjective alertness and postural instability (body sway) has been
related to a1 modulation (de Haas et al., 2010). Cognition and memory impairment
as measured with the VVLT have been shown to be associated with a5 modulation
(Collinson et al., 2002a; Crestani et al., 2002). When the findings of subtype selective
GABA receptor modulators were compared with the non-selective benzodiazepine
lorazepam, a distinct fingerprint was observed. Building on this knowledge, Chapter 5
presents a First-in-Human study in which the effects of PF-06372865, a novel a2/a3/a5
subtype-select partial GABA 5 positive allosteric modulator were characterised using the
NeuroCart. Using an intricate study design, a wide dose range was explored as well as
a head-to-head comparison of PF-06372865 alone and in combination with a positive
control, lorazepam.

Even though the GABA, receptor system has been recognised for its role in the
perception of pain, the clinical use of GABAergic therapies for the treatment of pain
is very limited due to the sedative effects associated with their use. However, after
establishing the clinical pharmacodynamic effect profile of PF-06372865, the analgesic
potential also warrants further investigation. Due to its confirmed selectivity for the
a2/ag3/a5 GABA receptor subtypes, PF-06372865 is a potential novel therapy in the
treatment of (chronic) neuropathic pain, with a lower risk of sedation. This analgesic
potential is investigated in Chapter 6 of this thesis. In this study, the PainCart was used
to investigate the analgesic effect profile of two pharmacologically active dose levels of
PF-06372865, in a crossover study in healthy subjects.

In this thesis, both biomarker test batteries, the NeuroCart and PainCart are used
to characterise the pharmacodynamic effects in relation to pharmacokinetics and
safety measurements of novel and well-known potential analgesic and psychoactive
compounds. This approach allows to investigate and characterise potentially desirable
and undesirable effects of a pharmacological agent in relation to its pharmacokinetic
profile, in phase | or Phase lla studies. This, in turn, may result in identifying an optimal
dose at which undesirable effects, e.g. sedation, reduced memory performance, or
subjective drug effects do not occur, but analgesia is present.

CHAPTER 1= INTRODUCTION
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ABSTRACT

AIMS Human evoked pain models can be used to determine efficacy of new and
existing analgesics and to aid in the identification of new targets. Aspects of neuropathic
pain can be simulated by inducing hyperalgesia resulting from provoked sensitisation.
This literature review aims to provide insight into the sensitivity of different hyperalgesia
and allodynia models to pharmacological treatment.

METHODS A literature search was performed to identify randomised, double-
blind, placebo-controlled studies that included human hyperalgesia pain models and
investigated the pharmacodynamic effect of different classes of drugs.

RESULTS Three hyperalgesia models (UVB, capsaicin and burn) have been used
most extensively. Assessment of hyperalgesia/allodynia and pharmacological effect
is measured using challenge tests, which generally comprise of thermal (heat/cold) or
mechanical stimulation (pin prick, stroking or impact). The UVB model was sensitive to
the antihyperalgesic effects of NSAIDS and opioids. The capsaicin model was somewhat
sensitive to opioids. The burn model did not detect any antihyperalgesic effects when
NSAIDS or local anaesthetics were administered, but responded to the effects of NMDA
receptor antagonists by moderately reducing mechanical hyperalgesia.

CONCLUSIONS Based on pharmacological sensitivity, the UVB model adequately
reflects inflammatory pain and was sensitive to NSAIDS and opioids. Findings from the
capsaicin and burn models raised questions about the translatability of these models
to the treatment of neuropathic pain. There is a need for a reproducible and predictive
model of neuropathic pain, either in healthy subjects or in patients.
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INTRODUCTION

Chronicpainishighly prevalent, itisestimated torange between 20-30%in Europe and the
United States of America."”” The nature of pain is complex as many different physiological
and psychological mechanisms are at play. Commonly, pain is classified according
to its supposed pathophysiology: nociceptive pain, neuropathic pain, psychogenic
pain and mixed or unspecified pain.® These differ in terms of onset and expression: in
general, nociceptive pain is associated with acute pain, whereas neuropathic pain is
more frequently chronic in nature. Underlying mechanisms differ greatly: nociceptive
pain results from activation by a noxious stimulus of the nociceptive afferents distributed
throughout the body. Neuropathic pain has been defined as “Pain arising as a direct
consequence of a lesion or disease affecting the somatosensory system”,* which results
in sensitisation of the somatosensory system. Central sensitisation on the one hand
results from anincreased responsiveness of the neuronsin the dorsal horn and thalamus
(including nociceptive responses to the A-B mechanoreceptors). Peripheral sensitisation
on the other hand is the consequence of increased sensitivity of nociceptors, resulting
from lower activation thresholds and increased responsiveness, often associated with
inflammation.®® Central or peripheral sensitisation gives rise to the clinical presentation
of neuropathic pain: allodynia (pain in response to a normally non-nociceptive stimulus)
and/or hyperalgesia (more intense pain in response to a normally noxious stimulus). The
treatment of neuropathic pain currently has a largely unmet medical need: analgesics
are often ineffective or limited by side effects. In the development of new (analgesic)
drugs, biomarkers can be a useful tool in early phase research.” Evoked pain models
using biomarkers cannot describe the complexity of pain in a single parameter, yet
using pain models rather than patients to test the efficacy of analgesic drugs can be
advantageous in terms of standardization, proof-of-concept and to provide insight in
pharmacological background. Furthermore, using pain models excludes confounding
due to co-existing fever, general malaise and psychological cognitive and social aspects
ofiliness. Various human evoked hyperalgesia models have been developed thatinduce
centraland/or peripheral sensitisation in healthy volunteersin a well-controlled manner.
This level of sensitisation is subsequently measured and quantified using a normally non-
painful thermal or mechanical challenge. Use of this challenge enables the assessment
of analgesic efficacy of novel drugs.

To be able to benchmark the effects of novel pharmacological compounds and
provide guidance in the selection of an appropriate biomarker, the present study’s
objective is to evaluate the capacity of each selected model to detect antihyperalgesic
effects of different pharmacological subclasses of drugs. This review also aims to
map the abundance of methods and degree of heterogeneity among the individual
hyperalgesia models.
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METHODS

Literature evaluation

A literature study was performed using MEDLINE, Web of Science and EMBASE up to
the 21st of March 2016. MESH and free terms were used for the following search terms:
‘hyperalgesia OR allodynia OR sensitisation’. Searches were limited to healthy human
adults and manuscripts written in English. There was no limit to year of publication. To
ensure clinical homogeneity, cutaneous hyperalgesia models were selected based on
uniformity of methods, and thus comparability. Hyperalgesia models that were used
in fewer than 10 individual clinical trials or hyperalgesia models that had been used to
investigate fewer than three different classes of analgesics were excluded. This resulted
inthe selection of three cutaneous hyperalgesia models: the UVB model, the (thermode)
burn model and the capsaicin model.

The UVB (or 'sunburn’) model is regarded as a model for inflammatory pain and
hyperalgesia is evoked by exposing an area of skin to an individualised dose of UVB on
the leg, arm or back. Prior to the start of the study, the Minimal Erythemic Dose (MED)
for each subject is determined, and subsequently a one-, two- or threefold of this dose
is applied to the skin. Over the course of 2-96 hours a clearly discernible dose-related
area of erythema becomes apparent, where lowered activation threshold for painfuland
non-painful stimuli (primary hyperalgesia) is observed.

The thermode burn model is generally considered as a model for heat injury and
pertaining inflammatory pain. Hyperalgesia evoked by inducing a first degree burn by
exposing the subject to a specific heat paradigm, ranging from 100 seconds to 7 minutes,
using a contact thermode at the skin. This procedure induces primary hyperalgesia on
the site of exposure, but also secondary hyperalgesia in adjacent tissue, resulting from
central sensitisation.

The capsaicinmodelisthe most widely used modelto mimic symptoms of neurogenic
hyperalgesia as observed in neuropathic pain. Capsaicin exerts its hyperalgesic effects
via Transient Receptor Potential cation channel subfamily V member1 (TRPV1) receptor
activation. Capsaicin is applied either topically, or as an intradermal or intramuscular
injection. Since TRPV1 receptors are also activated by heat ( >43°C), the method is
also used in combination with heat exposure in order to potentiate the hyperalgesic
effects of capsaicin. Topical absorption of capsaicin can be variable, therefore the
extent of hyperalgesia can vary. When capsaicin is applied intradermally, acute severe
stinging or burning pain occurs, followed by primary and secondary hyperalgesia up
to 24 hours.*"

Athermal or mechanical challenge was the predominant method used to determine
the magnitude of hyperalgesia. Seldom, an electrical challenge was also used to quantify
hyperalgesia or allodynia but findings from using this challenge were not included in this
review due to the lack of standardization and the resulting difficulty in comparability.
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Efficacy of the investigated pharmacological compound was quantified according to its
effect on pain induced by a mechanical or thermal challenge. Studies lacking adequate
blinding or randomisation were excluded from this review, as well as studies including
fewer than 6 subjects. To address the temporal nature related to evoked hyperalgesia,
either as a result of the body's adaptation to (mild) tissue damage, or resulting from
pharmacokinetics of a chemical hyperalgesic agent, only studies using adequate
(active orinactive placebo) control were included in this review. Studies solely reporting
baseline controlled results were excluded. Finally, drugs that are stillin the experimental
phase of drug development were excluded, as the pharmacology of such drugs is not
yet completely established.

This review categorised the selected randomised, double-blind, controlled trials
investigating the efficacy of pharmacological compounds according to hyperalgesia
model, corresponding challenge and class of pharmacological compound.

Other human evoked hyperalgesia models that were identified, but did not meet the
entrance criterion regarding frequency of use for inclusion in this review, are, e.g freeze
lesion, 1" menthol™* or substances including centrally acting opioids or
local glutamate.

> mustard oi

22-27

Individual studies

All studies included in this review yielded the following outcomes, according to
challenge: the effect of a pharmacological compound on thermal and mechanical
Pain Detection Threshold (PDT), Pain Tolerance Threshold (PTT) and pain ratings
(Visual Analogue Scales (VAS), Numeric Rating Scales (NRS)) in the hyperalgesic area
and magnitude of area of hyperalgesia and allodynia. Besides provoked hyperalgesia,
stimulus-independent hyperalgesia was also considered a relevant outcome, with
outcomes including size and intensity of visual flare and spontaneous or ongoing pain.

For this review it was decided to use the term hyperalgesia in accordance with
commonly used terminology in the reviewed literature referring to hyperalgesia as
well as allodynia, even if the term allodynia would have been more appropriate based
on definition. Pain responses to mild mechanical (punctate, brush) and thermal (heat/
cold) challenge indicate a pain response to a normally non-noxious stimulus, and thus
represent allodynia, rather than hyperalgesia.

Due to an anticipated variation in effect sizes, the individual results were ranked as
“positive” (antihyperalgesic effect / (statistically) significantimprovement compared with
placebo), or "no effect” (no significant difference compared with placebo), per separate
outcome, rather than quantifying the magnitude of effect of the pharmacological
compound. Outcomes for different administration forms were regarded as separate
outcomes. Differential dose or time effects were indicated with a note, and scored as a
positive effect, as this model was apparently able to detect an antihyperalgesic effect,
given the appropriate execution of the test.
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Grouping of test results

The outcomes per challenge method were grouped according to type of outcome:
thermal, mechanical and stimulus-independent. The category “thermal” was sub-
divided in the specific outcomes measured in the individual studies, e.g. heat/cold
PDT or PTT. The category "mechanical” consisted of static (pin prick), dynamic (stroking
with a brush, cotton gauze, etc), and impact (using an algometer) stimuli, providing
the aforementioned outcomes. Stimulus-independent outcomes were related to
spontaneous pain resulting from hyperalgesia and to intensity and size of flare. Results
from the individual studies were subsequently grouped according to drug class
to provide insight into the pharmacological effect of each class of drug on a specific
hyperalgesia-challenge combination. Responsiveness of each model to each particular
class of drugs was defined in this review as the pharmacological sensitivity.

RESULTS

Study designs

The literature study yielded 94 individual studies on the three selected hyperalgesia
models: 16 used the UVB model to induce hyperalgesia, 48 studies explored the effects of
various pharmacological compounds on capsaicin-induced hyperalgesia and 30 studies
investigated thermode burn-induced hyperalgesia. Seven studies examined more than
one hyperalgesia model. General study characteristics are presented in Table 1. The
participants were aged between 17 and 65 years.

Even though the UVB, capsaicin and thermode burn models were selected based on
high degree of standardization, there was considerable variation in the execution of the
models asshown in Table 2. All studies utilizing UVB to induce hyperalgesia administered
a dose of 1, 2 or 3 times the Minimal Erythemic Dose (MED). The administration of 1 MED
was shown to be inconsistent at producing hyperalgesia® in one study. Larger variation
was found among the methods of inducing hyperalgesia with capsaicin. Capsaicin was
either injected intradermally or applied topically. Of the 16 capsaicin studies that used
heat to further exacerbate/prolong the hyperalgesia, 2 studies kept the skin at a constant
temperature, while the remainder used the method of rekindling: five minutes at a set
temperature (40°C or 45°C at fixed time points) with athermode placed directly on the skin
orusing aradiant heatlamp. The largest variation was seenin the thermode burn model:
ten different heat administration regimens were identified, ranging from 100 seconds at
50°C (n=1) to 7 minutes at 47°C (n=14), causing blistering in one or more subjects in 20% of
the studies. The thermode burn and UVB models were most often administered on one
or both legs (68.8% and 83.3% respectively), whereas for administration of capsaicin to
induce hyperalgesia, one or both arms were selected most often (89.4%). The frequency
of use of challenge methods among the different hyperalgesia modelsis shownin Table 3.
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Sensitivity of the UvB model

The use of the UVB model as a model for inflammation was relatively uncommon: 16
studies using this method were identified. Eight classes of drugs were investigated.
Studies that investigated the effects of a combination of drugs are listed in a separate
category. Table 4shows an overview of the pharmacological sensitivity of the UVB model
per separate challenge method (mechanical, thermal or stimulus-independent) and
grouped according to drug class.

A total of four studies investigating nonsteroidal anti-inflammatory drugs (NSAIDS),
including ibuprofen®° and Rofecoxib,” showed a significant effect by reducing hyper-
algesia to thermal and mechanical stimuli. Two studies investigating the effects of
ketorolac alone and in combination with paracetamol found mixed results.**** Mixed
results were also observed for the benzodiazepines clobazam and clonazepam.*
Systemically administered opioids reduced hyperalgesia to thermal and mechanical
stimuli.**® Transdermal administration of either buprenorphine or fentanyl did not atten-
uate hyperalgesia to heat or static mechanical stimuli, but buprenorphine did have a
significant effect on the PTT toimpact stimuli.*® Furthermore, remifentanilin combination
with gabapentin showed no greater reduction in hyperalgesia than remifentanil alone. *

Lidocaine, alocal anaesthetic, showed mixed results. One study found an attenuating
effect on hyperalgesia to impact stimuli when lidocaine was injected intravenously.*
Another study applied lidocaine topically and found a reduction of hyperalgesia to
static and dynamic mechanical stimuli, but no attenuating effects on hyperalgesia
to heat stimuli.*® Studies investigating the voltage-gated Calcium channel a2-6
modulating anticonvulsant, gabapentin,®® the neurotoxin botulinum toxin A* and
paracetamol®** found no significant effects on hyperalgesia. Tetrahydrocannabinol
(A9-THC), a cannabinoid receptor agonist, also did not show significant positive effects
on hyperalgesia to mechanical and thermal stimuli.* Noteworthy, A9-THC even showed
significantly increased hyperalgesia at specific electrical stimuli intensities at specific
time points.*?

Sensitivity of the capsaicin model

The capsaicin model has been used extensively to test the efficacy of new and existing
pharmacological compounds. This literature study yielded 48 articles eligible for
inclusion in the current review. A total of 14 classes of pharmacological compounds
were identified. For both analgesics and corticosteroids, there was only one study
investigating a drug belonging to these classes. Table 5 provides an overview of the
findings of the individual studies using the capsaicin model grouped by class of drug and
type of challenge/hyperalgesia.

Opioids, anaesthetics, N-methyl D-aspartate (NMDA) receptor antagonists, and to
a lesser degree, the calcium channel a,-6 ligands, appear to have an attenuating effect
on capsaicin-induced hyperalgesia to mechanical stimuli,**™ although there are also
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a number of studies for each of these drug classes where no effect could be found
(e.g.. 47-49). The a-2 adrenoreceptor agonist clonidine,*®® appeared to be effective in
reducing hyperalgesia, particularly in response to mechanical stimuli in two studies.

Although NMDA receptor antagonists appear to be effective inreducing hyperalgesia,
anumber of the studies demonstrate a positive effect only at specific time points, mostly
during infusion or measured immediately after infusion or bolusinjection, particularly on
mechanical hyperalgesia (e.g., 52-54 for ketamine, 55 for dextromethorphan and 56 for
neramexane) (see the corresponding footnotes in Table 5). The remaining drug classes
investigated showed no or very limited efficacy in attenuating capsaicin-induced
hyperalgesia: NSAIDS),***” analgesics,* cannabinoids,*****’ tricyclic antidepressants®**'
and antiarrhythmics.*>**

Sensitivity of the thermode burn model

This review included 30 studies investigating the efficacy of pharmacological
compounds to attenuate hyperalgesia induced by the thermode burn model. Ten
classes of pharmacological compounds to reduce hyperalgesia were found. Of these
classes, five comprised a single compound. In addition, three studies investigating a
combination of drugs are included. An overview of the results is shown in Table 6.

No class of drug showed clear efficacy when administered to completely reverse
thermode burn-induced hyperalgesia. However, NMDA receptor antagonists were
found to attenuate mechanical, but not thermal hyperalgesia to a moderate extent,***™
although there was also a number of studies that did not demonstrate this effect.”*”
A similar reduction in mechanical hyperalgesia but not on thermal hyperalgesia was
observed when ketamine was combined with the opioid receptor antagonist, naloxone,*’
indicating that co-administration of naloxone does not reduce the effects of ketamine.

Two studies were performed to investigate the presence of a synergistic effect of
combined treatment of an opioid (morphine) and an NMDA receptor antagonist, but
these showed inconclusive results.*””
OpioidS’69.7O,74,75

roids,®*®* the calcium channel a,-8 ligand, gabapentin,®® the glutamate antagonist

intracellular sodium channel blockers,”®” NSAIDs,”®*®* corticoste-

riluzole,* the opioid receptor antagonist naloxone® and Pi-receptor activator adenos-
ine®® were inconsistent at attenuating heat, mechanical and non-provoked hyperalgesia.

DISCUSSION

This literature review aimed to provide insight in the pharmacological sensitivity of
three cutaneous hyperalgesia models: the UVB, capsaicin and thermode burn model,
with the goal to determine the applicability of individual hyperalgesia models in early
phase pharmacological pain research. The review of the identified randomised, double-
blind, placebo-controlled trials investigating the efficacy of numerous pharmacological
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compounds generated an overview of the classes of drugs that are investigated in pain
paradigms and their efficacy at reducing specific hyperalgesia-challenge combinations.

The summarised findings of the included trials reflect the pharmacological sensitivity
of three hyperalgesia models in combination with specific challenges, which were
selected based on their standardised methodology and frequency of use.

The UVB model was only responsive to the pharmacological effects of NSAIDS and,
to alesser extent, opioids. The pharmacological sensitivity of the thermode burn model,
used as a translational model for inflammatory pain as well as neuropathic pain, shows a
different profile compared with the UVB model. First, NSAIDS and opioids do not seem to
show antihyperalgesic effects when administered to reduce burn-induced hyperalgesia.
Moderately effective at attenuating mechanical hyperalgesia were the NMDA receptor
antagonists, whereas thermal hyperalgesia was largely unaffected. Some authors refer
to the central mechanism involved in secondary mechanical hyperalgesia, in contrast
with the peripheral sensitisation in primary (thermal) hyperalgesia as an explanation
for the differential effect of NMDA receptor antagonists between heat and mechanical
hyperalgesia.”*” Despite the general regard of capsaicin as a model for neuropathic pain,
the model appeared insensitive to the classes of pharmacological compounds clinically
prescribed in first-line treatment for neuropathic pain.** Calcium channel a,-6 ligands
(gabapentin and pregabalin), tricyclic antidepressants or topical lidocaine provided
limited to no attenuation of hyperalgesia in the majority of the studies investigating
this model. Most of the studies investigating the effects of opioids on mechanical
hyperalgesia yielded positive results, however only a sparse number of studies
investigated the effects of opioids on thermal hyperalgesia and therefore providing no
evidence for responsiveness of thermal hyperalgesia induced by capsaicin, or the lack
thereof, to opioids. A few positive studies investigating clonidine suggest that it exerts its
effects by reducing spinal hypersensitivity through a2-adrenergic agonismin the dorsal
horn. NMDA receptor antagonists exert their antihyperalgesic effects through inhibition
of the glutamatergic signalling pathways. A limited number of studies demonstrated that
the capsaicin model is sensitive to NMDA receptor antagonists. The results demonstrate
a differential antihyperalgesic effect: mechanical hyperalgesia is attenuated in a small
number of studies, but not thermal hyperalgesia. The capsaicin model appeared to be
insensitive to the remainder of the pharmacological compounds that were investigated,
including botulinum toxin A and cannabinoids.

For a number of classes of drugs investigated, this literature review included only
one study and one compound per drug class. Therefore, for these drug classes, no
strong recommendations can be made with respect to the suitability of the cutaneous
hyperalgesia models, other than those based on face validity.

Limitations to this approach

In this review the pharmacological sensitivity of the selected hyperalgesia models is
based on the capacity of the model to detect an antihyperalgesic effect for each class of
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drug.Inherent to this approachis the assumption that the clinical trials are appropriately
executed. The included clinical trials had to meet the following criteria: randomised,
double-blind and placebo or active controlled. Only 6.7% to 18.5% of the studies used
an active control (alone or in combination with true placebo). This may have introduced
bias when investigating psychoactive pharmacological compounds compared to true
placebo, as analgesia is known to be prone to placebo response.” This could be avoided
by using an active placebo with known lack of analgesia but comparable psychoactive
effects. Dosing regimens and administration forms are included in the tables to provide
insight in potential differences, but for the studies that were included, clinically relevant
dosing regimens were generally used.

Variability in reporting of the results was observed on different levels. Due to the
bilateral nature of evoked hyperalgesia models, both induction and assessment
of hyperalgesia potentially introduce variability. For example, some authors report
absolute pain thresholds, whereas others report calculated hyperalgesia (compared to
healthy control skin). Furthermore, to assess pharmacodynamic response, some groups
compare a single post-dose measurement with a baseline in a paired t-test analysis,
whereas other groups include multiple measurements in ANOVA. Consequently, a
statistical meta-analysis of the results of the included clinical trials was not deemed
feasible, nor does it fall within the scope of the present review.

Hyperalgesia models that were not included in this review, including the freeze lesion
model, may eventually also prove to be useful tools to detect antihyperalgesic effects
of novel compounds, given the reproducible and non-invasive methodology, but due
to their limited use thus far no conclusion on pharmacological sensitivity can be made.

For ethical reasons, evoked hyperalgesia models are characterised by their temporal
nature: either bodily adaptations to (mild) tissue damage or pharmacokinetics of a
chemical hyperalgesic agent result in time-dependent hyperalgesia, which attenuates
over time without intervention. To overcome this, a protocol needs be designed with an
appropriate control. Nonetheless, this potentially interferes with interpretation of the
results of analgesics or antihyperalgesics with a prolonged pharmacological effect.

Implications for pain research

In early phase drug development, research in healthy subjects can form the bridge
between animal models and clinical application and provide the basis for proof-of-
concept of new compounds or techniques. Furthermore, experiments can be used to
investigate the basic mechanisms to characterise sensory dysfunction in patients.”
The main concern of human pain research is to appraise the value of a model in terms
of translation to clinical practice. In this respect the UVB model is a highly satisfactory
model for inflammation, as it is highly reproducible and responds well to NSAIDS. The
thermode burn model responds well to NMDA receptor antagonistsin the attenuation of
mechanical hyperalgesia. This might reflect a specific component of neuropathic pain,
so-called ‘wind-up’ pain, whichis also reduced by NMDA receptor antagonistsin clinical
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practice.”” However, as the model does not respond well to the other medications
that are efficacious in the treatment of neuropathic pain; this model appears to be
solely capable of mimicking this specific element of neuropathic pain. As a model for
inflammatory pain, the thermode burn model is unsuitable, as it is insensitive to anti-
inflammatory drugs. The capsaicin model shows most sensitivity to the antihyperalgesic
effects of opioids compared with other drug classes. The established drugs for the
treatment of neuropathic pain, such as the calcium channel a,-6 ligands only show
antihyperalgesic effects on specific endpoints, indicating that finetuning of the model in
combination with the correct challenge could potentially provide a pharmacologically
sensitive model for these classes of compounds. Although sensitisation is present in
the capsaicin-challenge model, it is due to different mechanisms than those involved
in clinical presentation of neuropathic pain. Nonetheless, finetuning of this model may
render it a useful tool for early phase drug research, as no single model can completely
replicate the clinical presentation of neuropathic pain. Alternatively, the capsaicin
model may only mimic the features of clinical (neuropathic) pain in certain healthy
subjects.” and just like for the UvB model where subjects are generally pre-screened
for responders’ and the model is individualised per subject, this may be necessary for
the capsaicin model. Pre-screening for responders’, asis occasionally done,*** ensures
homogeneity and thereby reduces variability. In early phase research for a compound
with a novel mechanism of action for the indication of neuropathic pain, one needs to
keep these limitations in mind. As such the capsaicin model is not suitable for go/no-go
decision-making, but can be a useful tool to aid clinical development of novel analgesic
treatments.

CONCLUSIONS

This literature review demonstrates the importance of carefully considering the
appropriate design in early phase pharmacological research. Due to the abundance
of possible working mechanisms, no single human evoked pain model is capable
to detect antihyperalgesic or analgesic effects of each class of drugs. Therefore, the
appropriateness and translatability of the model has to be taken into account when
designing an early phase proof-of-concept study. In this respect, the UVB model can
be considered a predictive model for inflammatory pain based on its capacity to detect
antihyperalgesic effects from NSAIDS. The thermode burn model is considered to reflect
a specific aspect of neuropathic pain; still, as a whole, the model lacks sensitivity to serve
as a complete model for neuropathic pain. The capsaicin model in its current form also
lacks pharmacological sensitivity to be used as a model for neuropathic pain. It may,
however, provide important insight in mechanisms involved in hyperalgesia, including
signal transduction and pain perception. In our opinion, further standardization and
validation is needed before the capsaicin model can be used as a model to screen drugs
for their effect on symptoms of neuropathic pain.
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While investigating the pharmacological sensitivity of hyperalgesia pain models, we
revealed the lack of robust models for neuropathic pain. Current hyperalgesia models
evidently do not reflect the clinical presentation of neuropathic pain. Asserting that
a certain model is representative of neuropathic is overstating the confidence of the
models. Neuropathic pain is a heterogeneous entity and further research is needed
to investigate the link between the evoked pain models and the different types of
neuropathic pain. Carefully selecting appropriate biomarkers and understanding their
merits and limitations for early phase drug research is essential for effective and efficient
drug development.
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TABLE 1 Characteristics of randomised, double-blind, (active) placebo controlled studies
specified according to hyperalgesia model

Design Control Subjects
Crossover Parallel Inactive Active N Ageinyears Sex (%)
(%) (%) placebo control (Median/ (range) Males /
(%) (%) range) Mixed /
Females /
Unknown
UVB 937 6.3 81.3 187 16 (6-42) 18-55 313/625/
(n=16) 62/0
Capsaicin 979 21 89.6 125 165 (6-50) 18- 65 31.3/60.4/
(n=48) 21/6.3
Burn 100 0 933 6.7 17(6-29) 17-52 50.0/467]
(n=30) 0/33
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TABLE 2 Frequency of use (%) of general methods for the induction of hyperalgesia specified
according to hyperalgesia model

Hyperalgesia model Specific methods Frequency of use (%)
UvB UVB Dose 1MED 63
(n=16) 2MED 18.8
3MED 75.0
Location Leg 68.8
Arm 18.8
Back 6.3
Time between 12 hours 6.3
exposure and 20 hours 18.8
gzseeg:lgz:ta 24 hours 625
20-26 hours 6.3
Not specified 6.3
Capsaicin Formulation Topical a7
(n=48) and duration of 30 minutes 65.0
application 40 minutes 5.0
60 minutes 15.0
90 minutes 5.0
Not specified 10.0
Intradermal injection 58.3
Administration form Topical 417
and dose 0.075% 55.0
0.1% 5.0
1% 20.0
Other / not specified 20.0
Intradermal injection 59.6
10ug 3.6
20ug 14.3
40ug 71
100ug 67.9
250ug 71
Applying heat No heat applied 70.8
Rekindling =1time * 25.0
Constant temperature 4.2
Location Leg 125
Arm 875
Foot 21
Forehead 21
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Burn
(n=30)

Application 1:40 minute at 50°C 33
2 minutes at 48°C 33
3 minutes at 45°C 67
3-5minutes at 45°C 33
4 minutes at 49°C 33
5 minutes at 47°C 10
5 minutes at 49°C 13.3
6 minutes at 47°C 33
7 minutes at 46°C 67
7 minutes at 47°C 467
Surface area 375cm? 10.0
45cm? 33
125cm? 733
22.8 cm? 33
Unknown 67
Blistering in any Yes 20.0
subject No 47.0
Unknown 33.0
Location Leg 83.3
Arm 13.3
Abdomen 33

* All studies that used rekindling also pre-heated before capsaicin application for 5 minutes at 45°C.

TABLE 3 Frequency of use (%) of main challenge methods specified according to

hyperalgesia model

Challenge Method Frequency of use (%) *
UVB Capsaicin Burn
(n=16) (n=48) (n=30)
Thermal - Heat Thermode 68.8 50.0 76.7
Halogen bulb 125 21 33
Thermal - Cold Thermode 25.0 8.3 33
Mechanical (static)  Von Frey 56.3 771 80.0
= Pinprick Custom-made / Other 125 63 10.0
Mechanical Brush 125 438 13.3
(dynamic) Cotton 188 354 67
- Stroking
Fingertip 6] 0 67
Von Frey 0] 0 33
Mechanical Algometer (static) 6.3 0 0
—impact stimulus Algometer (dynamic)  18.8 21 33

* Frequencies of use exceed 100% because most studies make use of more than one method.
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TABLE 4 Schematic summary of results of randomised controlled trials investigating
hyperalgesiainduced by UVB, according to type of challenge

Class Drug (administration) Challenge Challenge/ Overall effect
form / dose type outcome Effective No effect
@ Morphine (IV/4mg)[35] T Heat/PDT [35].[36] [37]
o Remifentanil (IV/0.8 ug/ A[36]B
S kg/min) [36]A Heat/PTT [36]A[36]B [38]B
Fentanyl (Transdermal /
25ug/h, 72h) [38]A Cold/PDT [37]
Buprenorphine M Pin prick/Area [36]A.[36]B [38]A,[38]
(Transdermal / 20pg/h, B.[37]
144h) [38]B S . 2
Tramadol (IV/ 0.3 mg/kg. Pin prick/Pain score  [37]
0.6 mg/kg, 1mg/kg) [37T° Impact stimulus/Pain [35]
Remifentanil (IV score
infusion/o.8ug/kg/min) & Impact stimulus/PTT [38]B° [38]A
Gabapentin (Oral/ 600
mg) [36]B'
@ Lidocaine (Topical patch T Heat/PDT [40]
E / 5% medicated plaster) - Heat/PTT [40]
T [40], (IV-bolus / 2 mg/kg in
E) 10 minutes, then 2 mg/kg/h Cold/PDT [40]
< for 30 minutes) [39]; Cold/PTT [40]
< Benzocaine (topical /10 :
M I t/P 9
% ointrent) [96] mpact/Pain score [39]
Pin prick/Area [40]
Stroking/Painscore  [40]
S-l Flare/intensity [39]
Flare/Area [40]
Spontaneous pain [96]
2 Ibuprofen (Oral/400mg T Heat/PDT [31],[30], [33]A
= - 800 mg) [28-30] [28],[29].
2 Rofecoxib (Oral / 50 mg, [33]B
250 Mg, 500 mg) [31] Heat /PTT (311,030
Ketorolac (Oral / 20 mg) - -
[33]A; (Intrathecal / 2 mg) M Impact stimulus/Pain [28]
[32] score
Ketorolac (Oral / 20 mg) Pin prick/Area [311.[32] [33]A,[33]B
& P)a[?g‘;;‘am' (Oral /1 Pin prick/PDT [291[331B  [33]A
m
9 Stroking/Area [32]
S-l Flare/ intensity [31].[28]
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s - o Gabapentin (Oral/600 T Heat/PDT [36]C

2z 2 361C

CEE: mg) [36] Heat/PTT [36]C

Zi) 6 53' M Pin Prick/ Pain score

3 Pin prick/Area [36]C

2 A-9-THC (Oral / 20 mg) T Heat/PDT [42]

5 4217

S [42] Heat/PTT [42]

m

‘é M Pin prick/Area [42]

S Stroking/Area [42]

@ Clobazam (Oral/20mg) T Heat/PDT [34]1A [34]1B

z [341°A

= Heat/PTT 34]B 34]A

% Clonazepam (Oral /1mg) eat/ (34] (4]

< [34]'B Cold/PDT [34]1A

[a]

9 M Pin prick/Area [34]A[34]B

2

@ Pin prick/PDT [34]B [34]A

2 Botulinum Toxin A T Heat/PDT [41]

5 (Intracutaneous / 100 Cold/PDT [41]

o Mouse Units (MU)) [41]

8 Stroking/ Pain score [41]

; Pin prick/Area [41]
Pin prick/PDT [41]

2 Paracetamol (Oral /19) M Pin prick/PDT [33]C

& 33]C; (IV 37 o

g [33]C: (IV/ 330 mg) [37] Pin prick/Area [33]C.[37]

z Pin prick/Pain score [37]

2

< T Heat/PDT [33]C.[37]
Cold/PDT [37]

T=Thermal, M=Mechanical, S-1=Stimulus-Independent /1 Effect compared with active placebo:
diazepam (2mg)./2 Significant effect found only at 1mg/kg dose of tramadol, not at 0.3 mg/kg or 0.6
mg/kg doses. /3 Significant effect found at 48 and 72 hours post dosing, but not at 24 or 144 hours post
dosing: neither short nor long term effect. /4 Also electrical stimuli administered, results not shown here. /
5 Compared with active placebo: diazepam (5 mg) /6 Compared with active placebo: tolterodine (1.37 mg)
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ABSTRACT

PURPOSE Cannabinoids have been shown toimprove symptoms of Multiple Sclerosis
(Ms) including muscle spasticity and pain through modulation of neuronal excitability
via presynaptic cannabinoid receptors. Previous formulations of A9-THC are notorious
for variable pharmacokinetic profiles, thereby demanding cumbersome uptitration. The
current formulation was developed to overcome this and improve clinical application of
A9-THC in the treatment of spasticity and pain in MS. The aim of the present study was
to evaluate the efficacy of a novel oral formulation of A9-THC (ECP002A) in patients with
progressive MS.

METHODS This accelerated proof-of-concept study consisted of two phases: a
crossover challenge (‘dose-finding’) phase and a 4-week parallel randomized, placebo-
controlled treatment phase. Twenty-four patients with progressive MS and moderate
spasticity were enrolled. During the treatment phase biomarkers for efficacy and
secondary pharmacodynamic effects were measured at baseline, and after two and
four weeks of treatment. Serum samples were collected to determine pharmacokinetic
parameters and perform population modelling. Safety and tolerability was assessed
based on Adverse Events and safety measurements.

FINDINGS Painwassignificantly reduced when measured directly after administration
of ECPOO02A in the clinic, but not when measured in a daily diary. A similar pattern was
observed in subjective muscle spasticity. Other clinical outcomes were not significantly
different between active treatment and placebo. Cognitive testing indicated there was
no decline in cognition after 2 or 4 weeks of treatment due to ECPO02A compared to
placebo.

IMPLICATIONS This study specifically underlines the added value of thorough
investigation of PK/PD relationships in the target population. Despite the complex
interplay of psychoactive effects and analgesia, the current oral formulation of A9-THC
may play arole in the treatment of spasticity and pain associated with MS, as it was well-
tolerated and showed a stable pharmacokinetic profile.
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory disease of the nervous system characterized
by highly variable clinical aspects and an unpredictable course'. Of the many symptoms
encountered in MS, muscle spasticity and spasms occur in up to 75% of patients® These
symptoms often lead to considerable distress from reduced mobility, and interference
with activities of daily living. Other disabling features include sensory symptoms (e.g.
pain), present in up to 86% of the patients®. Spasticity refers to feelings of stiffness and
a wide range of involuntary muscle spasms (sustained muscle contractions or sudden
movements). Spasticity may be as mild as the feeling of tightness of muscles or may be
so severe as to produce painful, uncontrollable spasms of extremities. Spasticity may
also produce feelings of pain or tightness in and around joints and can cause lower back
pain. Although spasticity can occurin any limb, it is much more common in the legs.

The endogenous cannabinoid system appears to be tonically active in the control
of spasticity*® and cannabinoids have been proposed in MS because of their ability to
reduce the subjective feeling of spasticity®. Cannabinoids have been shown to modulate
motor cortical excitability probably through presynaptic cannabinoid receptors
CB1 that control the release of neurotransmitters from axonal terminals™. Delta-¢-
tetrahydrocannabinol (A9-THC) is one of the cannabinoids in the Cannabis sativa plant
and a direct partial agonist of the cannabinoid receptor CB1.

Severalstudieshaveexaminedtheeffectof (syntheticformsof) A9-THCinthetreatment
of multiple sclerosis. No significant effects of doses between 10 mg to 25 mg (total daily
dose, twice daily dosing) of oral A9-THC were observed on spasticity as measured on
the Ashworth scale in alarge population. However, a small, but clinically relevant benefit
of treatment with cannabis extract or A9-THC capsules of dosages up to 25 mg/day was
found in secondary outcome measures of perception of spasticity and mobility’. Several
otherstudies have also found an effect of A9-THC on subjective measures of spasticity™"
and painin patientswith Ms**at different dosing regimens. Anotherstudy comparing the
effectsofanoralformulation of A9-THC toa cannabisplantextractand toplacebodid not
demonstrate efficacy in the treatment of spasticity of either product.”

Oral bioavailability of A9-THC is variable due to significant first pass effect and the
current formulation of A9-THC, ECP002A (Namisol®), was shown in a phase | study to
have superior pharmacokinetic properties to previous formulations, leading to more
stable A9-THC plasma levels without high peaks and thus expected early onset of
treatment effects.” It has a novel tablet formulation of pure A9-THC that was produced
using Alitra™ (Echo Pharmaceuticals b.v., Nijmegen, the Netherlands), an emulsifying
drugdelivery technology. This technology was designed to improve the uptake of poorly
soluble lipophilic compounds, using less surfactant (less than 10% w/w). The current
study was designed to investigate the pharmacokinetics (PK) and safety and the effects
on spasticity and pain of this novel formulation in a cohort of 24 patients suffering from
primary and secondary progressive MS, using a crossover challenge (‘dose-finding’)
phase and a 28-day parallel treatment period.
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METHODS

This study was designed as a hybrid between a typical multiple dose study to investigate
PK, PD and safety, and a first-in-patient study to establish proof-of-concept, and hence
considered to be an accelerated proof-of-concept study that consisted of two phases.
The challenge phase was designed as a randomized, double-blind, placebo-controlled,
two-way crossover design to determine the optimal effective dose of ECP002A to treat
spasticity of each individual and limit the risk of Adverse Events, using pharmacokinetic/
pharmacodynamic (PK/PD) modelling. Each of the two visits in the challenge phase
consisted of uptitration of three consecutive drug administrations with a1oo-minute time
interval in ascending order. If well-tolerated, the three dose levels were predetermined
to be 3 mg, 5 mg and 8 mg, leading to a total daily dose of 16 mg, which was based on
the PK and PD findings in the previous study.* In between the administrations of A9-THC
or placebo, different measurements for safety, tolerability and biomarkers for were
performed. In between the two visits was a wash-out period of 7-14 days.

The four week treatment phase was performed in a randomized, double-blind,
placebo-controlled parallel fashion to determine safety, tolerability and efficacy of
ECPOO2A in patients with multiple sclerosis suffering from spasticity and pain. Based
on the findings of the challenge phase, patients start with a predetermined daily dose
divided over three intakes. After two weeks of treatment the dose for each subject was
evaluated, and increased when considered appropriate. The study was approved by
the Medical Ethics Committee of the VU University Medical Center (Amsterdam, The
Netherlands).

The study was conducted according to the Dutch Act on Medical Research Involving
Human Subjects (WMO) and in compliance with Good Clinical Practice (ICH-GCP) and
the Declaration of Helsinki. The study is registered in the EU Clinical Trials Register
(EUDRACT) under protocol number 2010-022033-28 and in the Dutch clinical trial
registry (www.toetsingonline.nl) under dossier number NL34443.029.10. The study
was performed by the Centre for Human Drug Research (Leiden, the Netherlands) and
VU University Medical Center (Amsterdam, The Netherlands) and was funded by Echo
Pharmaceuticals.

Twenty-four patients aged 18 years or older with a diagnosis of progressive (primary
orsecondary) Multiple Sclerosis according to the revised McDonald criteria ™*, who had a
disease duration of >1year and were clinically stable for at least 30 days prior to the start
of the challenge phase were to be enrolled. In addition, patients had to have moderate
spasticity as defined by an Ashworth score of 2 or higher (range 0-4) and a Kurtzke
Expanded Disability Status Scale (EDSS) score between 4.5 and 7.5 at baseline (range
0-10). Spasmolytic therapy was allowed, given that dosage and treatment regimen was
stable for at least 30 days prior to study participation and remained stable throughout
study participation. Current use of A9-THC was exclusionary, as confirmed per urine
drug screen. All patients provided written informed consent prior to participation.
ECPO002A and matching placebo tablets were manufactured and provided under the
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responsibility of Echo Pharmaceuticals B.V. Tablets were available in the strengths
1.5 mg and 5 mg A9-THC and contained no other active ingredients. Based on the
observed pharmacokinetic profile in the First-in-Human study, the dosing regimen for
the treatment phase was fixed on intake thrice daily of the starting dose as determined
during the challenge phase.

Both the challenge- and treatment phase included biomarkers for efficacy and
secondary pharmacodynamic effects. Both types consisted of objective and subjective
measurements. The endpoints for the challenge phase were a set of biomarkers for
efficacy (objective spasticity: the ratio of the maximum amplitude of the Hoffmann reflex
to the maximum M response, recorded over the soleus muscle after electrophysiological
stimulation of the popliteal nerve (H/M ratio)"; subjective spasticity and pain expressed
using a Numerical Rating Scale (NRS)); and biomarkers for secondary pharmacodynamic
effects (changes in internal / external perception (‘feeling high') as measured with the
VAS Bowdle®™ changesin alertness, mood and calmness as measured with the VAS Bond
& Lader” and postural instability), as well as PK endpoints. The primary endpoint for the
treatment phase was the H/M ratio™". Secondary endpoints were biomarkers for efficacy
that were either measured in the clinic: Ashworth?®, subjective spasticity (NRS), number
of spasms? and pain using an NRS **and the McGill Pain Questionnaire®®); or measured
athome using a daily diary: subjective spasticity (NRS), number of spasms and pain (NRS).
Furthermore, a set of functional outcome measures was selected to assess treatment
effects: EDSS.* the patient’s global impression of change (PGIC),”” quality of sleep as
determined by the Pittsburgh sleep quality index (PsQl)”, walking distance recorded
the Timed 25 Foot Walk test (T25FW),% the Fatigue Severity Scale (FSS).” Finally, the
same biomarkers for secondary pharmacodynamic effects were included, namely VAS
Bowdle, VAS Bond & Lader and postural instability, in addition to a test to assess visual
perception, attention and working-memory, the Symbol Digit Substitution Test (SDST)*
and Heart Rate.”

Statistics

A sample size of 24 patients (including active and placebo treatment) was determined
to have 9o% power to detect a difference in mean H/M ratio (change from baseline)
between placebo and ECP002A of 20%, assuming a standard deviation of differences of
21%, using a paired t-test with a 0.050 two-sided significance level.

For both the challenge and the treatment phase, a randomization schedule was
prepared under the responsibility of an independent statistician within CHDR, but not
involved in the execution of the study. All staff involved in the clinical execution of the
study was blinded until all data was collected and the database was locked. For the
treatment phase block randomization was applied. The schedule was sent to the hospital
pharmacy and sealed envelopes for code breaking were available for the investigator.
Treatment allocation was performed on basis of the date of eligibility of the subject as
the subject identification numbers are assigned at that moment.
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The results of the pharmacodynamic endpoints were compared between the ECPO02A
and placebo treated group with an analysis of (co)variance with treatment, time and
treatment by time as fixed factor and subject as random factor and, if available the
(average) baseline measurement as covariate. Within the model contrasts are calculated
over all measurements, only the measurements of week 2 and only the measurements of
week 4. The Kenward-Roger approximation was used to estimate denominator degrees
of freedom and model parameters were estimated using the restricted maximum
likelihood method. The general treatment effect and specific contrasts were reported
with the estimated difference and the 95% confidence interval, the Least Square Mean
(LsMm) estimates and the p-value. Graphs of the LSM estimates over time by treatment
were presented with 95% confidence intervals as error bars.

As body sway and T25FW data were not normally distributed, the data were log-
transformed before analysis and back-transformed after analysis. VAS Bowdle subscale
scores were log transformed (1olog) after a value of 2 was added to each score, to avoid
log transformation from zero. Combined internal, external and feeling high scores were
calculated on log transformed data.

All calculations of the pharmacodynamic parameters were performed using SAS for
Windows version 9.1.3 (SAS Institute Inc., Cary, NC, USA). No adjustments for multiple
comparisons were employed.

Post-hoc analysis

Upon review of the data the authors noted that there were patients that indicated to
experience no subjective spasticity or pain at the start of the treatment phase, due to the
erratic nature of these symptoms of MS. Therefore a subgroup analysis was performed
which onlyincluded patients indicating to experience subjective spasticity (N=17) or pain
(N=17) at the start of treatment. Additionally, in order to differentiate acute from chronic
treatment effects, an additional analysis was performed in which the measurements
immediately after the first dosing at the start of the treatment phase were excluded from
the model and only measurements of week 2 and 4 were used to estimate contrasts.

Pharmacokinetic modelling

The population PK analysis focused on identifying 1 and 2 compartmental structural
models with first-order absorption and elimination to describe the data. The random
effects structure that was applied included a proportional residual error distribution, and
log-normal distributions for the inter-individual variability (11V) of the PK parameters. The
latter was established using an exponential transformation of a normal random effects
distribution. Various types of variance-covariance matrices were tested for the inter-
individual variability. The estimated population values (both fixed and random effects),
were used to determine individual empirical Bayes' estimates (post hoc estimates) of the
pharmacokinetic parameters, and related values such as after single dose: area under
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the plasma curve from zero to infinity (AUC,_o.). maximal plasma concentration (Cmax)
and terminal half-life (Ty;). Calculations were performed using R v2.12.0 (R Foundation for
Statistical Computing, Vienna, Austria). The analyses closely followed the guidelines of
the United States Food and Drug Administration (FDA) and European Medicines Agency
(EMA) for performing and reporting population pharmacokinetic analyses.

RESULTS

During the clinical execution a total of 213 potential patients were identified (Figure 1).
Seventy-three patients were found eligible for screening after telephone prescreening,
of which 66 were screened. Between August 2011 and January 2013 a total of 24 patients
were enrolled. Baseline characteristics are described in Table 1. There were no relevant
differences between the treatment groups. All randomized patients completed the
challenge phase and were subsequently enrolled in the treatment phase. One subject
(randomized to placebo) dropped out during treatment phase due to intolerable Adverse
Events.

Challenge phase

None of the measurements included to assess acute effects on spasticity or pain
improved significantly after three consecutive dose administrations of ECP0O02A
during the challenge phase (Table 2). H/M ratio, NRS for pain and spasticity, were not
significantly different between ECP002A and placebo treatment.

Several biomarkers for pharmacodynamic effects were measured during the
challenge phase. On a group level, postural instability, heart rate and internal/external
perception were significantly affected by ECP002A administration compared to placebo.
VAS scores for alertness, calmness and mood were not significantly affected differently
by ECP002A than by placebo.

PK/PD modelling

To overcome individual differences in tolerability, this study protocol was designed with
PK/PD modellingimplemented as an aid to determine individual dose per patient. Results
from the crossover challenge phase were modelled to assess the individual dose at which
desired effects would occur, in the absence of Adverse Events. However, due to a lack of
arobust pharmacodynamic response during the challenge phase (spasticity in H/M ratio
or NRS) or other secondary pharmacodynamic effects (e.g. VAS for feeling high), a PK/PD
model could not be established on an individual level as intended. Due to large variability
in acute pharmacodynamic response, a prediction of plasma concentrations needed to
exert a desired pharmacodynamic effect could not be made. The pragmatic approach
that we chose instead was uptitration to the level of tolerability to Adverse Events.

CHAPTER 3 — EFFECTS ON SPASTICITY AND NEUROPATHIC PAIN IN PATIENTS WITH PROGRESSIVE MULTIPLE SCLEROSIS

59



During the challenge phase, the highest consecutive dose of 8 mg was not reached in
two patients due to Adverse Events. Twelve patients did not experience any Adverse
Events during the challenge phase and were dosed at the maximum allowed starting
dose per protocol of 24 mg/day (intake 8 mg thrice daily). Seven of these patients were
randomized to active treatment. The remaining five patients randomized to active
treatment started at a dose of 15 mg/day (intake 5 mg thrice daily), as they experienced
intolerable Adverse Events afteradministration of 8 mg during the challenge phase. Daily
doses prescribed in the treatment phase are presented in Figure 2. After two weeks of
treatment the daily dose was increased with 4.5 mg in all patients, except one. For two
patients the dose was subsequently decreased to the starting dose (15 mg/day and 24
mg/day, respectively), due to Adverse Events, indicating that the maximum tolerated
dose was reached for these patients.

Treatment phase

Treatment effects were measured using different types of outcome measures,
which we categorized as objective or subjective measures of efficacy or secondary
pharmacodynamic response results. The results of the measures of efficacy are
summarized in Table 3. No significant treatment effect was observed on the objective
endpoints for spasticity: H/M ratio and Ashworth score. Measures of subjective
spasticity did demonstrate a chronic treatment effect in a post-hoc analysis that
included patients who reported spasticity at the start of the treatment phase (N=18):
a non-significant reduction of 0.94 point (95%ClI: -2.05 — 0.17, p=0.0910). Additionally, in
a post-hoc analyses of chronic treatment effects in patients who reported pain at the
start of treatment (N=17), pain rating was significantly reduced overall during four weeks
of treatment with ECPO02A (LSM 2.74 for active treatment versus 4.25 for placebo, LSM
estimated difference -1.51 (95%Cl: -2.75 — -0.28, p=0.0198) (Figure 3). When spasticity
and pain were measured with a daily diary at home, no significant treatment effect was
observed for either pain (-0.47 (95%Cl: -2.66 — 171, p=0.6581) or spasticity (-0.09 (95%CI
-1.99 —1.81, p=0.9195). Fatigue, measured using the FSS was significantly reduced after 2
weeks of ECPO02A treatment, compared with placebo, LSM estimated difference -0.74
(95%Cl:-1.43 — -0.04, p=0.0382). This difference was not significant overall: -0.42 (95%ClI:
-1.03 —0.20, p=0.1769). Other functional outcome measures for efficacy including
EDSS, T25FW, PGIC, PSQl did not significantly improve during four weeks of treatment
(Table 3).

Other secondary pharmacodynamic effects were assessed using two objective
biomarkers and two subjective questionnaires. The results are described in Table 4.
None of the tests evidenced a clinically relevant or statistically significant decline of
postural stability, cognitive functioning, mood or psychotomimetic effects. During each
treatment visit, the patients were asked which treatment they assumed to be receiving
in order to assess possible bias amongst patients. At the end of the treatment, 5 (41.7%)
patientsin the placebo arm guessed correctly that they had received placebo treatment
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and 5 (41.7%) patients were not sure, whereas 8 (66.7%) patients on active treatment
guessed correctly that they had been receiving active treatment. Presumed treatment
allocation was included in the statistical analyses, but was not a significant factor in
treatment response.

A responder analysis was performed, in which responders for spasticity and pain
(NRS) and were identified and compared in terms of baseline characteristics. This
analysis did not yield significant differences in baseline characteristics between
responders and non-responders.

Pharmacokinetics

Pharmacokinetic parameters were derived from the data collected during the challenge
phase and during the treatment phase. An overview of the population parameter
estimates of the final one compartment PK model for A9-THC is shown in Table 5.
The model includes inter-individual variability on the elimination rate constant (K,)
(w2 Estimate 0.038, Standard Error (SE) 0.018) and inter-occasion variability on the
absorption rate constant (K,) (w2 Estimate 0.47, SE 0.087). The parameter estimate for
Ka i 0.0033 Min-1(95%Cl= 0.0025 — 0.0042). The parameter estimate for K,,: 0.036 min-1
(95%Cl = 0.022 - 0.058). The apparent volume of distribution (V,pp) is estimated at 285 L.
(95%Cl =170-479).

Safety

In total, 200 Adverse Events were recorded, the vast majority of which were classified
as mild. Nine (4.5%) Treatment Emergent Adverse Events (TEAES) were considered
moderate and one (0.5%) diagnosis of euphoric mood was judged as severe, as it lead
to inability to work or perform daily activity. A summary table of all Adverse Events that
were observed more than once is provided in Table 6. The most commonly reported
Adverse Events were dizziness and euphoric mood, followed by headache, somnolence
and fatigue. Whenever a subject reported to be ‘feeling high’ this was recorded as
‘Euphoric mood’ in accordance with MEDDRA coding, regardless of whether or not the
subject reported euphoria. ‘Feeling abnormal’ was used to describe changes in internal
orexternal perception, without a patient specifically mentioning the word ‘high’. Adverse
Events related to disease state and commonly present in this population, including
muscular weakness, muscle spasticity, tremor or paraesthesia were recorded only if
there was an increase compared to prior to the start of the study, as experienced by
the patient. During the treatment phase, five Adverse Events lead to a dose adjustment
or omission of dose increase after two weeks of treatment. No Serious Adverse Events
(SAEs) occurred during this study. Individual patients reported psychiatric symptoms
including confusion, disorientation, irritability or apathy, but this was not endemic for
treatment with ECP0O02A. One subject reported Adverse Events that ultimately led to
termination of the participation of this subject after six days of placebo treatment. Four
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out of twelve patients on active treatment (33.3%) reported an increase in muscular
weakness, of which one was considered moderate. The safety profile observed during
active treatment in this study corresponds with the expected Adverse Event profile for
this class of drugs.

DISCUSSION

This was a phase |l accelerated proof-of-concept study to investigate the adverse
effect profile and tolerability, pharmacodynamics and pharmacokinetics of a novel oral
formulation of A9-THC in patients suffering from progressive MS and spasticity. The
current study was performed immediately following the First-in-Human study in healthy
volunteers. This study was designed as a hybrid between a typical multiple dose study to
investigate PK, PD and safety, and a first-in-patient study to establish proof-of-concept.
In this small-sized study (N=24), we were able to meet these objectives. The challenge
phase in the study design proved to be an elegant way to investigate PK, PD and safety
and decide on an appropriate starting dose per individual patient, to avoid cumbrous
and inefficient uptitration during the treatment phase. Moreover, the placebo-controlled
crossover setting reduced the risk of bias. Even though dose selection for the treatment
phase on an individual level was less refined than initially intended due to variability
in acute PD response which impeded determination of a starting dose using PK/PD
modelling, the challenge phase still lead to an effective treatment phase of 4 weeks
in which a pharmacodynamic treatment effect could be demonstrated in the target
population. The effect sizes in terms of treatment effect of the novel oral formulation of
A9-THC on the clinical endpoints of subjective spasticity, pain and various other clinical
endpoints are consistent with the findings of earlier studies on this topic.™*?

Overall, treatment with ECP002A was well-tolerated. The most frequently observed
events, dizziness, somnolence and changes in mood, including euphoric mood, were
related to the primary pharmacological mechanism of action. As such these events were
in line with what was expected. One-third (N=4) of the patients treated with ECP0O02A
reported muscular weakness during the treatment phase. This muscular weakness
may be a part of the causal pathway of reduced muscle tension leading to the intended
treatment of spasticity.

Subjective spasticity measured with an NRS repeatedly during the treatment visits
on week o, 2 and 4 showed an improvement after two and four weeks of treatment,
which was significant at two weeks of treatment. The same pattern was observed in a
more pronounced way for the NRS for pain measured as an NRS repeatedly during each
treatment visit demonstrated an overall improvement in favour of treatment compared
to placebo. For both spasticity and pain post-hoc analyses were performed, which only
included patients with any subjective spasticity and pain at the start of treatment, as
patients with an NRS spasticity or pain of o at baseline would not have been susceptible
to improvement, thus leading to a statistical floor effect. For NRS spasticity this analysis
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in 18 patients emphasized the pattern that was already seen in the Intention-To-Treat
(ITT) analysis: areduction in subjective spasticity, which was significant after two weeks
of treatment, but not after four weeks of treatment and no overall significant treatment
effect. The NRS for pain (N=17) showed a significant overall treatment effect and an
overall reduction in pain of 1.27 point. To differentiate between acute and (sub)chronic
treatment effects, an additional analysis was performed that included the results of the
baseline and week 2 and 4, and omitted those measurements taken immediately after
the first dosing administration of the treatment phase. These analyses accentuated
the pattern that was observed in the ITT analysis. No significant treatment effect was
observed for the objective measurements of spasticity: H/M ratio and Ashworth. In
addition, subjective spasticity and pain measured with an NRS using a daily diary during
the treatment phase showed a limited decrease in level of subjective spasticity and
pain in patients treated with active treatment compared to placebo, which was not
statistically significant.

The data-intensive study design allowed for a thorough investigation of the
relationship between acute and chronic pharmacodynamics and pharmacokinetics in
thetarget population. The observed difference between acute and daily treatment effects
brought to light the importance of timing of measuring subjective treatment effects.

The discrepancy between the objective and subjective measures of spasticity seenin
this study has previously also been observed in phase Il and lll trials of cannabinoids and
even occasionally for currently first-line spasmolytics in patients with Ms*. According to
the reviews by Rog et al. and Lahkan et al."*", only one study* reported an improvement
in Ashworth score, whereas multiple studies reported only subjective improvement of
spasticity. In the aforementioned reviews and clinical studies the validity of the Ashworth
scale as an outcome measure for clinically relevant improvement has been questioned,
partially due to its limited sensitivity for detecting small changes, as is the case for any
objective measure of spasticity®®. With the goal to further elucidate the pharmacological
mechanism of action of A9-THC on spasticity in patients suffering from MS in this data-
intensive clinical study, this endpoint was included in the protocol nonetheless. Even
though the study was performed in a double-blind fashion, cannabinoids are known
to induce subjective psychoactive effects, which are potentially undermining blinding
of study treatment allocation. This could introduce bias, especially when measuring
subjective outcome measures. However, it is impossible to disentangle desired
spasmolytic treatment effects from psychoactive “unblinding” effects, as they both result
from modulation of the cannabinoid system, and even possibly share the same pathway.

In two out of the three other studies where the effects of A9-THC on H/M ratio were
investigated, no significant treatment effects were seen after 4-6 weeks treatment
with oromucosal cannabis-based therapy® ™. In the current study, the baseline H/M
ratio values observed in the in the m. soleus, were relatively low compared to what is
generally considered hyperreflexia or muscle spasticity*®’. This can possibly be explained
by the extent of muscle tone observed in these patients: if muscle tone is increased for
a prolonged period of time, reflexes are often diminished due to reduced excitability of
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the muscle. This phenomenon was distributed unevenly among the treatment groups,
as it was observed at the start of treatment and during the challenge phase preceding
the treatment phase and is thus considered a group difference resulting from chance.

During the challenge phase objective (postural stability) and subjective (alterations
in internal/external perception or mood) pharmacodynamic effects were affected by
ECP002A compared to placebo. However, these pharmacodynamic effects were not
observed during the four week treatment phase: patients receiving active treatment did
not demonstrate an increase in postural instability after two or four weeks of treatment
compared to placebo. In addition, the minor psychoactive effects observed after acute
administration of ECP0O02A during the challenge phase were not observed during
the treatment phase. A comparable pattern was observed in the SDST, a measure of
attention, short-term memory and psychomotor speed, which demonstrated a slight
deterioration after two weeks of treatment with ECP0O02A compared to placebo.
This difference however, was reversed after 4 weeks of treatment, suggesting an
improvement in reaction time. This slim statistical difference was skewed due to a
ceiling effect, and is considered not clinically relevant. It does indicate, however, that no
clinically relevant deterioration in attention and cognitive functioning had taken place
during 4 weeks of treatment with ECP002A.These findings appear to imply habituation
to the (undesirable) psychoactive effects, which was also observed in previous studies
investigating the potential for cannabinoids in therapeutic applications®.

To our knowledge the first PK model for A9-THC in this patient population was created
based on the data that was collected during the challenge and treatment phase. The
current PK model exhibits the flip-flop kinetics phenomenon, where the K, < K,, and
therefore the terminal phase is determined by KA. Although resulting in the best model
fit, it is known from previously published PK models *' that this is not true for A9-THC.
The reason for this discrepancy is that the mathematical description of the data with
a one-compartment oral absorption model can be identical when the value for K, and
Ko are interchanged, and the value for V,p, is then scaled. Such a more physiologically
plausible fit with K, > K5, could not be accomplished with the current data, and therefore
this should be taken into consideration when interpreting the values for K,, K,o and Vepp.
Inline with the variability in pharmacodynamic outcomes observed in this trial, moderate
variability in pharmacokinetics was observed during both the challenge and treatment
phase, compared to the phase 1trial investigating the Pk and PD of ECP0O02A ™. Thus, this
increased variability is most likely attributable to an increase in variability observed in a
heterogeneous patient population, compared to healthy volunteers. Pharmacokinetic
modelling demonstrates a relatively high typical apparent clearance (10.27 L/min) and
typical apparent (central) distribution volume compared to previous findings, which is
most likely related to a lower bioavailability (previously estimated between 4%-12% “. In
addition, a slower absorption rate was observed compared to what was observed in a
previous study investigating ECP002A in healthy subjects™. This was most likely caused
by a reduced gastro-intestinal motility, which has previously been reported in patients
with Ms.*
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In this four week study, the subjective measures of the severity of experienced spasticity
and pain demonstrated a treatment effect compared to placebo. These findings are in
line with what has been previously reported on the effects of cannabinoids in patients
with MS, when measured in the clinic. However, assessment of subjective effects
using a daily diary yielded discrepant results, underlining the importance of selecting
the appropriate method for determining treatment effects, when patients are treated
at home. The mild Adverse Event profile indicates overall good tolerability for this
formulation of A9-THC. Pharmacokinetic modelling provided insight in the relatively
large variability in absorption between and within patients, thereby underlining the
rationale for this combined crossover and parallel study design.

According to recent reviews*** there currently is moderate evidence supporting
the use of cannabinoids (A9-THC alone or in combination with cannabidiol), for the
treatment of spasticity and pain in patients suffering from MmS. Even though research thus
far has focused on different formulations of cannabinoids (e.g. nabiximols), the findings
of the present study demonstrate that the current formulation has the potential to play
arolein the treatment of symptoms including spasticity and pain associated with MS.

In conclusion, this study demonstrates that the current formulation of ECP002A
exerts a similar effect on spasticity and pain as other A9-THC formulations that was
detectable after two weeks of treatment and was safe and well-tolerated in the target
population. In line with previous reports, spasticity and pain appear to be influenced
by A9-THC through higher-level CNS modulation of perception of spasticity rather than
electrophysiological muscle spasticity itself. Accordingly, ECP0O02A may have a role in
symptomatic treatment of spasticity and pain in MS.
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TABLE 1 Baseline characteristics

Total (N=24) A9-THC (N=12) Placebo (N=12)

Age Mean (SD) 54.3(8.9) 57.3(%.0) 51.4(8.0)
(vears) Range 38-73 4-73 38-64
Sex Male 8(33.3%) 4(33.3%) 4(33.3%)
() Female 16 (66.7%) 8(66.7%) 8(66.7%)
Disease Duration  Mean (SD) 11.5(5.8) 10.3 (6.5) 12.6 (4.9)
(vears) Range 3-27 3-27 6-21
Spasticity Modified Ashworth 16 (66.7%) 8 (66.7%) 8 (66.7%)
(n) score of 2

Modified Ashworth 8 (33.3%) 4(33.3% 4(33.3%

score of 3
EDSS (total) Mean (SD) 6.2(0.9) 62(12) 6.3(0.5)

Range 45-75 45-75 55-75

SD = standard deviation / EDSS = Kurtzke Expanded Disability Status Scale
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TABLE 2 Summary of analysis of measures of pharmacological effects during the challenge

phase
LS Means Contrasts LS Means change
from baseline

Parameter Placebo Active Estimate of difference Placebo Active
(95%Cl)

OBJECTIVE AND SUBJECTIVE MEASURES FOR EFFICACY

H/M Ratio 0.333 0.326 -.007(-.070, 0.057) -0.002 -0.008
p=0.8238

NRS: spasticity 3.35 3.64 0.28 (-0.01,0.58) -0.73 -0.45
p=0.0595

NRS: neuropathic pain 275 271 -0.03(-0.41,0.34) -0.23 -0.27
p=0.8470

OBJECTIVE MEASUREMENTS FOR SECONDARY PHARMACODYNAMIC EFFECTS

Body sway (mm) 775.3 919.4 18.6% (5.9%. 32.8%) -2.0% 16.3%
p=0.0067

Heart rate (supine) (bpm) 71 74.6 3.5(14,57) -1.0 25
p=0.0025

SUBJECTIVE MEASUREMENTS FOR SECONDARY PHARMACODYNAMIC EFFECTS

VAS External log (mm) 0.323 0.384 0.061(0.028,0.094) -0.022  0.040
p=0.0009

VAS Internal log (mm) 0.321 0.352 0.030 (0.003,0.057) -0.030 0.000
p=0.0295

VAS feeling high log (mm) 0.322 0.542 0.220 (0.067,0.373) 0.019 0.239
p=0.0070

VAS Alertness (mm) 54.5 527 -17(-4.1,0.6) 13 -04
p=0.1342

VAS Calmness (mm) 53.8 547 0.9(-15,3.3) 18 27
p=0.4289

VAS Mood (mm) 55.2 56.0 0.8(-0.4,2.0) 0.5 14
p=0.1699

H/M ratio = ratio of the maximum amplitude of the Hoffmann reflex to the maximum M response /

NRS:Numerical Rating Scale / mm = millimeter / bpm = Beats Per Minute / VAS = Visual Analogue Scale /

LS Means = Least Square Means / 95%CI = 95% Confidence Interval
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TABLE 3 Summary of analyses of measures for efficacy during treatment phase

LS Means Contrasts LS Means change
from baseline
Parameter Placebo Active Overall Week 2 Week4 Placebo Active
Estimate of Estimate of Estimate of
difference difference difference
(95%Cl) (95%Cl) (95%Cl)
OBJECTIVE EFFICACY
H/M ratio 0385 0.386 0.001 -.009 0.031 0.052 0.053
(Score 0-1) (-178,0179) (-198,0.180) (-.069,0.131)
p=0.9929 p=0.9216 p=0.5269
Ashworth 170 1.60 -0 -0.10 -0 -0.21 -0.32
(Score 1-4) (-0.41,019) (-0.52,0.31) (-0.53,0.30)
p=0.4615 p=0.6142 p=0.5888
SUBJECTIVE EFFICACY
NRS: spasticity ~ 3.61 3.23 -0.38 -1.00 -0.31 -0.22 -0.61
(Score 1-10) (-1.30,0.53) (-1.98,-0.03) (-1.29,0.66)
p=0.3907 p=0.0445 p=0.5176
NRS: spasticity  4.50 3.81 -0.69 -1.23 -0.84 -0.46 -115
(Score 1-10): (-179.0.42) (-2.39,-0.07) (-2.00,0.32)
subgroup p=0.2038 p=0.0387 p=0.1450
(N=18)
NRS:spasticity  4.52 3.57 -0.94
(Score 1-10): (-2.05,0.17)
subgroup p=0.0910
(N=18) Chronic
treatment
NRS: pain 295 215 -0.81 -1.09 -0.85 -0.21 -1.02
(Score 1-10) (-1.66,0.04) (-1.98,-0.20) (-1.74,0.04)
p=0.0618 p=0.0183 p=0.0612
NRS: pain 4.26 2.99 -1.27 -1.69 -1.38 -0.27 -1.54
(Score 1-10): (-2.50,-0.04) (-2.96,-0.41) (-2.65,-0.10)
subgroup p=0.0439 p=0.0124 p=0.0360
(N=17)
NRS: pain 425 274 -1.51
(Score 1-10): (-275,-0.28)
subgroup p=0.0198
(N=17)
Chronic
treatment
Diary: 3.65 3.56 -0.09
spasticity (-1.99.1.81)
(Score 1-10) p=0.9195
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Diary: pain 257 210 -0.47
(Score 1-10) (-2.66,1.71)

p=0.6581
EDSS 642 6.39 -0.03 -0.12 0.06 -0.05 -0.08
(Score 1-10): (-0.22,017)  (-0.34,0.11)  (-0.16,0.28)
subanalysis =0.7650 =0.2935 p=0.5759
T25 feet walk 370 3.87 4.8% 4.0% 5.6% 75% 12.6%
(ft/sec): (-78,191%) (-91,19.0%) (-7.8,21.0%)
subanalysis =0.4425 =0.5481 p=0.4080
PGIC 4.08 3.59 -0.49 -0.58 -0.39 -0.22 -0.71
(Score 1-7) (-119,0.21)  (-1.33,016)  (-1.14,0.35)

p=0.1632 p=0.1213 p=0.2900
PsQl 415 515 1.00 0.36 1.64 -1.41 -0.41
(Score 0-21) (-0.83,2.84) (-1.62,2.33) (-0.33,3.62)

p=0.2688 p=0.7147 p=0.0996
FSs 433 3.92 -0.42 -0.74 -0.44 -0.13 -0.55
(Score 1-7) (-1.03,0.20) (-1.43,-0.04) (-113,0.25)

p=0.1769 p=0.0382 p=0.2065

H/M ratio = ratio of the maximum amplitude of the Hoffmann reflex to the maximum M response /

NRS:Numerical Rating Scale /EDSS = Kurtzke Expanded Disability Status Scale / T25FW = Timed 25

foot walk /PGIC = Patients Global Impression of Change /PSQI = Pittsburgh Sleep Quality Index/

FSS = Fatigue Severity Scale /LS Means = Least Square Means / 95%CI = 95% Confidence Interval
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TABLE 5 Population parameter estimates of one compartment PK model for A9-THC.

PK Parameter 95% CI cV (%)

Primary parameter

ka (mMin™) 0.0033 (0.0025;0.0042) 717

Lag time (min) 5.26 (511,5.41) -

Vapp (L) 285 (170;479)

koo (min™) 0.036 (0.022;0.058) 19.6

CLapp (L*min™) 10.27 (8.72;121) 19.6

Tiy2 (min) 213.6 (165; 275) 77.8
Inter-individual variability W? Estimate S5 Shrinkage (%)

koo 0.038 0.018 322

ka (1OV) 0.47 0.087 6.8-431
Residual error o? Estimate S.E. Shrinkage (%)

Proportional 018 0.018 9.4

SE = Standard Error / Ko = absorption rate constant / Vapp, = apparent volume of distribution /
K»o = elimination rate constant/CLapp =apparent clearance /I0V = inter-occasion variability /
Clearance (CL) =aVd *k,o
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TABLE 6 Overview of Adverse Events and incidence of events reported more than once.

Dose finding phase

Treatment phase

A9-THC Placebo A9-THC Placebo
N=24 N=24 N=12 N=12
n (%) n (%) n (%) n (%)
Number of subjects with at least one 20 (83.3%) 10 (417%) 10(83.3%) 7(58.3%)
Adverse Event
Number of different Adverse Events 15 9 34 15
OVERVIEW OF ADVERSE EVENTS (INCIDENCE >1)
Nervous system
Dizziness 6(25.0%) 1(4.2%) 7 (58.3%) 1(8.3%)
Headache 3 (12.5%) 2(83%) 6(50.0%) 3(25.0%)
Somnolence 6 (25.0%) - 3(25.0%) 2(16.7%)
Muscular weakness 1(4.2%) 1(4.2%) 4 (33.3%) 1(8.3%)
Muscle spasticity - - 3(25.0%) 3(25.0%)
Paresthesia - 1(4.2%) 2 (16.7%) -
Tremor 1(4.2%) - 2 (16.7%) -
Tinnitus - - 2 (16.7%) -
Psychiatric / mood
Euphoric mood 5(20.8%) 1(4.2%) 4 (33.3%) 2 (16.7%)
Disturbance in attention 1(4.2%) 1(4.2%) - -
Insomnia - - 1(8.3%) 1(8.3%)
General disorders and administration site conditions
Fatigue 3 (12.5%) 2 (8.3%) 2(167%)  3(25.0%)
Feeling abnormal 4(16.7%) - 1(8.3%) 2 (16.7%)
Feeling hot 1(4.2%) - 2 (16.7%) 2 (16.7%)
Gastrointestinal
Dry mouth 1(4.2%) - 2 (16.7%) -
Nausea 1(4.2%) - - 1(8.3%)
Increased appetite 1(4.2%) - 1(8.3%) -

AE = Adverse Event
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FIGURE 1 Disposition of patients

( EnROLLMENT | [ Assessed for eligibility (1=213) |
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FIGURE 2 Total daily dose of A9-THC prescribed per subject in the treatment phase
(intake thrice daily) (N=12)
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NRS: pain (Score 1-10): change

NRS: spasticity (Score 1-10): change

FIGURE 3A AND B Post-hoc analyses: LSM change from baseline time profile for NRS for
(A) spasticity (N=18) and (B) pain (N=17).
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ABSTRACT

BACKGROUND Abattery of evoked pain tasks (PainCart) was developed to investigate
the pharmacodynamic properties of novel analgesicsin early phase clinical research. As
part of its clinical validation, compounds with different pharmacological mechanisms
of actions are investigated. The aim was to investigate the analgesic effects of classic
and non-classic analgesics compared to a sedating negative control in a randomized
placebo-controlled crossover study in 24 healthy volunteers using the PainCart.

METHODS ThePainCartconsisted of pain tasks eliciting electrical, pressure, heat, cold
and inflammatory pain. Subjective scales for cognitive functioning and psychotomimetic
effects were included. Subjects were administered each of the following oral treatments:
paracetamol (1000 mg), A9-THC (10 mg), promethazine (50 mg) or matching placebo.
Pharmacodynamic measurements were performed at baseline and repeated up to
10hours post-dose.

RESULTS Paracetamol did not show a significant reduction in pain sensation or
subjective cognitive functioning compared to placebo. Promethazine induced a
statistically significant reduction in PTT for cold pressor and pressure stimulation.
Furthermore, reduced subjective alertness was observed. A9-THC showed a statistically
significant decrease in PTT for electrical- and pressure stimulation. A9-THC also
demonstrated subjective effects, including changes in alertness and calmness, as well
as feeling high and psychotomimetic effects.

CONCLUSIONS This study found a decreased pain tolerance due to A9-THC and
promethazine, or lack thereof, using an evoked pain task battery. Pain thresholds
following paracetamol administration remained unchanged, which may be due to
insufficient statistical power. We showed that pain thresholds determined using this pain
test battery are not driven by sedation.
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INTRODUCTION

The complexclinical reality of pain medicine demands novel therapeutics. A multi-modal
battery of evoked pain tasks could be a useful tool to investigate the analgesic properties
of novel compounds, but needs to be pharmacologically validated for specific classes
of compounds. In the present study the effects of three oral drugs were investigated
and compared to placebo: delta-g-tetrahydrocannabinol (A9-THC), paracetamol and
promethazine.

Different cannabinoids have previously been shown to be effective in various pain
conditions, including neuropathic pain related to oncological disease. (Vadalouca et al.
2012) A9-THC has been shown to be an effective analgesic in preclinical studies and
clinical trials. However, previous formulations of cannabinoid A9-THC are also known for
variable pharmacokinetic profiles and pharmacodynamic responses. (Huestis 2007) To
overcome barriersin clinical application, novel formulations and cannabinoids are under
development. (Klumpers et al. 2012)

Even though paracetamol is one of the most widely used medications in the world,
there is still debate regarding its exact mechanism of action. Paracetamol is thought
to be a weak inhibitor of prostaglandins (PG) synthesis. The subsequent main driving
mechanism of paracetamol analgesia is not completely understood. It has been
proposed that it exerts most of its effects through COX-2 inhibition, but also inhibition of
endocannabinoids has been proposed. In addition, various neurotransmitter systems
(e.g. serotonergic, opioid and noradrenaline) are thought to be involved. (Bertolini et al.
2006; Boychuk et al. 2015; Graham et al. 2013; Koppel et al. 2014)

To investigate the role of sedation rather than analgesic effects of psychoactive
compounds a negative control was included in the current study in the form of the H1
antihistaminergic promethazine (50 mg). Even though it has been observedin preclinical
research that H1 antihistaminergic drugs may have analgesic potential, this has not been
replicated in clinical practice for oral formulations administered alone. (Rumore and
Schlichting 1985; Raffa 2001) Therefore we considered this sedative compound suitable
as a comparator drug without analgesic effects

The primary aim of this study is to investigate the analgesic effects of classic and
non-classic analgesics compared to a sedating negative control in a randomized
placebo-controlled crossover study in 24 healthy volunteers using the PainCart. As a
secondary objective, by comparing the effects of the 3 compounds within each subject
in a crossover design, and comparing the analgesic profile to the profiles of other
analgesic compounds that we recently investigated using the battery of evoked pain
tasks, we aimed to further elucidate the still unknown pharmacological mechanism of
action of A9-THC and paracetamol analgesia.

The battery of evoked pain tasks hasbeen pharmacologically validated by investigating
a broad range of analgesics from various classes, with diverse but well-known
mechanisms of action. (Okkerse, van Amerongen, et al. 2016) This first pharmacological
validation study demonstrated the necessity of utilising a range of pain tasks in
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early-phase drug research. Namely, each compound provided a unique fingerprint of
effectson the test battery. These findings emphasized the importance of utilisingarange
of pain tasks, rather than a single pain task, when determining the profile of analgesic
effects of acompound in early phase drug development. Building on this knowledge, the
present study investigated the effects of two (classes of) analgesics, paracetamol and
A9-THC, and additionally the effects of sedation using promethazine as a negative control.

METHODS

Subjects and study design

The study was a double-blind, double-dummy, single dose, randomized, placebo-
controlled, crossover study in which the effects of paracetamol, A9-THC and the
negative control promethazine were compared to placebo. The study was conducted
at the Centre for Human Drug Research in Leiden, The Netherlands. The study was
approved by the Medical Ethics Committee of Stichting Beoordeling Ethiek Biomedisch
Onderzoek (Assen, The Netherlands) and was conducted according to the Dutch Act
on Medical Research Involving Human Subjects (WMO) and in compliance with all
International Conference on Harmonisation Good Clinical Practice (ICH-GCP) guidelines
and the Declaration of Helsinki. This study was registered in the public registry of the
Centrale Commissie Medisch Onderzoek (CCMO) in the Netherlands, under registration
number: NL54643.056.15

Each subject provided written informed consent before any screening procedures
were performed. A total of 24 healthy subjects (12 males and 12 females) between 18 and
45 years of age with a body mass index of 18 to 30 kg/m? were enrolled. The subjects
underwent a full medical screening, including medical history anamnesis, a physical
examination, blood chemistry and haematology, urinalysis, electrocardiogram (ECG) and
assessment of the minimal erythema dose (MED) for ultraviolet B (UVB) light to assess
eligibility. Subjects with a clinically significant known medical condition, in particular any
existing condition that would affect sensitivity to cold or pain were excluded. Subjects
with Fitzpatrick skin type V or VI, widespread acne, tattoos or scarring on the back were
excluded due to the inability to accurately assess MED. Also any subject, who was a
regular user of any illicit drugs, had a history of drug abuse or a positive drug screen at
screening was excluded. Smoking and the use of xanthine-containing products were
not allowed during dosing days. Alcohol was not allowed at least 24 hours before each
scheduled visit and during the stay in the research unit.

Study drugs

Paracetamol (1000 mg), A9-THC (10 mg), promethazine (50 mg) or placebo was given as
a single dose. Paracetamol 1000 mg is within the labelled dose range in the European
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Union (EVU) and has been shown to be effective in reducing various types of pain. The
currently used formulation of A9-THC (Namisol®, Echo Pharmaceuticals) has been
administered in multiple studies including healthy volunteers (Klumpers et al. 2012) and
different patient populations. (Ahmed et al. 2014; Utomo et al. 2015; van Amerongen
et al. 2017) A9-THC has potential side effects, but is generally considered well-
tolerated, even in high dosages. Promethazine is a classic H1 antihistamine with some
anticholinergic effects. Daily doses up to 150 mg are prescribed for the treatment of
allergic rhinitis and motion sickness. Single doses up to 50 mg are prescribed to induce
mild sedation.

Due to unequal formulations (A9-THC was formulated as an oral tablet, whereas
paracetamol and promethazine were formulated as capsules), matched placebo tablets
for each treatment were administered in a double-dummy fashion to maintain blinding
of treatment for participants and researchers.

Pharmacodynamic assessments

Pain detection and tolerance thresholds were measured using a battery of evoked
pain tasks, as described previously. (Hay et al. 2016; Okkerse, Alvarez-limenez, et al.
2016; Okkerse, Hay, Sitsen, et al. 2016; Okkerse, Hay, Versage, et al. 2016; Okkerse, van
Amerongen, et al. 2016) The test battery consists of an integrated range of pain tasks for
measuring different modalities of pain. Assessments were conducted twice pre-dose
(double baseline) and 0.5, 1, 2, 3. 4. 6, 8 and 10 hours post-dose by trained personnel.
Each measurement round was performed in a fixed order and took approximately
30 minutes to complete. To eliminate the risk of tissue damage, all pain tasks had
a maximum safety cut-off. The aim of the test battery is to assess as objectively as
possible the levels of pain induced by different noxious mechanisms in human subjects.
A training session was included as part of the screening examination to reduce learning
effects during the study and exclude non-responders (i.e. subjects who reach PDT at
>80% of the maximum at any of the nociceptive tasks, excluding the heat pain task)
or extreme responders (subjects indicating to be intolerable to any of the nociceptive
tasks). All measurements were performed in a quiet room with ambient illumination.
Per session, there was only one subject present in the same room. To reduce variability
from affects associated with fear of pain, the subjects themselves were responsible for
starting and ending each pain task.

The battery of evoked pain tasks consists of the following tasks for nociception: the
electrical stimulation task, pressure stimulation task, thermal (heat) pain and the cold
pressor tasks. Furthermore, the test battery includes a model for inflammatory pain, the
UVB model and a paradigm to quantify Conditioned Pain Modulation (CPM), formerly
known as Diffuse Noxious Inhibitory Control (DNIC).

For the electrical stimulation task, the pressure stimulation task and the cold
pressor task, pain intensity was measured continuously (beginning from when the first
stimulus was applied until the end of the test) using an electronic visual analogue scale
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(VAS) scale ranging from o (no pain) to 100 (most intense pain tolerable). Equipment
was programmed to cease giving stimuli if the recorded pain intensity reaches the
maximum pain score (100) or when the maximum safety level was reached. For the
abovementioned pain tasks, the pain detection threshold (PDT) (defined as VAS score
> 0), pain tolerance threshold (PTT) (defined as VAS score of 100) and Area Under the
Curve (AUC) or Area Above the Curve (AAC) (Cold Pressor only) were determined.
Additionally, a post-test Visual Analogue Scale (VAS) score (anchored with no pain (0)
and worst pain imaginable (100)) was performed to retrospectively assess the worst
pain experienced during the pain task. For the thermal pain task (normal skin and uvB
exposed skin) only the (average of triplicate) PDT was determined, since assessment
of heat PTT is prone to inducing tissue damage. For all nociceptive tasks were a PTT is
determined (all except thermal pain) the primary endpoint is the PTT. For the thermal
pain tasks (normal skin and UVB exposed skin), the PDT is the primary endpoint of
the measurement. However, since each parameter (PDT, PTT, AUC/AAC) provides
information on different aspects of the nociceptive system and pain perception, all
variables are taken into account.

In addition to the evoked pain tasks, subjective assessment of sedation and
psychotomimetic effects were included as PD outcome measures. Visual analogue scales
(VAS) as originally described by Norris (Norris 1971) have often been used previously to
quantify subjective effects of a variety of sedative agents. (de Visser et al. 2001; Norris
1971) A set of VAS scales assessing alertness, mood, and calmness (Bond and Lader
1974) were used for subjective assessment of sedation. The VAS allows the subjects to
evaluate their current subjective states. Each VAS scale consists of 2 words representing
opposite feelings placed to the left and right of a horizontal line. The subject is asked to
mark his/her current feelings. Subjective psychotomimetic (psychedelic) effects were
evaluated using VAS Bowdle. This scale has been used extensively to quantify subjective
psychotomimetic effects of psychoactive compounds, including ketamine. (Bowdle et al.
1998) Bowdle Psychotomimetic Effects Scores consist of thirteen visual analogue lines
ranging from o (‘not at all) to 100 (‘extremely’) (van Steveninck 1993), addressing various
(abnormal) states of mind.

Sample size and randomisation

Based on literature, PDT for the cold pressor assessment was used for the sample size
calculation as this assessment has been shown sensitive to the effects of A9-THC in
previous research. (Cooper, Comer, and Haney 2013a) For the cold PDT, a sample size of
24 subjects has 80% power to detect a difference in means of 35%, assuming a standard
deviation of differences of 0.5, using a paired t-test with a 0.05 two-sided significance
level. For the sample size calculation, placebo data from a previous study with the battery
of pain tasks were used to determine variability. (Okkerse, van Amerongen, et al. 2016)
The balanced Williams design randomization code was generated using SAS version
9.1.3 by a study-independent statistician.
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Statistical analysis

To establish whether significant treatment effects could be detected on the PD
outcome variables, variables were analysed with a mixed model analysis of variance
with treatment, time, sex, treatment by time and treatment by sex as fixed factors and
subject, subject by treatment and subject by time as random factors and the average
baseline measurement as covariate. The Kenward-Roger approximation was used to
estimate denominator degrees of freedom and model parameters were estimated using
the restricted maximum likelihood method. The general treatment effect and specific
contrasts were reported with the estimated difference and the 95% confidence interval,
the least square mean estimates and the p-value. Graphs of the Least Squares Means
estimates over time by treatment were presented with 95% confidence intervals as error
bars. All calculations of the pharmacodynamic parameters were performed using SAS
for Windows version 9.1.3 (SAS Institute Inc., Cary, NC, USA). The main SAS procedure that
was used in the analysis was "PROC MIXED". No adjustments for multiple comparisons
were employed. The contrasts for the relevant time periods based on the expected PK
profiles of the compounds of 0-4h are presented.

RESULTS

A total of 25 subjects were randomized, of which 23 subjects completed study
participation. Two (2) subjects withdrew consent to participate for personal reasons, one
of which was replaced. A summary of the baseline demographics is provided in Table 1.

Pharmacodynamics

Time profiles of the pharmacodynamic responses on PTT for each pain task, except heat
pain (Normal skin and UVB skin) for which PDT is displayed, are presented in Figure 1. This
figure also includes a graphical presentation of CPM (Delta PTT for electrical pain). PTT
and PDT measurements were log (In) transformed before analysis, due to the log normal
distribution of the data. The results are presented as % change from baseline over a
10-hour period. A detailed description of the results of the Least Square Means (LSM)
analyses for each treatment as well as contrasts compared to placebo (0-4 hours) can
be found in Table 2. The results of the LSM analyses for the primary endpoints (PTT) are
summarized in Figure 2. Each spoke represents one of the pain tasks, resulting in an effect
profile compared to placebo per treatment. Here, the dashed placebo line represents the
value to which other treatment effects are normalized. A contrast distal from placebo
indicatesthat the LSM PTT for that treatment is greater than placebo, proximal indicates
aLSMPTT lower than placebo.

Furthermore, the results for the subjective scales for cognitive functioning and
psychotomimetic symptoms are presented in Table 3. Paracetamol did not show a
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significant reduction in pain sensation compared to placebo. A small increase in AUC
(p=0.0314) was observed for the pressure pain task, indicating a slight increase in
perceived pain sensation. Treatment with paracetamol did not lead to any observable
changes in subjective cognitive functioning or mood. Promethazine demonstrated a
statistically significant reduction in PTT for the cold pressor pain task (p=0.0189) and
for the pressure stimulation task (p=0.0149), as well as an increase in AUC (p=0.0032),
indicating an increase in pain sensation. In addition to the pharmacodynamic effects of
promethazine on the pain task battery, a reduction in subjective alertness (p=0.0002)
was observed. A9-THC did not show a statistically significant analgesic effect on any of
the pain tasks. For the electrical stimulation task, the PTT was significantly decreased
by -12.7%. (p=0.0134). also indicating an increase in pain sensation. Furthermore, a
significant reduction was observed for the pressure stimulation task PTT (p=0.0126)
and AUC (p=0.0001). In addition to the effects observed on the pain task battery, A9-THC
also demonstrated other pharmacodynamic effects, including a reduction on the
composite scale for alertness (-p=<.0001) and an increase on the composite scale for
calmness (p=<.0001) compared to placebo. Moreover, significant psychotomimetic
effects were observed expressed in changes in internal perception (p=<.0001) and
external perception (p=<.0001), measured using the VAS Bowdle, as well as VAS Feeling
high (p=<.0001). Of note, psychotomimetic effects were virtually absent after placebo
treatment, thereby leading to high significance levels even at small effect sizes.

Safety

During the execution of this study, a total of 79 Treatment Emergent Adverse Events
(TEAES) were registered. The majority (N=43. 54%) of these were recorded after
treatment with A9-THC, after which 20 out of 25 subjects reported any event. Out of all
TEAESs, seven (8.8%) were considered moderate, all others were deemed mild. For A9-THC
treatment, 60% of subjects reported an adverse event in the System Organ Class (SOC)
Nervous system disorders, most of which were dizziness (40%) and headache (20%).
Furthermore, 3 subjects (12%) reported euphoric mood and 3 subjects (12%) mild auditory
hallucinations. A total of four subjects experienced TEAEs of moderate intensity after
treatment with A9-THC, leading to one or more missing measurement. For treatment
with promethazine, most prominently somnolence (N=7, 30.4%) and fatigue (N=6, 26.1%)
were observed. For paracetamol treatment, a total of six events were recorded, which is
comparable to placebo treatment.

To investigate whether adverse events may have impacted the outcome of the pain
tasks, a subgroup analysis was performed in which the 4 subjects that experienced
at least one adverse event of moderate intensity were omitted from the analyses, as a
moderate adverse event may have impacted pain tasks adjacent to its occurrence. This
analysis had no significant impact on the interpretation of the results, therefore it was
decided toreport the results on the intention-to-treat (ITT) population.
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DISCUSSION

The main objective of the present study was to investigate the effects of a classical
(paracetamol) and a non-classical (A9-THC) analgesic on a battery of pain tasks
(PainCart®), compared to placebo and a negative control (promethazine). The
effects of the different treatment effects on each pain task are summarized in Figure 2,
demonstrating the differential effect profile of each compound for the different pain tasks.
Contrary to our expectation we found that paracetamol was not effective at reducing any
of the pain modalities measured using the battery of evoked pain tasks. Furthermore,
A9-THC did not show any acute analgesic effect, and even showed a hyperalgesic effect
ontwo of five pain tasks, namely electrical and pressure pain. Finally, the negative control
promethazine showed anincrease in pain sensation for cold, pressure and inflammatory
pain. In addition to the pain tasks, cognitive tests were performed to assess subjective
alertness, mood, and psychotomimetic symptoms, which were moderately affected
by treatment with A9-THC (alertness, calmness, internal and external perception) or
promethazine (alertness).

This study did not demonstrate and acute analgesic effect of A9-THC, even though
the subjective psychoactive effects were clearly present. As such we can conclude
that the subjective psychoactive effects are not responsible for producing nociceptive
analgesia. Moreover, the present study helped to further elucidate the mechanism of
action of paracetamol as our results enable comparison to other analgesics with known
mechanisms of action. Finally, when combining the findings of the current study with
the existing body of evidence from this battery of evoked pain tasks, we have shown
this battery to be a robust tool to determine analgesic effects that are specific, and thus
not merely expressing sedation, otherwise the observed subjective sedation would
have resulted in analgesia. This is an important finding for future studies in order to
benchmark the effects of novel analgesics that may demonstrate a degree of sedation,
including subtype selective GABA 5 agonists or novel mixed MOP/NOP receptor agonists.

At first glance it may have been surprising that the battery of evoked pain tasks
was not sensitive to detect analgesic effects of paracetamol over a period of 4 hours
post-dose, as it is among the most widely used analgesics worldwide. It has been
shown to be effective in the treatment of different types of clinical pain, although not
all. While it is effective at reducing postoperative pain (McNicol et al. 2016; Weil et
al. 2007), episodic tension headache (Stephens, Derry, and Moore 2016) and acute
migraine (Derry, Moore, and McQuay 2010), there is no evidence for its effectiveness
in treating lower back pain (Williams et al. 2014; Saragiotto et al. 2016) or pain related to
osteoarthritis. (Machado et al. 2015) However, when looking at available literature on
human evoked pain tasks in healthy volunteers, the image becomes more diffuse. For
each of the pain tasks that were investigated in more than one clinical trial, positive as
well as negative results have been reported: mixed results were obtained using the Cold
pressor (Miner 2009; Munsterhjelm et al. 2005; Tiippana et al. 2013; Yuan et al. 1998),
there was a single negative study for contact heat (Tiippana et al. 2013), and again mixed
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results for electrical pain (Bandschapp et al. 2011; Filitz et al. 2008; Olesen et al. 2007;
Tiippana et al. 2013), mixed results for pressure pain (Olesen et al. 2007; Pickering et al.
2008; Romundstad et al. 2006) and only a single study showing analgesic effects on
inflammatory pain using the UVB model. (Ortner et al. 2012) Interestingly, the published
studies measuring pain experience (post-test NRS or post-test VAS) tend to be more
likely to show analgesia by paracetamol than studies measuring the more objective pain
thresholds. This may indicate that paracetamol exerts its analgesic effect on the aspect
of subjective pain experience by means of pain modulation rather than exerting changes
in nociceptive pain perception thresholds. This differential effect was not observed in
the present study. Additionally, the analgesic effects of paracetamol in human evoked
pain models tend to be more subtle than the effect sizes that were used for the power
calculation, therefore the study may have been underpowered. This applies specifically
to for the Cold pressor task, where a non-significant increase in pain thresholds was
observed. Summarising, based on the findings in literature and the aforementioned
hypothesis, the outcome might have been different if a two-way crossover compared
to placebo design was used in which different endpoints, i.e. Laser Evoked Potentials
(Arendt-Nielsen, Nielsen, and Bjerring 1991; Nielsen, Bjerring, and Arendt-Nielsen 1991;
Nielsen et al. 1992), were investigated.

Medicinal use of cannabis dates back tens of thousands of years. (Abel 1980) In
the last decade the role for (plant-derived or synthetic) cannabinoids has shifted from
complementary medicine to regular care for pain related to oncology (Abrams 2016)
and neuropathic pain resulting to spinal cord injury (Wilsey et al. 2016) or Multiple
Sclerosis (MS). (Turcotte et al. 2015; Russo et al. 2016) The oral formulation of A9-THC
(Namisol®) that was used in the current study has been shown to be effective in
reducing neuropathic pain in a recently performed study in 24 patients suffering from
progressive MS after 4 weeks of chronic treatment. (van Amerongen et al. 2017) However,
given its interaction with the endocannabinoid system it cannot be considered an
“antinociceptive” analgesic, even if it may have analgesic effects in some conditions.
This is reflected in the results of clinical studies using human evoked pain models to
investigate pharmacology and mechanism of action. Only two studies investigating
the effects of either inhaled cannabis or oral A9-THC showed a statistically significant
reduction in pain sensation on the cold pressor task (Cooper, Comer, and Haney 2013b)
or the heat pain task. (Greenwald and Stitzer 2000) Two other studies investigating
the effects on heat pain alone, did not demonstrate this improvement. (Redmond et al.
2008; Roberts, Gennings, and Shih 2006) The results of the present study are in line
with the results of Naef et al. (Naef et al. 2003) and Kraft et al. (Kraft et al. 2008), who
showed lack of analgesia on a set of pain tasks and even a significant or non-significant
increase in pain sensation for electrical pain and cold pressor. The finding of A9-THC
induced hyperalgesia has also been observed in the clinic. (Beaulieu 2006) A possible
explanation is that this effect is dose-related, due to a bell-shaped effect curve. As
proposed by Walter et al. (Walter, Oertel, and Lotsch 2015), this narrow therapeutic
window may be the result of co-activation of TRPA1 and TRPV1 channels along with CB1
receptors by A9-THC at higher concentrations. The dose of 10 mg of the oral formulation
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of A9-THC was the highest single dose that is administered to healthy volunteers of
this formulation to date. (Klumpers et al. 2012) Due to inter-subject variability this dose
may have been too high for some, as in four subjects pharmacodynamic assessments
were delayed or omitted as a result of adverse events associated with subjective
effects and nausea. However, on a group level only a reasonable reduction in subjective
alertness was reported. Furthermore, a post-hoc analysis excluding the measurements
that may have been affected by AEs of moderate intensity did not lead to a different
interpretation of the results compared to the Intention-To-Treat (ITT) analysis. Therefore
the ITT analysis was maintained and reported here. On the other hand, it is known that
chronic and even acute exposure to A9-THC caninduce a “transient amotivational state”
(Lawn et al. 2016), which may be misinterpreted as an apparent hyperalgesic state. This
hyperalgesic state is in fact the result of the psychotropic effect profile of A9-THC, as
subjects become less motivated to complete the pain tasks. Despite our efforts, human
evoked pain tasks remain also sensitive to the affective components of pain sensation,
and thus susceptible to detect changes in motivation as well as pure analgesia.

Over the recent years some evidence has gathered for the effectiveness of
antihistaminergic drugs as adjuvantin the treatment of various pain states. (Behrbalk et al.
2014; Friedman et al.2016; Friedman et al. 2013) However, thereisno evidence for any acute
analgesic effect in humans. As such, promethazine (50 mg) was selected as a negative
control for A9-THC and to investigate the effects of sedation on the battery of evoked pain
tasks. In addition to anincreased sensitivity for electrical and pressure pain, adecreased
pain detection threshold for inflammatory pain was observed. Even though histamine is
involved in the initial phase of erythema development, this role is not prominent in the
delayed erythemic response (Woodward and Owen 1982) and as such administration
24 hours after UVB exposure is not likely to have influenced the pathophysiology
of the UVB induced erythema. Thus, the results of promethazine treatment may
indicate a reduction of pain endurance, which could result from reduced motivation
associated with sedative effects (expressed as a reduction in subjective alertness),
rather than suppositious analgesia resulting from delayed or impaired responsiveness.

The present study adds to a body of research studies in which this exact battery of
evoked pain tasks was used to investigate various analgesic compounds alone (Okkerse,
Hay, Sitsen, et al. 2016; Okkerse, Hay, Versage, et al. 2016; Okkerse, van Amerongen, et
al. 2016) or combined (Okkerse, Alvarez-Jimenez, et al. 2016). As such, the battery of
evoked pain tasks is pharmacologically validated for the effects of cannabinoids and
sedatives. The battery of evoked pain tasks was not sensitive to detect analgesic effects
of paracetamol, but that finding by itself provides information on the much debated and
yet unrevealed pharmacological mechanism of action, as we are able to compare the
results to other compounds with known mechanism of action. As recognized before (van
Amerongen et al. 2016; Lotsch et al. 2016; Lotsch, Oertel, and Ultsch 2014), translatability
of findings from human evoked pain models to clinical pain remains elusive. Nonetheless,
if used prudently, this battery of pain tasks can provide invaluable information on
pharmacodynamic and pharmacokinetic relationships in the early phases of drug
development, especially when combined with other neurocognitive assessments.
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TABLE 1 Summary demographic and baseline characteristics for all subjects (N=25)

Age (years)

Mean (SD) 24.0 (5.6)
Median 23

Min, Max 18,45
BMI (kg/m?)

Mean (SD) 23.5(2.9)
Median 237

Min, Max 18.2,29
Sex (n)

Female (%) 12 (48%)
Male (%) 13 (52%)
Race

Other 1(4%)
White 24 (96%)
Fitzpatrick Skin Type

11: Always burns & tans minimally 6(24%)
111: Burns moderate & tan gradually 11 (44%)
1V: Burns minimally & tans well 8(32%)

MED (mJ/cm)

Mean (SD) 777 (249)
Median 702
Min, Max 351,1321

BMI = Body Mass Index /MED = Minimal Erythema Dose.
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TABLE 2 Summary of LSM analyses for battery of evoked pain tasks

Endpoint Placebo (n=24) Paracetamol (n=23) Promethazine (n=23)

A9-THC (n=24)

LSMean Contrastvs. placebo*  Contrastvs.placebo  Contrast vs.placebo
(95%Cl) (95%Cl) (95%Cl) (95%Cl)
COLD PRESSOR (S)
PTT 13.4(12.5-14.3) 5.2% (-4.6%,16.0%) -11.1% (-19.3%, -1.9%) 2.5% (-7.0%,12.9%)
p=0.3090 p=0.0189 p=0.6183
PDT 32(25-4) 3.5% (-15.0%, 26.0%) -17.0% (-31.8%,1.2%) -0.8% (-18.5%, 20.7%)
p=07292 p=0.0648 p=0.9335
AAC 860 (803-922) 7.8% (-3.8%, 20.9%) -10.6% (-20.2%, 0.2%) 41% (-7.0%,16.6%)
p=01938 p=0.0548 p=0.4806
VAS 569 259 (-0.45,5.63) 148 (-156,4.52) 0.11(-2.93,315)
(52.8-61) p=0.0940 p=0.3366 p=0.9444

ELECTRICAL STIMULATION (mA)

PTT 221(20.3-241) -87% (-18.2%,1.9%) 7% (-17.2%, 3.0%) -12.7% (-21.5%, -2.8%)
p=01023 p=0.1495 p=0.0134

PDT 9.43 (8.44-10.53) -9.9% (-22.8%, 5.3%) 0.8% (-13.7%, 17.8%) -27% (-16.6%, 13.4%)
p=0.1896 p=0.921 p=0.7222

AUC 3244 (3112-3376) 171.37 (-2112, 363.87) 76.86 (-115.81,269.53) 196.58 (6.98, 386.19)
p=0.0805 p=0.43T1 p=0.0423

VAS 54.6 (51.8-57.4) 171(-118, 4.61) 138 (-4.28,152) -0.68(-3.53,2.17)
p=0.2414 p=0.3467 p=0.6372

CPM: ELECTRICAL STIMULATION (mA)

PTT 1.07 (0.64-1.51) 0.101(-0.772,0.973) -0.186 (-1.050, 0.678) 0.099 (-0.785, 0.983)
p=0.8206 p=0.6716 p=0.8254

PDT 1.24(0.62-1.87) 0.678 (-0.566,1.921) 0.052 (-1186,1.290) -0.144 (-1.398,1.109)
p=0.2841 p=0.9339 p=0.8206

AUC -147 (-192- -102) -24.74 (-107.64,5817) 13.44 (-69.10, 95.98) 9.63(-73.60,92.87)
p=0.5574 p=0.7488 p=0.8200

VAS 2.60 (1.95-3.47) 9.7% (-24.5%, 59.4%) 16.5% (-18.8%, 67.1%) -17% (-32.8%, 44.0%)
p=0.6238 p=0.4044 p=0.931

PRESSURE STIMULATION (kPa)

PTT 39.9 (36.3-43.9) -51% (-11.9%, 2.2%) -8.9% (-15.4%, -1.8%) -9.0% (-15.6%, -2.0%)
p=01653 p=0.0149 p=0.0126
PDT 167 (14.2-19.6) -8.5% (-19.1%, 3.5%) 71% (-17.8%, 51%) -9.9% (-20.3%,1.9%)
p=01552 p=0.2392 p=0.0972
AUC 6761 248.01 (22.33, 473.69) 341.93(115.96,567.89)  446.38(221.09, 671.67)
(6457-7064) p=0.0314 p=0.0032 p=0.0001
VAS 50.2 112(-160, 3.85) -0.20 (-2.92,2.52) 0.35(-2.35,3.06)
(44.2-56.2) p=0.4176 p=0.8841 p=07964
NORMAL HEAT (°C)
PDT 451 0.5% (-0.9%. 2.0%) -0.6% (-2.0%, 0.8%) 0.3% (-11%.1.7%)
(447-45.6) p=0.4434 p=0.3830 p=07229

UVB HEAT (°C)

PDT 397
(391-40.2)

0.2% (-11%.1.4%)
p=0.8033

-2.8% (-4.1%, -1.6%)
p=<.0001

-1.0% (-2.3%. 0.3%)
p=01220

PTT = Pain Tolerance Threshold /PDT = Pain Detection Threshold /AAC = Area Above the Curve /
AUC = Area Under the Curve / VAS = Visual Analogue Scale /CPM = Conditioned Pain Modulation /
* Contrasts over o-4 hours post dose.
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TABLE 3 Summary of LSM analyses for subjective cognitive functioning and psychotomimetic

symptoms
Placebo Paracetamol Promethazine Ag-THC
(n=24) (n=23) (n=23) (n=24)
LSMean LSMean Contrastvs. LSMean Contrastvs. LSMean Contrast
(95%Cl) (95%Cl)  placebo*  (95%Cl) placebo (95%Cl)  vs. placebo
(95%Cl) (95%Cl) (95%Cl)
VAS BOND & LADER
Alertness 497 498 0.07 472 -3.11 457 -5.83
(mm) (487-507)  (488-50.8)  (-155,1.68)  (46.2-482) (-4.75,-1.48)  (447-467)  (-7.45,-4.21)
p=0.9339 p=0.0002 p=<.0001
Calmness 516 511 -073 519 0.46 53.6 3.97
(mm) (50.6-52.6) (50-521) (-257,112) (50.9-53) (-138,230)  (526-547)  (2.11,5.82)
p=0.4369 p=0.6236 p=<.0001
Mood 504 50.2 -0.42 507 010 51 076
(mm) (497-511)  (495-509)  (-1.39,0.55) (50-51.4) (-0.88,1.07)  (50.3-516)  (-0.21,174)
p=0.3914 p=0.8408 p=0.1244
VAS BOWDLE
Feeling 033 031 -0.0295 035 0.0189 o7 0.7232
High (0.28-0.39)  (0.26-0.37) (-0.1347, (0.29-0.4) (-0.0859, (0.65-0.77) (0.6164,
(LOGmm) 0.0757) 0.1237) 0.8300)
p=0.5804 p=07225 p=<.0001
Internal 0.32 0.31 -0.0061 0.33 0.0269 0.4 0.1705
perception (029-0.34)  (0.29-0.34) (-0.0470, (0.31-0.35) (-0.0139, (0.38-0.42) (0.1292,
(LOGmm) 0.0348) 0.0678) 0.2117)
p=07677 p=0.1951 p=<.0001
External 033 032 -0.0143 034 0.0148 055 0.4289
perception (0.28-037)  (0.27-0.36) (-0.0957, (0.29-0.39) (-0.0664, (0.5-059) (0.3466,
(LOGmm) 0.0670) 0.0960) 0.5112)
p=07279 p=0.7189 p=<.0001

VAS = Visual Analogue Scale / * Contrasts over 0-4 hours post dose.
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FIGURE 1

Overview of Change from Baseline time profiles for battery of evoked pain tasks
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FIGURE 2 Spider plot overview of Pharmacodynamic response profile for battery of evoked
pain tasks normalized to placebo (0-4 hours)

Heat Normal skin PDT (°C)

Cold pressor PTT(s) Heat UVB skin PDT (°C)

Pressure Stimulation PTT (kPa) Electrical Stair PTT(mA)

Prometazine — AQTHC — Paracetamol  ----Placebo

Dashed placebo line represents the value to which other treatment effects are normalized. Distal from
placebo indicates Least Square Mean PTT greater than placebo, proximal indicates Least Square mean
PTT lower than placebo. Actual values are described in Table 2. A circle indicates a statistically significant
(P<o.05) difference compared to placebo for treatment on pain task.
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ABSTRACT

AIMS This study investigated the pharmacodynamic (neurocognitive and
neurophysiological) profile of a novel a2/a3/a5 GABA 4 subtype selective partial positive
allosteric modulator (PAM), PF-06372865 with single dose levels ranging from 0.04 to
100 mg.

METHODS This was a two-part study in 45 healthy subjects (NCT01951144). Part
A was a double-blind, randomised, placebo-controlled, ascending single oral dose,
crossover study. Part B was performed after completion of Part A to further explore the
pharmacodynamics of PF-06372865 alone and in combination with lorazepam (2 mg).
Both parts used the NeuroCart®, a neurocognitive and neurophysiological test battery,
which assessed pharmacodynamic measurements (saccadic peak velocity (SPV),
smooth pursuit eye movements, body sway, adaptive tracking, Visual Verbal Learning
Test (VVLT), Visual Analogue Scale (VAS) Bond & Lader and pharmaco-EEG) that were
performed at baseline and up to 6 hours post-dose.

RESULTS Themajority of the pharmacodynamic assessmentswere dose-dependently
affected by PF-06372865, and plateaued at different dose levels between approximately
10 and 65 mg. In Part B, the combination of lorazepam (2 mg) with PF-06372865 65 mg
demonstrated infra-additive effects or the lack thereof, depending on the functional
domain, in line with the predicted functional selectivity for a2/ag3/a5 GABAA receptor
subtypes. In both parts, treatment with PF-06372865 alone or in combination with
lorazepam is considered safe and well-tolerated.

CONCLUSION Pharmacodynamic neurocognitive and neurophysiological profiling,
alone and in combination with lorazepam revealed the unique pharmacological
characteristics of PF-06372865 that are suggestive of anxiolysis with fewer signs of
sedation, compared to classic non-selective benzodiazepines.
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INTRODUCTION

y-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the mammalian
central nervous system (CNS) and is involved in a vast number of functions and
behaviours (Curtis and Johnston, 1974). GABA, receptors are heteropentameric
ligand-gated chloride ion channels that mainly contain two a, two B, and one ysubunit
(McKernan and Whiting, 1996). GABA, receptors are involved in the fast inhibitory
function of GABA by providing rapid hyperpolarization of postsynaptic neurons.
Conventional, non-selective benzodiazepines are positive allosteric modulators (PAMS)
of the GABA receptors (Curtis and Johnston, 1974).

Since the serendipitous discovery of chlordiazepoxide in 1960 (Frommele et al.,
1960), benzodiazepines are among the most widely prescribed drugs for the treatment
of a wide range of diseases, including generalised anxiety disorder (GAD) (Reinhold
and Rickels, 2015), panic disorder (Starcevic, 2014), insomnia (Neubauer, 2014) and
(neuropathic) pain (Chou and Huffman, 2007). Although conventional non-selective
benzodiazepines are considered safe and well-tolerated, clinical use is dose-limited by
adverse effects (AEs) including sedation, postural instability and memory disturbance
(Metsetal., 2010; Davidson et al., 2010). Animal studies have shown that GABA 5 a1 activity
isrelated to the sedative side effects (Rudolph et al., 1999), and studies in healthy human
subjects with a1-sparing, a2/a3 PAMS have confirmed these findings (Atack, 2005; Atack,
2010). In addition, GABA a2 and a3 subunits have been related to anxiolytic (Smith et
al., 2012), analgesic (Knabl et al., 2008), and recently unexpectedly also suggested to be
associated with a mild form of sedation in rhesus monkeys (Duke et al., 2018). Finally, the
a5 subunits are believed to be involved in cognitive functioning and memory (Atack et
al., 2006; Atack, 2011).

PF-06372865 isanovel GABA 5 subtype selective modulator which exhibits functional
selectivity for receptors containing a2, a3 or ag over those containing a1 subunits, a
profile which was confirmed in vivo by assessing a2/a3 and a1 pharmacology through
quantitative beta frequency and zolpidem drug discrimination in rats respectively
(Nickolls et al., 2018). PF-06372865 is under development for the treatment of epilepsy.

The objective of this First-in-Human trial was to explore safety, tolerability,
pharmacodynamics (PD) and pharmacokinetics (PK) of PF-06372865 after a single dose
across a wide exposure range. It is possible that PF-06372865 will be administered
as adjuvant therapy to a non-selective benzodiazepine, e.g. lorazepam. As such, an
additional objective of the present study was to investigate the effects of PF-06372865
when co-administered with lorazepam (2 mg), compared to placebo and lorazepam
alone. This also allows to benchmark the observed effects PF-06372865 to a non-
selective benzodiazepine, as lorazepam has been shown to demonstrate no specificity
forthe GABA receptor subtypes (Damgen and Liddens, 1999).

Pharmacodynamics were assessed using a validated CNS test battery, the
NeuroCart®, which has been extensively used to investigate the effects of various CNS
active compounds where it has been shown sensitive to detect the effects of subunit
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selective positive allosteric GABA receptor modulators (Zuiker et al., 2015; Chen et al.,
2015; Chen et al., 2014) at the Centre for Human Drug Research (CHDR).

Previously, parts of the study results were presented in relation to preclinical
findings for PF-06372865 (Nickolls et al., 2018). The current article focuses on the
results of the neurocognitive test battery as a whole, and fully characterises the clinical
pharmacodynamic effects in this First-in-Human study.

METHODS

This study was registered in ClinicalTrials.gov under registration number: NCTo1951144.
The final protocol, amendments and informed consent documentation were reviewed
and approved by the Independent Ethics Committee (IEC) Stichting Beoordeling
Ethiek Biomedisch Onderzoek (Stichting BEBO) in Assen, the Netherlands. This study
was conducted at the Centre for Human Drug Research (Leiden, the Netherlands) in
compliance with the ethical principles originating in or derived from the Declaration of
Helsinki and in compliance with all International Conference on Harmonization Good
Clinical Practice (ICH- GCP) Guidelines.

This was a two-part study. Part A was a double-blind, randomised, placebo-
controlled, ascending single oral dose, placebo-substitution, 3-cohort crossover
study. Part B (Cohort 4) was performed after completion of the first three cohorts to
further explore the pharmacodynamics of PF-06372865 alone and in combination with
lorazepam (2 mg). Atotal of 45 subjects were included: Cohorts 1,2 and 3 each comprised
10 subjects and 15 subjects were included in Cohort 4. Cohorts1and 2 received five dose
levels each in an alternating fashion, thus allowing to explore 10 ascending dose levels
in a two-cohort crossover design. In cohort 3, another five ascending dose levels were
investigated. For each cohort there was a washout period of at least seven days. The
findings of Cohorts 1,2 and 3 (Part A) were incorporated to decide on appropriate doses
for Cohort 4 (Part B), in which the effects of two dose levels of PF-06372865 alone and
one dose level in combination with lorazepam (2 mg) were compared to placebo and
lorazepam (2 mg) as active controlin a complete 5-period crossover design using a single
Latin square. The investigator assigned subject numbers sequentially to the subjects as
they were screened for the study. The sponsor provided a randomization schedule to the
investigator and, in accordance with the randomization numbers, the subject received
the study treatment regimen assigned to the corresponding randomization number.
Cohort gincluded a block size of 5 to ensure all sequences were evenly allocated.

Sample size

A sample size of 10 subjects in each of Cohorts 1, 2 and 3 (with 8 active, 2 placebo in
each period), was based on the need to minimise first exposure to humans of a new
chemical entity and the requirement to provide adequate safety and pharmacodynamic
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information at each dose level. A sample size of 15 subjects in Cohort 4 was selected
to ensure a balanced design and to provide sufficient power to demonstrate a
pharmacodynamic effect. This was based on assumed within subject standard
deviations of 37 deg/second (sec) for SPV and 0.39 In (mm) for body sway as observed in
Cohorts1,2and 3 of the study.

Subjects

Forty-five healthy subjects were recruited from CHDR's database. Subjects were male or
postmenopausal female, aged 18-55 years, with a BMI of 17.5to 30.5 kg/m?. Subjects were
to refrain from smoking, caffeine and alcohol from 24 hours prior to each investigational
period. Subjects were instructed to use a highly effective method of contraception. The
use of medication other than study drug was not allowed during study participation.

Treatments

In Part Asubjects were randomised to receive 5 ascending single doses of PF-06372865
orplacebo. The starting dose was determined based on preclinical modelling at 0.04 mg,
which was expected to yield a Cyax 0f 0.31ng/mL, corresponding to an unbound C 4y Of
0.04ng/mL, which in turn corresponds to a predicted total RO of 18%, and an a2 subunit
RO of ~3%.

The findings of Part Awere used to determine the dose levels of PF-06372865 for Part
B. In this randomised 5-period placebo and active control crossover design, 15 subjects
received PF-06372865 (15 mg), PF-06372865 (65 mg), lorazepam (2 mg), PF-06372865
(65 mg) + lorazepam (2 mg) and placebo.

Following an overnight fast of least 10 hours, subjects received study treatment in
the morning. PF-06372865 was administered as an oral suspension and one dose level
(25 mg) was administered as oral tablets as well. Lorazepam (2 mg) was administered
as an oral tablet. To ensure blinding of treatment allocation, matching placebo was
administered in a double-dummy fashion (Part B only).

Safety
Adverse events, clinical laboratory, electrocardiogram (ECG), blood pressure and heart
rate measurements were collected throughout the study.

Pharmacokinetics

Plasma samples were analysed for PF-06372865 concentrations at York Bioanalytical
Solutions (York, UK) using a validated, sensitive and specific high-performance liquid
chromatography tandem mass spectrometric method (HPLC-MS/MS). PK samples were
collected priorto dosingand at 0.25,0.5,1,1.5, 2, 4, 6, 8,12,16 24, 36, 48 and 72 hours post-dose.

CHAPTER 5 — PHARMACODYNAMIC EFFECT PROFILE OF PF-06372865, A SUBTYPE SELECTIVE GABAA MODULATOR

101



Pharmacodynamics

Pharmacodynamic assessments were performed using an integrated test battery, the
NeuroCart®. Measurements were conducted by a trained operator in accordance with
the Standard Operating Procedures of CHDR. The assessments to be performed as part
of the NeuroCart® battery were: Saccadic Eye Movement, Smooth Pursuit, Adaptive
Tracking, Body Sway, Bond and Lader Visual Analogue Scales (VAS) and Pharmaco-
electroencephalography (p-EEG). An overview of the different tasks and associated
functional domains can be found in Table 1. Pharmacodynamic measurements were
performed prior to dosing (twice in order to record double baseline values, thus reducing
variability) and at 0.5, 1, 1.5, 2, 4, 6, 12 hours post-dose. In addition, the Visual Verbal
Learning Test (VVLT) was performed at 1 hour and 6 hours (Part A) or 2.5 hours (Part B)
post-dose. Subjects were tested individually in a quiet room with ambient illumination.

Saccadic Eye Movements

Measurements of saccadic eye movements were recorded as previously described (de
Haas et al., 2007; de Haas et al., 2009). Average values of Saccadic Peak Velocity (SPV)
were calculated for all artefact free saccades. SPV is closely related to the anxiolytic
properties of benzodiazepines (Chen et al., 2012) and this parameter has been validated
as the most sensitive biomarker for their effects (de Visser et al., 2003; van Steveninck et
al., 1994; van Steveninck et al., 1996; van Steveninck et al., 1999).

Smooth pursuit

For smooth pursuit eye movements, the target moved at a frequency ranging from 0.3
to 1.1 Hz, by steps of 0.1 Hz. The amplitude of target displacement corresponded to 22.5
degrees eyeball rotation to both sides. Four cycles were recorded for each stimulus
frequency. The method is validated at CHDR (van Steveninck et al., 1999) based on the
work of Bittencourt et al (Bittencourt et al., 1983) and the original description of Baloh
et al (Baloh et al., 1976). The time in which the eyes were in smooth pursuit of the target
was calculated for each frequency and expressed as a percentage of stimulus duration.
The average percentage of smooth pursuit for all stimulus frequencies was the target
parameter.

Adaptive Tracking

The adaptive tracking test was performed as originally described by Borland and
Nicholson (Borland and Nicholson, 1975; van Steveninck et al., 1999) using customised
equipment and software. The average performance over a 3.5-min period were used
for analysis. Adaptive tracking is a pursuit-tracking task, where a circle moves randomly
on a screen. The subject must try to keep a dot inside the moving circle by operating a
joystick. The testis adaptive in nature, namely if this effort is successful, the speed of the
moving circle increases. Conversely, the velocity is reduced if the test subject cannot
maintain the dot inside the circle.
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Body Sway

Body sway was measured with an apparatus similar to the Wright ataxiameter (Wright,
1971), which integrates the amplitude of unidirectional body movements transferred
through a string attached to the subject’s waist. Two-minute measurements were made
inthe anteroposteriordirection with eyes closed, with subjects standing comfortablyon a
firm surface with their feet slightly apart. Body sway is a measure of postural stability that
has previously beenshownto be sensitive to sleep deprivation (van Stevenincketal.,1999),
ethanol (van Steveninck et al., 1993) and benzodiazepines (van Steveninck et al., 1993).

Bond and Lader Visual Analogue Scales (VAS)

Visual analogue scales as originally described by Norris (Norris, 1971) were previously
used to quantify subjective effects of benzodiazepines (van Steveninck et al., 1991). From
the set of 16 scales, three composite factors were derived as described by Bond and
Lader (Bond and Lader, 1974), corresponding to alertness, mood, and calmness. These
factors were used to quantify subjective drug effects.

Pharmaco-electroencephalography

EEG recordings were made using gold chloride electrodes with the same common
ground electrode as for the eye movement registration (international 10/20 system). The
electrode resistances were kept below 5 kOhm. EEG signals were obtained from leads
Fz-Cz and Pz-Oz and a separate channel to record eye movements (for artefacts). For
eachlead, fast Fourier transform analysis was performed to obtain the sum of amplitudes
inthe very low (0.5-2 Hz), delta (2-4 Hz), theta (4-7.5 Hz), alpha (7.5-13.5 Hz), beta (13.5-35
Hz) and gamma (35-48.9 Hz) frequency ranges. The duration of EEG measurements was
64 s persession. Change in amplitudes in the beta frequency band of the EEG was found
to be a relevant measure of the pharmacological effect intensity of benzodiazepines
(Mandema et al., 1992).

Visual Verbal Learning Test (VVLT)

Measurement of memory comprises different components of learning behaviour,
i.e., acquisition, consolidation, storage, and retrieval. The VVLT (Schmitt et al., 2000)
contained 3 different subtests that covered a wide scope of learning behaviour. The test
started with sequential presentation of 30 common monosyllabic nouns. Each word was
shown for 2 seconds. \When the series ended, the subject was required to verbally recall
asmany words as possible. The same list was presented in the same way in 3 successive
trials. The highest individual trial score was the Immediate Recall score. After a delay,
subjects were asked again to recall as many words as possible without prompting. The
number correctly recalled was the Delayed Recall score. Finally, old/new recognition
was measured by showing the subjects a series of 30 words on the computer display
thatincluded words from the original set and 15 new words. Subjects responded to each
presentation by indicating as quickly as possible whether the given word was one of the
original set (Delayed recognition).
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Statistical analysis

Data from cohorts1,2and 3 (Part A) were analysed separately to data from cohort 4 (Part
B). Body Sway was loge-transformed prior to analyses. A mixed effects model was fitted
for each endpoint separately, using data collected during the first 6 hours post-dose
(except VVLT endpoints which only had a single associated post-dose measurement).
The randomisation code was generated by an independent team. Randomisation
numbers were sequentially allocated by the study physician, and blinded study
treatments were prepared and dispensed by an independent operating pharmacy.

For Cohorts 1, 2and 3 (Part A), the fixed effects included in the model were baseline,
time, treatment and treatment by time interaction. Time was included as a repeated
effect within each subject*period. Baseline was included as 2 separate variables, the
average baseline for the subject, and the deviation of each treatment period baseline
from the average baseline for each subject. The interaction of the latter baseline and
time was also included as a fixed effect. For VVLT, the fixed effect in the model was
treatment, with subject fitted as a random effect. For Cohort 4 (Part B), the models were
the same as above, except an additional fixed effect term for period was included (all
endpoints, including VVLT).

Forallcohorts, the Least Square Means (LSM) together with 95%Cls were obtained for
each treatment averaged across all post-dose time points, and also for each treatment at
each separate time point (if applicable). Differences in LSM between treatments (all PF
doses, lorazepam ?mg and the combination of PF and lorazepam) and placebo, together
with 95%CIS were obtained. For the analysis of Cohort 4 (Part B), the differences in
LSM between treatments (both PF doses and the combination) and lorazepam (2 mg),
together with 95%CIS, were also obtained.

Pharmacodynamic interaction was investigated post-hoc for the neurocognitive
and neurophysiological outcome measures by calculating the contrasts of the sum
of the effects of individual treatments (PF-06372865 (65 mg) and lorazepam (2 mg))
versus the effects of co-administration of PF-06372865 (65 mg) + lorazepam (2 mg).
Supra- or infra-additive pharmacodynamic interactions are signified by a statistically
significant difference (p < 0.1). No difference indicates that the co-administration of both
treatments results in the addition of both individual treatments. PF-06372865 (65 mg)
co-administered with lorazepam (2 mg) vs. PF-06372865 (65 mg) + lorazepam (2 mg)

RESULTS

Subjects

Each subject provided written informed consent before any screening procedures
were performed. A total 45 healthy subjects were enrolled in this study. CONSORT flow
chart is available as supplemental. There were no discontinuations or withdrawals,
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so all randomised subjects completed the study per protocol. All 30 subjects in part A
(cohorts 1, 2 and 3) were healthy male subjects. The majority of subjects (26 out of 30)
were caucasian. In part B (cohort 4, n = 15) all subjects except one were male. There were
no notable differences between mean weight, height or BMI across all cohorts (Table 2).

Safety

A detailed overview of the observed adverse events in Part A is described by Nickolls et
al. (Nickolls et al., 2018). No serious adverse events were observed during the study. No
clinically significantchangesinvital signs, ECGs orothersafety parameterswere observed.
The most frequently reported AEs were dizziness, somnolence, bradyphrenia, elevated
mood, fatigue, headache and orthostatic hypotension, all of which were mild in severity.

In Part B lorazepam (2 mg) treatment alone resulted in similar type of AEs compared
to PF-06372865 15 mg treatment, but with a lower incidence of total AEs compared with
65 mg of PF-06372865 treatment group. Reported adverse events are summarised
according to system organ class (SOC) in Table 3, where the most commonly observed
AEs (dizziness and somnolence) are presented individually as well. All observed
treatment emergent AEs were mild in severity. Co-administration of PF-06372865 65
mg and lorazepam 2 mg did not result in an additive effect in terms of number or intensity
of adverse events. There was no clear differentiation or pattern observed in terms of
distribution of AEs, in terms of SOC or intensity.

Pharmacokinetics

The plasma PK parameter estimates for 14 ascending doses of PF-06372865 (Part A)
are described by Nickolls (2018). Summarising, PF-06372865 was well absorbed with
median Tyax Of 1t0 4 hours. Average half-life ranged from 6.0 to 8.9 hours. In general,
plasma PF-06372865 AUC;,; and Cnax increased apparently linear across the dose
range. However, no formal test was performed to confirm this. In cohort 3 (Part A) a
comparison between the oral suspension formulation and an oral tablet formulation was
performed for a dose of 25 mg. The observed median T« for the tablet formulation was
2.0 hours, compared to a median Tp,ax Of 4.0 hours when administered as suspension at
the same dose level. Ty, was similar with the mean value of 8.2 hours for both treatments.
Inter-subject variability for PF-06372865 exposure based on geometric CV% was low to
moderate, ranging between 13% and 39% for Cmay. In cohort 4 (Part B), analogous to the
observationsin Part A, PF-06372865 was absorbed rapidly and demonstrated a similar
half-life compared with the observations of the first part of study. WWhen PF-06372865
65 mg was administered in combination with lorazepam 2 mg, a slight increase was
seen for PF-06372865 AUCiys and Cnax by approximately 12% and 13% respectively,
compared with PF-06372865 65 mg administered alone. Median Tyax (2.0 hours) and
mean half-life (approximately 8 hours) values were similar for PF-06372865 alone and
co-administration with lorazepam 2 mg.
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Pharmacodynamics —Part A

An overview of the results of the pharmacodynamic differences in overall Least Square
Means (presented with g5% Confidence Interval) for the complete dose range (0.04 mg
to 100 mg) compared with placebo is shown in Figures 1-3 and Supplement 1.
Fromadose of 4mg PF-06372865 onwards up to the highest dose (100 mg), Saccadic
Peak Velocity (degrees/second) was statistically significantly decreased compared
to placebo, in a dose-response manner. Smooth pursuit eye movements were only
statistically significantly different from placebo at 10, 15 and 100 mg. Percentage correctin
adaptive tracking was statistically significantly reduced compared to placebo for all dose
levels above 10 Mg PF-06372865, except forthe 25 mg PF-06372865 tablet formulation.
Between the dose levels of 10 and 25 mg a dose-related response was observed, from
25 mg onwards the effect demonstrated a plateau. Postural instability, measured
using body sway, increased in a dose-related fashion for each cohort with statistically
significantly increases in the higher dose levels. The maximum effect was observed at
a dose level of 10 mg, indicating a plateau. VAS alertness showed a seemingly dose-
related reduction from 4 mg of PF-06372865 onwards, except for the dose level of 6 mg
of PF-06372865. (Supplement 1) Different parameters were measured using the VVLT
(Figure 2). Immediate recall was significantly impaired during the first treatment visits
for Cohort 1 (0.04 mg of PF-06372865). Then, from the dose level of 4 mg PF-06372865
onwards, immediate recall was statistically significantly reduced. Delayed recall
demonstrated a similar pattern. Delayed recognition however, showed a more diffuse
pattern. Pharmaco-EEG (Figure 3) demonstrated a dose-dependent power increase in
the low frequency bands & and 6, which appeared to reach a plateau between 6 and 25
mg. Beta (B) frequency band activity however demonstrated an apparent dose-response
over all dose levels. No clear changes were was observed in the a frequency band.

Pharmacodynamics - Part B

Incohort4,aplacebo-controlled head-to-head comparisonbetween15mgPF-06372865,
65 mg PF-06372865 (alone and in combination with 2 mg lorazepam) and lorazepam
(2 mg) was performed. The results are presented in Table 4 as LSM with contrasts to
placebo and contrasts to lorazepam (2 mg). The results of the most relevant outcome
measures are graphically summarised in Figure 4. Pharmacodynamic interaction
analysis was performed on the primary endpoints and is described in Table 5.

Saccadic eye movements

All treatments statistically significantly reduced SPV compared to placebo. Additionally,
both doses of PF-06372865 (alone or in combination with lorazepam (2 mg))
demonstrated a significant greater reduction in SPV than lorazepam (2 mg) alone.
Co-administration of PF-06372865 (65 mg) in combination with lorazepam (2 mg) did
not resultin an infra- or supra-additive pharmacodynamic interaction effect (p=0.25).
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Smooth pursuit

None of the treatments were statistically significantly different from placebo.
Co-administration of PF-06372865 (65 mg) in combination with lorazepam (2 mg) did
not resultin an infra- or supra-additive pharmacodynamic interaction effect (p=0.37).

Adaptive tracking

All treatments statistically significantly reduced performance on adaptive tracking
compared with placebo. The reductionin performance was greatest when lorazepam (2
mg) was administered alone. Contrasts to lorazepam (2 mg) showed that the difference
in magnitude in adaptive tracking performance reduction was statistically significantly
lower for both 15 and 65 mg of PF-06372865 (alone or in combination with lorazepam (2
mg)), compared to lorazepam (2 mg) alone. Co-administration of PF-06372865 (65 mg)
in combination with lorazepam (2 mg) induced a statistically significant (p<o.001) infra-
additive effect.

Body Sway

All treatments statistically significantly increased postural instability expressed as body
sway. Treatment with lorazepam (2 mg) alone resulted also in a statistically significant
different compared with PF-06372865 (15 mg). Co-administration of PF-06372865 (65
mg) in combination with lorazepam (2 mg) induced a statistically significant (p<0.001)
infra-additive effect.

VAS Alertness

Subjective alertness was only statistically significantly reduced compared to placebo
after treatment with a combination of PF-06372865 (65 mg) and lorazepam (2 mg).
In addition, 65 mg PF-06372865 statistically significantly affected the subscales of
Bond & Lader for mood and calmness. (Results not presented) Co-administration of
PF-06372865 (65 mg) in combination with lorazepam (2 mg) did not result in an infra- or
supra-additive pharmacodynamic interaction effect (P = 0.98).

VVLT

Three outcome measures of the VVLT are presented here. Immediate recall, delayed
recall and delayed recognition. For immediate recall, the number of correct words was
statistically significant reduced for all treatments compared to placebo. Total number of
correct words in delayed recall was statistically significantly reduced for all treatments
and there was no difference between the treatments compared to lorazepam (2 mg).
Delayed recognition showed a slightly different profile: all treatments, except for 15 mg
PF-06372865, statistically significantly the reduced number of correct words compared
to placebo. Consequently, treatment with lorazepam (2 mg) caused a statistically
significantly larger impairment of delayed recall than 15 mg PF-06372865 treatment.
The other treatments did not differ significantly from lorazepam (2 mg).
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Co-administration of PF-06372865 (65 mg) in combination with lorazepam (2 mg)
induced a statistically significant (p<0.001) pharmacodynamic interaction on Immediate
recall (p=0.004) and Delayed recall (p=0.0057), resulting in infra-additive effects.
However, the observations for Delayed recognition showed a reverse profile: the largest
deterioration in performance was induced by treatment of lorazepam (2 mg) alone,
which was statistically significantly lower after co-administration of PF-06372865 (65
mg) in combination with lorazepam (2 mg).

p-EEG

All treatments resulted in statistically significantly lower a-power activity compared to
placebo. B-power band activity was statistically significantly increased for all treatments
compared with placebo. What is more, the increase observed for 65 mg PF-06372865
alone and in combination with lorazepam (2 mg) was statistically significantly higher
compared to lorazepam (2 mg) alone. Treatment with 15 mg PF-06372865, 65 mg
PF-06372865 alone or in combination with lorazepam (2 mg) statistically significantly
decreased &-power band activity compared with placebo and with lorazepam (2 mg)
alone. Lorazepam (2 mg) alone was not different from placebo. In contrast, 6-power band
activity did not show any differentiation between PF-06372865 or lorazepam (2 mg).

DISCUSSION

This First-in-Human (FIH) study investigated safety and tolerability as well as the
pharmacodynamic and pharmacokinetic properties of PF-06372865, a novel a2/
ag/as GABA, subtype selective partial positive allosteric modulator. Single doses
of PF-06372865 were safe and well-tolerated. The observed adverse events were in
line with what was expected based on its predicted pharmacology. The severity of the
observed adverse events remained mild, irrespective of dose or co-administration with
lorazepam.

In this study, a clear, dose-dependent, pharmacodynamic effect profile for
PF-06372865 was observed. In Part A, saccadic peak velocity (SPV), adaptive tracking,
body sway, EEG, and VAS alertness were affected in a dose-related fashion, up to
certain dose levels where the effects appeared to plateau. Visual verbal learning (VVLT)
demonstrated similar dose related impairments. The dose level where the plateau was
reached differed perindividual test. For adaptive tracking the maximum effect occurred
around the dose level of 25 mg, whereas the maximum effect for SPV was observed
at 65 mg. In contrast with the relatively large effects on SPv, the Smooth pursuit eye
movements only demonstrated a significant reduction in performance at the highest
dose levels for each cohort. Pharmaco-EEG revealed dose-related effects on the B-, -,
and 6 power bands.

The lowest dose at which a statistical significant difference was observed after
treatment with PF-06372865 reflected the interplay between the relative affinity for
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the different GABA, receptor subtypes in combination with the functional activity as
demonstrated using the QPatch automated electrophysiology assay (Nickolls et al.,
2018). For instance, higher relative binding affinity for a1B3y2 receptor, coupled with its
low functional activity results in earlier onset of the ai-mediated pharmacology and
a small magnitude of effect. Conversely, the lower relative binding affinity and higher
intrinsic activity at a2B2y2 and a3B3y2results in a clear dose-response response, which
becomesincreasing apparent at higher dose levels.

When comparing the pharmacodynamic effects of two doses PF-06372865 (15 mg
and 65 mg) to lorazepam (2 mg) alone, and in combination with lorazepam (2 mg) in Part
B, distinct pharmacodynamic effect profiles were observed between the partial subtype
selective and the non-selective GABA agonists. This is illustrated in Figure 1, in which
the effect profiles on the different tasks of the different treatments are visualised. It clearly
illustrates the subtype selective effects of a2/a3/a5 modulation over a1 modulation,
compared to non-selective GABA, modulation. A dose of 15 mg or 65 mg PF-06372865
induced a significantly greater reduction in SPV compared to lorazepam (2 mg), which
by itself compared to placebo already significantly reduces SPV. A similar pattern was
observed for VAS Alertness and Delayed recall (VVLT). On the other hand, administration
of lorazepam (2 mg) alone showed a greater decline in performance on adaptive tracking
and body sway compared to administration of PF-06372865. Overall, the observed
effect profile of 65 mg PF-06372865 combined with lorazepam (2 mg) resembled the
effect profile of treatment with 65 mg PF-06372865 alone more closely than the effect
profile observed after treatment with lorazepam (2 mg) alone.

Areduction in SPV has previously been linked to modulation of the a2/a3 subunits of
the GABA receptor (Atack, 2010), whereas performance on adaptive tracking has been
related to a1t modulation (de Haas et al., 2010). As such, large effects on SPV, and relatively
small effects on adaptive tracking of PF-06372865, compared to lorazepam (2 mg) are
indicative of functional subtype selectivity for the a2 and a3 subunits (Chen et al., 2012).
Cognition and memory impairment as measured with the VVLT have been shown to be
associated with a5 modulation (Collinson et al., 2002; Crestani et al., 2002). The observed
increase in activity in the g power band and decrease in activity in the 6 power bands are
in line with what is previously reported for the non-selective benzodiazepine, diazepam
(Jobert and Wilson, 2015; Yamadera et al., 1993). In contrast, the observed decrease
in activity in the 6 power band after treatment with lorazepam differentiates from the
expected increase in this power band as previously reported (Chen et al., 2015), which
was not seen in the present study.

Co-administration of PF-06372865 (65 mg) and lorazepam (2 mg) further underlines
the subtype selective effect profile for PF-06372865. Combination of both treatments
caused a slight increase in pharmacokinetic exposure of PF-06372865, which is not
considered to have a significant impact on the observed pharmacodynamics. Post-
hoc statistical testing was performed to assess pharmacodynamic interactions. No
evidence forinteraction of the pharmacodynamic effects was observed for SPV, smooth
pursuit and VAS alertness, which can be explained by non-selective receptor activation
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by lorazepam (2 mg) in addition to selective a2/a3 activation by PF-06372865. What is
more, infra-additive effects were observed for adaptive tracking (p=0.0001) and body
sway (p=0.0002). A reduction in effect for these psychomotor functions compared to
administration of lorazepam (2 mg) alone, may indicate that due to competitive activity at
the GABAreceptor, PF-06372865 acts as an antagonist, resulting from partial agonism,
at a1 subunits, which diminisheslorazepam’s high intrinsic activity as a non-selective full
agonist. This is in line with the earlier observations that partial agonists are expected
to antagonise the effects of full agonists that may require higher fractional receptor
occupancy to exert their effects (Patat et al., 1995).

An interesting trend in the effect profile was observed for the VVLT outcome
measures. Both Immediate recall (p=0.004) and Delayed recall (p=0.0057) demonstrated
statistically significant antagonistic interaction. Here, the deteriorating effects of
PF-06372865 65 mg appear to be diminished by co-administration of lorazepam 2
mg. Delayed recognition demonstrated the opposite: the magnitude of decline in
performance by lorazepam 2 mg was reduced by co-administration of PF-06372865
(p=0.0029). These slightly divergent observations on the memory domain indicate that
recall and recognition are potentially affected differently and as such can be considered
pharmacologically distinct subdomains. A similar pattern was observed in the study by
Patat et al. (1995). Here however, co-administration of lorazepam (2 mg) and a partial
benzodiazepine agonist, alpidem (50 mg BID (Bis In Diem)for eight days), did produce an
additive effect in terms of effect size, unlike the antagonistic interaction observed in the
present study. More importantly, the apparent discrepant observations between (short-
term and delayed) recall and delayed recognition were also observed here. Differential
memory performance in (word) recognition and recall has been described before
(Tulving, 1973). In experiments designed to investigate the generation-recognition
theory, it was shown that under certain conditions subjects consistently failed to
recognise words that they were in fact able to recall. This was the foundation for the
“Encoding specificity principle”, according to which the memory trace of an event and
the properties of an effective retrieval cue are determined by the specific encoding
operations, e.g. physical environment or semantics (Hannon and Craik, 2001), performed
by the system during the encoding phase of input stimuli. Divergent effects of different
benzodiazepines on these distinct subdomains have been reported subsequently
(Curran, 1986). Hypothesising, as treatment with lorazepam alone in the current
study resulted in the largest reduction in delayed recognition performance, this may
be associated with lorazepam’s sedative properties, mediated via a1 GABA, receptor
subtype activation, rather than a5 GABA s receptor subtype activation inducing memory
impairment. Thereby it effectively hampers the ability to store and retrieve information
from the episodic memory (Patat et al., 1995). This hypothesis has not been confirmed
by statistical testing, as the study was not powered to detect this effect, but remains an
interesting trend in the observations.

The present studyis a First-in-Human, hypothesis-generating clinical study designed
to guide decision-making and explore the pharmacodynamics and pharmacokinetics, as
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well as safety, of PF-06372865 in healthy subjects using a test battery of neurocognitive
tasks (NeuroCart®). Therefore, the study was powered to detect a potential pharma-
codynamic effect on the primary endpoints. However, given the novelty of the
pharmacological mechanism of action, secondary parameters for which no formal
power calculation was performed are taken into account when reviewing the generated
results. Consequently, interpretation of these findings requires more caution and is
potentially more prone to type | or type Il error, since no correction for multiple testing
was performed. These statistical limitations are partially offset however when the
changes are corroborated by the dose-effect relationship described in the Results
section and shown in Figures1to 3. However, in this two-phase study, two dose levels (15
mg and 65 mg) from Part Awere investigated in more detail in a full crossover study using
the positive control lorazepam (2 mg) in Part B. This approach allowed for an internal
replication and the congruent findings on the different endpoints confirm the validity of
the study findings and indicate the risk of bias due to chance findings is low.

In the current study, a similar reduction in SPV compared with lorazepam (2 mg)
was observed at the dose level of 4 mg PF-06372865. This could reflect similar a2/a3
GABA 5 agonistic activity, which for a number of similar compound has been found to be
closely associated with sPV-effects (Chen et al., 2012). On the other hand, performance
on adaptive tracking, smooth pursuit eye movements and body sway was considerably
less affected by PF-06372865 than by lorazepam (2 mg) alone, which would suggest
a lower propensity for adverse events related to CNS depression. The effect profile
appears to direct towards a favourable effect profile in terms of anxiolysis, with fewer
signs of sedation, compared to classic non-selective benzodiazepines. Based on the
findings in the present study an estimation of a potentially anxiolytic dose first takes
into consideration that a typical dose of lorazepam for the treatment of anxiety is 2-3
mg one to three times daily. Second, there may be neurophysiological differences in
the sensitivity to a2/a3 GABA modulation between healthy subjects included in this
investigation and the target population. This may be due to changes in the level of
allosteric endogenous modulators, or changesin the subunit composition of the GABAp
receptor. A single dose of 4 mg PF-06372865 resulted in a similar reduction in SPV as
lorazepam (2 mg). Taking the abovementioned factors into consideration, the projected
dose for a clinically relevant anxiolytic effect would be a two- or threefold of this dose.

The anxiolytic efficacy of PF-06372865 was investigated in 2016 in a 4-week clinical
trial in GAD patients, who were currently treated with but partial non-responders to
standard GAD treatment (Simen et al., 2019). Here, adjuvant therapy of dose levels of
2.5 mg and 7.5 mg BID did not result in a statistically significant improvement in anxiety
symptoms measured with the Hamilton Anxiety Inventory. Different explanations have
been proposed for the lack of clinically meaningful anxiolytic effect. Apart from the fact
that the study was underpowered due to early termination (not for safety or efficacy
reasons), pharmacokinetic exposure may have been too low. This could be attributable
to administration of low dose levels in general. The translation of 15 mg single dose, as
administered in the present study, to 7.5 mg BID repeated dose has not been confirmed
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in terms of pharmacodynamic effect profile. As the present study is performedin a highly
controlled environment in healthy subjects, higher receptor occupancy may need to be
achieved to exert the desired clinical effects in an outpatient setting than the receptor
occupancy that was achieved in the GAD patient study that has been performed. (Simen
etal., 2019)

The functional selectivity for a2/a3 subunits of the GABA receptor has also been
identified as a potential target for the treatment of chronic (neuropathic) pain. After a
clinical pharmacology study in healthy subjects was performed in which doses of 15 and
65 mg PF-06372865 demonstrated an analgesic effect on pressure pain and the cold
pressure task (van Amerongen et al., 2019) a study in chronic low back pain patients was
performed. (Gurrell et al., 2018) In this randomised, placebo and active-controlled clinical
trial, the parallel treatment group trial consisted of a one-week single-blind placebo
run-in phase, followed by a four-week double-blind treatment phase. Patients were
randomised to receive either PF-06372865, naproxen or placebo BID for four weeks.
The primary endpoint was the numerical rating score (NRS) of low back pain intensity
(LBPI) after 4 weeks of active treatment. The study was stopped prematurely for futility,
and whilst the reason for the lack of analgesic effect is not completely clear, it has been
suggested to be aresult of not achieving sufficient receptor occupancy to drive efficacy.

Both patient studies included secondary endpoints to assess pharmacodynamic
response, for example the Digit Symbol Substitution Test (DSST) and the Hopkins Verbal
Learning Test Revised (HVLT-R), measures for general cognitive functioningand memory
performance. The results on these tasks indicate that pharmacologically active doses
were administered, which unfortunately did not translate to clinical efficacy.

Overall, it can be concluded that PF-06372865 was safe and well-tolerated by the
healthy subjects participating in this study. The pharmacodynamic profile that was
characterised using a test battery of neurocognitive tests corresponds well with its
predicted functional selectivity for the a2/a3/a5 subunits of the GABA receptor, and was
in line with preclinical observations (Nickolls et al., 2018). The head-to-head comparison
to lorazepam (2 mg) alone and in combination with 65 mg PF-06372865 demonstrated
that the combination was safe and well-tolerated. The treatment combination produced
a distinct pharmacological interaction profile. On the endpoints representative for a1
GABA, subtype receptor activation, a competitive interaction diminished the effects
of lorazepam 2 mg alone, due to PF-06372865's low intrinsic efficacy for this receptor
subtype. On the endpoints representative for a2/a3/a5 GABA subtype receptor
activation an additive effect was observed, due to non-competitive binding activity at
these receptor subtypes. Compared to lorazepam (2 mg) less sedation was observed at
dose levels of PF-06372865 corresponding to a potentially anxiolytic dose.
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TABLE 1 Overview of neurocognitive tasks included in the NeuroCart® and associated

functional domains

Functional domain

NeuroCart Test

Endpoints

Neurophysiological
functioning

Saccadic eye
movement

Saccadic Peak Velocity (deg/sec)
Saccadic reaction time (msec)*
Saccadicinaccuracy (%)*

Neurophysiological

Smooth pursuit

Proportion in smooth pursuit (%)

functioning

Visuomotor Adaptive tracking Average performance (%)
coordination SD of average performance (%)*
Balance Body sway Anteroposterior movement (mm)

Subjective Alertness,

mood, calmness

VAS Bond and
Lader

VAS Alertness (mm)
VAS Mood (mm)*
VAS Calmness (mm)*

Memory

Visual Verbal
Learning Test
(VvLT)

Immediate recall: Number correct

Immediate recall: Numberincorrect*

Delayed recall: Number correct

Delayed recall: Number incorrect*

Delayed recognition: Number correct

Delayed recognition: Numberincorrect*

Average reaction time for Correct words (msec)*

SD of average reaction time for Correct words (msec)*

Brain activity

Pharmaco-EEG

Alpha Fz-Cz
Alpha Pz-Oz *
Beta Fz-Cz
Beta Pz-Oz *
Delta Fz-Cz
Delta Pz-Oz *
Theta Fz-Cz
Theta Pz-Oz*

*Results not presented in manuscript.
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TABLE 2 Summary of subject characteristics

PartA Part B Total
Number of Subjects N=10 N=10 N=10 N=15 N=45
Gender: n (%)
Male 10 (100) 10 (100) 10 (100) 14 (93) 44,(98)
Female 0(0) 0(0) 0(0) 1(7) 1(2)
Age (years)
Mean (SD) 33.0(10.3) 28.0(8.0) 27.6 (1.6) 28.2(8.8) 291(8.6)
Range 22-48 20-47 18-43 18-53 18-53
Weight (kg)
Mean (SD) 71.6 (11.0) 761(9.7) 71.0 (9.5) 731(9.2) 75.5(9.3)
Range 59.0-92.6 57.8-93.2 627-93.8 62.5-981 57.3-98.1
Height (cm)
Mean (SD) 1794(6.9) 183.6(4.8) 1837(5.8)  179.6(56)  1813(6.0)
Range 167.2-192.6  176.3-194.0 172.7-192.2 168.8-191.9 167.2-194.0
BMI (kg/m?)
Mean (SD) 241(3.3) 22.6(2.8) 22.8(2.3) 227(3.2) 23.0(2.8)
Range 19.0-28.4 17.5-27.8 17.8-25.6 18.9-29.9 17.5-29.9

BMI = Body Mass Index /SD = standard deviation /Kg = kilogram
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TABLE 3 Overview of All Causality Adverse Events reportedin Part B

Number of Placebo PF-06372865 PF-06372865 Lorazepam PF-06372865
Subjects with (N=15) 15 mg 65 mg 2mg 65 mg + Lorazepam
AEs by soc (N=15) (N=15) (N=15) 2 mg (N=15)
MedDRA

Preferred Term

Cardiac Disorders 0 0 0 1(0)

Earand Labyrinth 0 1(1) 0 0

Disorders

Eye Disorders 0 0 2(2) 2(2) 2(2)
Gastrointestinal 1(1) 2(1) 2(1) 0 1(1)
Disorders

General Disorders 2(1) 5(5) 6(4) 5(4) 7(6)

and Administration
Site Conditions

Infections and 0 0 1(0) 0 0
Infestations
Metabolism and 0 0 1(1) 1(1) 0
Nutrition Disorders
Nervous System 4(4) 11(10) 12(12) (1) 14 (13)
Disorders
Dizziness 2(2) 6(6) 8(8) 3(3) 7(7)
Somnolence 2(2) (7) 7(7) 8(8) 8(8)
Psychiatric 0 0 5(5) 2(2) 0
Disorders
Renal and Urinary 0 0 2(2) 0 1(1)
Disorders
Respiratory, 1(0) 0 0 0 0
Thoracic and
Mediastinal
Disorders
Total preferred 10 (8) 24 (22) 43 (38) 24 (22) 34 (31)

term events

Soc = System Organ Class / MEDDRA = Medical Dictionary for Regulatory Activities / Numbers shown in
brackets represent the number of treatment-related adverse events.
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TABLE 5 Pharmacodynamic Interaction profile of PF-06372865 (65 mg) and lorazepam (2 mg)

presented as overall LsMeans (95% Confidence Interval)

Calculated summation Co-administration of

of (PF-06372865 65

mg) + (Lorazepam 2 mg)

PF-06372865 65 mg
+ Lorazepam 2 mg

Saccadic peak LSMeansv. Placebo -130.6 -107.9
velocity (deg/sec)  "pqiinate of difference  -227 (-615.161)
Pvalue 0.25
Smooth pursuit (%)2  LSMeansv. Placebo -51 -17
Estimate of difference  -3.4(-10.9,41)
Pvalue 0.37
Adaptive tracking (%)P LSMeansv. Placebo -16.5 -7.2
Estimate of difference  -9.3 (-13.7,-4.9)
Pvalue 0.0001
Body Sway (In mm) LSMeansv. Placebo (%) +226% +76%
Estimate of %difference +86% (38,150%)
Pvalue 0.0001
VVLT Immediate LSMeansv. Placebo -87 -4.4
Recall (number
correct) Estimate of difference  -4.2(-71,-1.4)
Pvalue 0.004
VVLT Delayed Recall LSMeansv.Placebo -11.6 -6.6
(number correct) Estimate of difference  -5.0 (-8.4,-1.5)
Pvalue 0.0057
VVLT Delayed LSMeansv. Placebo -95 -4.0
Ej;zg:)ition (number Estimate of difference  -5.5(-9.0,-2.0)
Pvalue 0.0029
VAS Alertness (mm)  LSMeansv. Placebo -47 -4.8
Estimate of difference  0.058(-5.1,5.2)
Pvalue 0.98

VAS = Visual Analogue Scale /VVLT = Visual Verbal Learning Test
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FIGURE 1 Pharmacodynamic effects on Saccadic Peak Velocity (SPV), Smooth Pursuit,
Adaptive tracking, Visual Analogue Scale (VAS) Alertness and Body sway of PF-06372865
and lorazepam presented as overall LSM (95% Confidence Interval) compared with placebo.
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FIGURE 2 Pharmacodynamic effects on VVLT of PF-06372865 and lorazepam presented
as overall LSM (95% Confidence Interval) compared with placebo.
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FIGURE 3 Pharmacodynamic effects on EEG of PF-06372865 and lorazepam presented as
overall LsSM (95% Confidence Interval) compared with placebo.
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FIGURE 4 Spiderplot overview of LSM for saccadic eye movements, smooth pursuit eye
movements, adaptive tracking, body sway, immediate recall memory, subjective alertness
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Graph represents contrasts per treatment per functional domain compared with placebo. Distal from
centre indicates Least Square Mean estimation greater than placebo. An open circle (O ) indicates a
statistically significant (P<o.05) difference.
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CHAPTER 6
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ABSTRACT

BACKGROUND Thisstudyinvestigated the analgesic effects of two dose levels (15 and
65 mg) of a novel a2/a3/a5 GABA 5 subunit selective partial positive allosteric modulator
(PAM), PF-06372865, compared to placebo and pregabalin (300 mg) as a positive
control.

METHODS \We performed a randomised placebo-controlled crossover study
(NCT02238717) in 20 healthy subjects, utilizing a battery of pain tasks (electrical,
pressure, heat, cold- and inflammatory pain, including a paradigm of conditioned pain
modulation). Pharmacodynamic measurements were performed at baseline and up to
10hours post-dose.

RESULTS A dose of 15 mg PF-06372865 increased Pain Tolerance Thresholds (PTT)
for pressure pain at a ratio of 111 (90%Cl:1.02,1.22) compared to placebo. A dose of 65 mg
PF-06372865 led to anincrease in PTT for the cold pressor at a ratio of 117 (90%Cl:1.03,
1.32), and pressure pain task: 111 (90%CI: 1.01, 1.21). Pregabalin showed anincrease in PTT
for pressure pain at aratio of 115 (95%Cl:1.06, 1.26) and cold pressor task: 1.31(90%Cl:1.16,

1.48).

CONCLUSION We conclude that PF-06372865 has analgesic potential at dose levels
that do not induce significant sedation or other intolerable adverse events limiting its
clinical use. Additionally, the present study further established the potential role for this
battery of pain tasks as a tool in the development of analgesics with a novel mechanism
of action, for the treatment of various pain states including neuropathic pain and to
establish proof-of-concept.
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INTRODUCTION

y-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the mammalian
central nervous system (CNS) and in that capacity it is involved in a myriad of functions
and behaviours.! GABA, receptors are heteropentameric ligand-gated chloride ion
channels that mainly contain two a, two B, and one ysubunit.”> Conventional, non-
selective benzodiazepines are positive allosteric modulators (PAMS) of the GABAA
receptors.® Animal studies have shown that GABA, a1 activity is responsible for the
sedative effects® and studies in healthy human subjects with a1-sparing, a2/a3 PAMS
have confirmed these findings in humans.®’” GABA a2 and a3 subunits have been
associated with anxiolysis®, whereas the as subunits are believed to be involved in
cognitive and memory performance.’™

Since Melzack and Wall's Gate control theory in 1965."% it is widely accepted that
a central modulatory mechanism that regulates pain perception is present in the
mammalian nervous system. However, only recently the putative role for GABA and
glycine receptors in this modulatory processing of nociceptive input and its role in the
development of neuropathic pain has been confirmed.*™ This potential pharmacological
target for the treatment of chronic pain was first established by a preclinical study
investigating the subtype selective a2/a3 GABA, receptor ligand, L-838,417. This
treatment clearly impaired the nociceptive response, both in a reduction in nociceptive
input to the brain aswell asreduced brain activity in associative-emotional components
of pain, as shown by functional magnetic resonance imaging (fMRI) in rats.' Further
pharmacological evidence was provided in a preclinical investigation where the novel
subtype-selective GABA receptor-positive modulator NS11394, which possesses a
functional efficacy selectivity profile of a5 > a3 > a2 > a1 at GABA a subunit-containing
receptors, showed analgesia at doses a 20-to 4o0-fold lower than the dosages that
induced sedation or reduced motor function.” Likewise, the a2/a3 GABA, receptor
ligand, Hz166, demonstrated a dose-dependent antihyperalgesic effect in mouse
models of neuropathic and inflammatory pain. These effects were observed at dose
levels that not exhibited reduced motion or sedation.” The effects of both NS11396
and HZ166 were reversed by the benzodiazepine antagonist flumazenil, indicating that
the observed analgesia was indeed mediated via the benzodiazepine binding site of
the GABA receptors. A preclinical experiment in four lines of point-mutated mice, in
which only one of the receptor subtypes ai1/a2/a3/a5 at GABA receptors remained
benzodiazepine sensitive, has elegantly shown that targeting specifically a2 GABA
receptors achieves strong antihyperalgesic effects. In these mice, diazepam and
midazolam produced a2-mediated analgesia, in the absence of sedation, reduced
locomotion or development of tolerance, after treatment with diazepam and midazolam,
both non-selective benzodiazepines. Reversal of hyperalgesia was also observed, albeit
to a lesser extent, in those mice expressing a3 or a5 GABA 4 receptors.”

The role for GABAergic pain modulation in humans is supported by two clinical
studies in healthy subjects using evoked acute and hyperalgesic pain models to
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investigate the analgesic potential of two non-selective benzodiazepines, clobazam and
clonazepam.*®*' Additionally, several clinical studies in specific pain populations have
shown their efficacy in treating pain, although it can not be excluded that these effects
were due to their myorelaxing properties, rather than genuine analgesia.*** However,
although conventional non-selective benzodiazepines are considered safe and
reasonably well-tolerated, clinical use for the treatment of pain is precluded by adverse
effects (AEs) including sedation, postural instability and memory disturbance.**

PF-06372865 (IUPAC name: 7-ethyl-4-(4- ethylsulfonyl)-6-flouro- 2'methoxybiphe-
nyl-3-yl)-7H-imidazo4.5-2-pyridazine) is a potent ligand of the allosteric benzodiazepine
site of the GABA receptor, which exhibits functional selectivity for receptors contai-
ning a2, a3 or ag over those containing a1.?* Therefore, PF-06372865 has the potential to
provide analgesia but with less sedation than non-selective benzodiazepines.

The present study aims to explore the analgesic effect profile of PF-06372865. This
was performed by investigating the effects of two different dose levels in a comparison
to placebo and a positive control (pregabalin) using a validated test battery of human
evoked pain models.”” Since its approval, pregabalin plays a prominent role in the
treatment of acute- and postoperative pain,?®*° and neuropathic pain.* Furthermore, its
analgesic properties have been quantified before, using this pain test battery, where a
dose of 300 mg pregabalin demonstrated a distinct analgesic effect profile.**** As such,
the present study was to provide information on the analgesic potential of an a2/a3/a5
subtype selective GABA partial agonist, at dose levels that were previously shown to
exert a more favourable neurocognitive pharmacodynamic effect profile compared to a
non-selective benzodiazepine.*

METHODS

Subjects and study design

The study was a double-blind, double dummy, single dose, randomised, placebo-
controlled, g-period crossover study in which the effects of two dose levels of
PF-06372865 were compared to placebo and pregabalin (300 mg) was included as a
positive control. The study was conducted at the Centre for Human Drug Research in
Leiden, The Netherlands. The study was approved by the Medical Ethics Committee
of Stichting Beoordeling Ethiek Biomedisch Onderzoek (Assen, The Netherlands) and
was conducted according to the Dutch Act on Medical Research Involving Human
Subjects (WMO) and in compliance with all International Conference on Harmonization
Good Clinical Practice (ICH-GCP) guidelines and the Declaration of Helsinki. This study
was registered in the public registry of ClinicalTrials.gov under registration number:
NCT02238717.

Each subject provided written informed consent before any screening procedures
were performed. A total of 20 healthy male subjects between 18 and 55 years of age
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with a body mass index of 17.5 to 30.5 kg m? were enrolled. The subjects underwent a
full medical screening, including medical history taking, a physical examination, blood
chemistry and haematology, urinalysis, electrocardiogram (ECG) and assessment of the
minimal erythema dose (MED) for UVB light to assess eligibility. Subjects with a clinically
significant known medical condition, in particular any existing condition that would
affect sensitivity to cold or pain were excluded. Subjects with Fitzpatrick skin type V or
VI, widespread acne, tattoos or scarring on the back were excluded due to the inability to
accurately assess MED. Also, any subject who was a regular user of any illicit drugs, had a
history of drug abuse or a positive drug screen at screening was excluded. Smoking and
the use of xanthine-containing products was not allowed during dosing days. Alcohol
was not allowed at least 24 hours before each scheduled visit and during the stay in the
research unit.

Two dose levels of PF-06372865 (15 mg and 65 mg) were selected based on the safety
and tolerability data from the previous single dose and multiple dose studies as well as
the anticipated receptor occupancy (RO) predictions based on a previous PET study. >
15 mg dose was predicted to give ~50% RO at a2 and 65 mg dose was predicted to give
~80% RO at a2. A dose of 300 mg pregabalin has been investigated in previous human
evoked pain model studies *** and was well-tolerated and lies within the labelled dose
range in the European Union (EU).

Safety

All observed or volunteered Adverse Events (AEs) regardless of treatment group or
suspected causal relationship to the investigational product are recorded. An AE is
considered any untoward medical occurrence in a subject participating in the clinical
investigation. The following anchors for severity assessment by a qualified medical
doctor were deployed: Mild (Does not interfere with subject’s usual function; Moderate
(Interferes to some extent with subject’s usual function); and Severe (Interferes
significantly with subject's usual function). All directly observed AEs and all AEs
spontaneously reported by the study subject are recorded. In addition, each study
subjectis questioned about AEs, using non-probing questions, following local Standard
Operating Procedures.

Pharmacodynamic assessments

Pain thresholds were measured using a battery of human evoked pain models, as
described previously.?”***®* The battery consists of an integrated range of pain tasks
for measuring different modalities of pain, which takes approximately 30 minutes
to complete. Assessments were conducted twice pre-dose (double baseline) and
0.5.1, 2, 3. 4, 6, 8 and 10 hours post-dose by trained personnel. A training session was
included as part of the screening examination to exclude non- or extreme responders.
To reduce variability from affects associated with fear of pain, the subjects themselves
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were responsible for starting and ending each pain task. To eliminate the risk of tissue
damage, all pain tasks had a maximum safety cut-off.

The utilised battery of evoked pain tasks consists of the following tasks for
nociception: the electrical stimulation task, pressure stimulation task, heat pain and the
cold pressor task. Furthermore, the test battery includes a model for inflammatory pain,
the UVB model and a paradigm to quantify Conditioned Pain Modulation (CPM).

For the electrical stimulation task, the pressure stimulation task and the cold pressor
task, pain intensity was measured continuously (beginning from when the first stimulus
was applied untilthe end of the test) using an electronic Visual Analogue Scale (VAS) scale
ranging from o (no pain) to 100 (mostintense pain tolerable). For the abovementioned pain
tasks, the Pain Detection Threshold (PDT), Pain Tolerance Threshold (PTT), Area Under
the Curve (AUC) and a post-test Visual Analogue Scale (VAS) score were determined. For
the thermal pain tasks (normal skin and UVB exposed skin) only the (average of triplicate)
PDT was determined, since assessment of heat PTT is prone to induce tissue damage.

Pharmacokinetic assessments

During all study periods, blood samples (3 mL) to provide a minimum of 1.5 mL plasma for
pharmacokinetic (PK) analysis PF-06372865 were collected pre-dose and at 0.5,1, 2, 3,
4, 5, 6, 8 and 10 hours after study drug administration for PK analysis. Pharmacokinetic
parameters were maximum observed plasma concentration (Cmax). area under
the plasma concentration-time profile from time o to the time of last quantifiable
concentration (AUC),st) and time for Cyax (Tmax) Were calculated for each subject using
non-compartmental analysis of plasma concentration-time data.

Statistics

The sample size and decision criteria were based on the mean effect over the first 6 hours
post-dosing for the primary endpoints: PTT for the pain tasks cold pressor, pressure pain
and electrical pain, and the PDT for the thermal pain tasks (normal skin and UVB skin). A
sample size of 20 subjects was selected to ensure balance in the design and to provide
acceptable operating characteristics for decision-making based on conservative
estimates of within-subject standard deviations (SD) from two previous studies.®***
Consequently, not each drop-out had to be replaced. The criterion used for each
primary comparison was having at least 95% confidence that the effect of either dose of
PF-06372865 was better than that of placebo. This is equivalent to a one-sided test for
statistical significance using an alpha of 0.05. No adjustment was made for multiplicity
as this was an early-phase clinical study designed to explore the pharmacodynamics
of PF-06372865. The Williams design (balanced for first-order carry-over effects)
randomization code was generated by an independent team. Randomisation numbers
were sequentially allocated by the study physician, and blinded study treatments were
prepared and dispensed by an independent operating pharmacy.
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A mixed effect repeated measures model was fitted for each endpoint, using data col-
lected during the first 6 hours post treatment. This time window was selected based on
the pharmacokinetic and pharmacodynamic profile as observed in the First-in-Human
study.”® The fixed effects included in the model were baseline, period, time, treatment
and treatment by time interaction, with baseline as a covariate. Subject was fitted as a
random effect and time point was repeated within each subject by period as a repeated
effect. Baseline was included as 2 separate variables.* The PTT and PDT endpoints for
the electrical-, pressure-, and cold pressor task were log-transformed prior to analysis.
The treatment effects and comparisons to placebo for the log-transformed outcome
measures were back transformed and are reported as geometric Least Square Means
(LsMms) and ratios, respectively along with corresponding 9o% confidence intervals. For
the thermal pain tasks (normal skin and UVB exposed skin) PDT and secondary param-
eters for each pain task (AUC and VAS), no log-transformation was performed and the
contrasts are presented as absolute mean differences in LSMs versus placebo with 9o%
confidence intervals. Conditioned pain post-VAS was conducted post-hoc utilizing the
same approach as that from the other analyses.

RESULTS

A total of 20 subjects were randomised, of which 19 subjects completed the study. One
subject was excluded due to a positive drug screen prior to the second study period. The
majority of the subjects were white (9o%). A summary of the baseline demographics is
providedin Table 1.

Pharmacodynamics

The pharmacodynamic effect profiles for each treatment on the primary endpoints are
graphically summarised in Figure 1. The results of the analyses for the PTT for all pain
tasks, except for thermal pain (PDT for Normal Heat and UVB Heat) are presented. Time
profiles for each treatment on the primary endpoints are shown in Figure 2.

A detailed overview of the results of the analyses for the pharmacodynamic output
variables (PTT, PDT, AUC and VAS) is provided in Table 2.15 mg PF-06372865 significantly
increased Pressure PTT at a ratio of 1.1 (90%CI: 1.02, 1.22) compared to placebo. A dose
of 65 mg PF-06372865 significantly increased Cold pressor PTT at a ratio of 117 (90%Cl:
1.03,1.32), as well as VAS for Electrical stimulation compared to placebo. Over the 6-hour
period, a statistically significant increase at aratio of 1.1 (90%ClI:1.01,1.21) on Pressure PTT
was also observed for PF-06372865 65 mg versus placebo. However, Pressure PDT was
statistically significant decreased, indicating an increased sensitivity in pain detection.
The positive control, pregabalin (300 mg) significantly affected pain sensation for Cold
pressor PTT by 1.31 (90%Cl: 116, 1.48) compared to placebo as well as Cold pressor AUC.
Additionally, Pressure PTT was significantly increased at a ratio of 1.15 (95%Cl: 1.06,
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1.26), as well as Pressure AUC. No statistically significant effects were detected for any
of the three treatments versus placebo for any of the endpoints related to the thermal
pain tasks (normal skin and UVB skin). As a result of the conditioning stimulus, the PTT
for electrical pain was on average decreased by 1.16 mA in the placebo group. None
of the CPM parameters were statistically significant different between the three active
treatments and placebo.

Pharmacokinetics

Median plasma PF-06372865 concentration-time profiles are presented in Figure 3and
pharmacokinetic (PK) parameters are summarised descriptively in Table 3. Following
administration of single oral doses of PF-06372865 15 mg and 65 mg, median Tp,ax Was
observed at 2 and 3 hours, respectively. Both plasma PF-06372865 AUC st and Cpax
appeared to increase proportionally with dose from 15 mg to 65 mg. Summary statistics
for AUC;,s and Ty, were not reported because <50% of the subjects had reportable
parameter values; PK was sampled to 10 hours and thus terminal phase was not
characterised. No active metabolites were identified.

Safety

The majority of subjects reported AEs in the system organ class (SOC) of nervous
system disorders, general disorders and administration site conditions, almost all of
which were considered treatment-related. The three most frequently reported adverse
events after treatment with PF-06372865 15 mg were dizziness (39%), fatigue (33%) and
bradyphrenia (28%). For treatment with PF-06372865 65 mg the six most frequently
observed adverse events were dizziness (53%), somnolence (32%), bradyphrenia (32%).
fatigue (26%), balance disorder (26%) and feeling abnormal (26%). For treatment with
the positive control pregabalin 300 mg the three most frequently observed adverse
events: somnolence (55%), fatigue (40%) and dizziness (35%), which was in line with
what is previously reported for single dosing of pregabalin (300 mg).*’ In the placebo
treated arm, nasopharyngitis (16%), headache (16%) and bradyphrenia (16%) were most
frequently reported. All recorded AEs were mild in severity.

DISCUSSION

In this clinical study investigating the effects of PF-06372865, the two dose levels (15 mg
and 65 mg) were safe and well-tolerated. The doses were selected to achieve ~50% and
~80% receptor occupancy at a2 GABA receptors, respectively. The observed adverse
events were mild and confirm previous observations.?

PF-06372865 demonstrated an analgesic effect on Pressure pain and the Cold
pressor task. The magnitude of effect was greater for a dose of 65 mg compared with a
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dose of 15 mg for the Cold pressor but the effects were similar for the Pressure pain task.
Pregabalin 300 mg attenuated pain induced using the Cold pressor and the Pressure
pain task.

At present, to our knowledge few studies have previously reported the effects of
GABAergic modulating compounds utilising evoked pain models in healthy subjects in
a comparable setting as the current study. What is more, no studies using this type of
multimodal methodology to investigate the analgesic potential for a2/a3/ag subtype
selective GABA, agonists in healthy subjects were found. One study investigating
the effects of two non-selective benzodiazepines, clonazepam and clobazam® was
identified. In this study, an antihyperalgesic effect was demonstrated using the capsaicin
model in combination with a cuff algometry challenge, in addition to other methods.
Even though the deployed methodology is different from the present study, some
parallels can be drawn. For example, PF-06372865 also attenuated pressure PTT, of
which similar findings suggestive of analgesia were previously reported. Furthermore,
the earlier observed lack of treatment effects on cutaneous electrical pain and CPM,
were also seen here.

Absence of analgesia against UV induced inflammatory pain of PF-06372865 is
perhapssurprising, asspinal GABA 5 a2 receptors have beenidentified as potential targets
to exert antihyperalgesic effects in preclinical research.**'**® GABA a2 receptors are
located and act at a spinal level.** Hyperalgesia resulting from cutaneous (UVB induced)
inflammation, is thought (albeit debatable) to be of peripheral origin®, resulting from
decreased activation thresholds for local nociceptive and non-nociceptive neurons
alike. Thisis aresponse to damaged DNA as a result of exposure to UVB radiation, which
results in the induction of NFkB that leads to local production of cytokines IL-1, IL-6 and
TNF-a.* This specific type of inflammation and associated inflammatory hyperalgesia
is distinct from other types of experimentally induced inflammation typically used in
preclinical research in its origin and underlying pathophysiology.**** uvB-induced
hyperalgesiais most effectively counteracted by inhibition of cyclooxygenase (COX), thus
preventing the formation of prostaglandins and thromboxane, which are responsible for
the lowered activation thresholds.***** PF-06372865 exerts its effects via GABAergic
modulation of the central nociceptive system, which is known to demonstrate mixed
effects on UVB induced inflammatory pain in human evoked pain studies.* The absence
of antihyperalgesic effects is at odds with previously reported antihyperalgesic effects
of clobazam on UVB induced heat perception thresholds.”” A potential explanation
could be the less profound GABA receptor subtype selectivity of clobazam compared
to PF-06372865, as its metabolite N-desmethyl clobazam is proposed to demonstrate
more selectivity for a2 GABAp receptors over a1 GABA, receptors, compared to the
parent.*® Similar to the findings in the present study, it was shown that CPM was not
affected by treatment with the nonselective benzodiazepine lorazepam.*”® The role for
GABAergic interneuronsin descending modulation and theirrole in chronification of pain
has been recognised previously.**** The underlying mechanism has been described as
the GABA disinhibition hypothesis of analgesia.*® This hypothesis describes a particular
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descending periaqueductal gray - rostroventricular medulla (PAG-RVM) pathway that
mediates the phenomenon of stress-induced analgesia. This pathway exerts analgesia
via suppression of inhibitory GABAergic inputs onto output neurons that constitute
the descending analgesic pathway. However, the CPM paradigm based on electrical
pain, which was used in the current study, may not be the most suitable paradigm to
determine the potential effects of GABAergic intervention, as it has been shown that
spinal enkephalins and GABA presynaptically modulate mechanonociception via
Aéd fibres, whereas electrical stimulation is generally thought to activate both A and
C fibres.** Finally, as also suggested previously® the lack of a modulating effect on
CPM by GABA, agonism in the present study, may be explained by the fact that in the
healthy state the role of GABAergic interneurons in CPM is optimised for endogenous
GABA, agonism and thus not susceptible for external influence in the absence of
true stressors. In contrast, patients suffering from chronic pain, where it is known that
GABAergic dysregulation may be a large contributing factor', may be susceptible for
pain alleviation through GABA o modulation. This hypothesisis moderately substantiated
by the overlap observed in effect profiles of pregabalinand PF-06372865. This overlapin
clinical application may suggest that PF-06372865 has a potential role in the treatment
of different types of neuropathic pain, similar to pregabalin.® Alternatively, variability of
CPMresponse is higher than the variability of the other pain tasks and perhaps the study
was underpowered to detect an effect on CPM response.

Even though the clinical application of PF-06372865 and pregabalin may
demonstrate a slight overlap, their mechanism of action is different. Pregabalin is a
calcium channel antagonist that shows specific binding affinity for the a,-6 auxiliary
subunits of voltage-gated calcium channels (VGCC). There have been a number of
studies showing an up-regulation of VGCCS in dorsal root ganglion and dorsal horn
in neuropathic pain.”” Administration of pregabalin is shown to partially reverse the
up-regulated calcium a,-6 subunits at the pre-synaptic nerve terminals in the dorsal
horn.*® Even though there is a structural resemblance with GABA, different studies have
shown that pregabalin does not appear to mimic GABA or pharmacologically enhance
its actions.* As such, pregabalin is not considered a positive control from a mechanistic
perspective, but rather from a clinical perspective. More importantly its analgesic effects
and the reproducibility thereof on the pain test battery that was used in the current study
have been demonstrated multiple times before. (Siebenga et al., 2018).

The population included in the study was considered to be very homogeneous,
which improves the internal validity but may impact generalisability of the study results
to other populations. The study included only male subjects, of which 9o% was white.
The existence of sex differences in terms of sensitivity to clinical and experimental painis
widely known.**¢' It has been suggested that sex-specific differences in GABA receptors
may play a role in this differentiation.®? However, it is also known that the menstrual cycle
influences pain perception®**, which would interfere significantly with the crossover
design of the study, therefore it was decided to include only male subjects were in the
present study. Furthermore, since the UVB model was a primary endpoint of the study,
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subjects with Fitzpatrick skin type V or VI were excluded due to the inability to accurately
assess MED and to safely induce UVB induced inflammation, leading to a predominantly
white study population. Research has identified differences in pain sensitivity between
different ethnic or racial populations in experimental pain research.®®**® Whether those
findings can be extrapolated to the Dutch population and what is the exact cause of the
differences in pain perception is unknown.

The present study is an early-phase hypothesis-generating clinical study designed
to guide decision-making and explore the pharmacodynamics and pharmacokinetics
of PF-06372865 in healthy subjects using a multi-modal battery of pain tasks. As such,
the study was powered to detect a potential analgesic effect on the primary endpoints.
However, given the novelty of the pharmacological mechanism of action, secondary
parameters for which no formal power calculation was performed are taken into account
when reviewing the generated results. Consequently, interpretation of these findings
requires more caution and is potentially more prone to type | or type Il error, since no
correction for multiple testing was performed.

The findings in the present study are indicative of the analgesic potential for
PF-06372865 at the doses tested, in addition to the neurocognitive anxiolytic potential
that has been identified previously.* The observed effect profile does not appear to
result from sedation alone for various reasons. In both this study and a previous study,
PF-06372865 was shown to exert only mild sedative effects. Second, in a recently
performed study®’, we showed that the test battery of evoked pain tasks was not sensitive
to the effects of sedation, by investigating the effects of a sedative H1 antihistaminergic
agent, promethazine.

Translation of the findings of a human evoked pain model utilised in healthy subjects
to clinical pain remains elusive, but the present study has demonstrated clearly that
PF-06372865 has analgesic potential, at dose levels that do not induce significant
sedation or other intolerable adverse events limiting its clinical use. This analgesic
potential however, was not found in a recent clinical study where the effects of 2.5
mg (one week) followed by 7.5 mg (three week treatment period) PF-06372865 on
chronic low back pain were investigated.®® These discrepant findings may result from
several factors, but the difference in dosing regimen and consequently lower receptor
occupancy in the patient study could be the putative cause.

Finally, the present study further established the potential role for this battery of
pain tasks as a tool in the development of analgesics with a novel mechanism of action,
for the treatment of various pain states including neuropathic pain and to determine
proof-of-concept.
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TABLE 1 Summary of subject characteristics

Age (years)
Mean (SD) 30.3(10.8)
Range 18-50
Race (N)
White 18
Other 2
Weight (kg)
Mean (SD) 78.7 (10.5)
Range 60.1-100.7
BMI (kg/m?)
Mean (sD) 233(2.9)
Range 18.5-27.2

BMI = Body Mass Index/ SD = standard deviation /Kg = kilogram
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TABLE 3 Summary of Pharmacokinetic parameters for single administration of 15 and 65 mg
PF-06372865

Treatment PF-06372865
Dose level 15 mg 65 mg
(N=18) (N=19)
Crnax (ng/mL)2 59.04 (37) 304.8(33)
Trnax ()P 2.00(0.500-4.00) 3.00(0.500-5.00)
AUC |4t (Ng+h/mL)2 342.4(57) 1837 (41)

a =Geometric mean (%Geometric cV) /b Median (range)

FIGURE 1 Spiderplot summary of Pharmacodynamic response profile for pain test battery
normalised to placebo

Heat Normal skin PDT (°C)

Cold Pressor PTT (s) Heat uvB skin PDT (°C)

Pressure Stimulation PTT (kPa) Electrical Stair PTT (mA)

PF-06372865 (15 mg) ——PF-06372865 (65 mg) ~—Pregabalin (300 mg)

Dashed placebo line (green) represents a value of 1to which other treatment effects are normalised.
Distal from the centre beyond the placebo line indicates Least Square Mean PTT/PDT greater than
placebo, towards the centre and within the placebo line indicates Least Square mean PTT/PDT lower
than placebo. A closed circle (s) indicates meeting pre-specified decision criteria relative to placebo for
treatment on pain task.
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FIGURE 2 Graphical overview of Pain Thresholds Time profiles for pressure pain task

Cold Pressor PTT Normal Heat PDT

Electrical Stair PTT UVB Heat PDT

LSMean vs. Placebo (90% CI)

- 0 1 2 3 4 5 6
Pressure Pain PTT .
Time (h)
18 4
16 4
14 4
TREATMENT
12 4
Pregabalin 3oomg
104+ - PF-06372865 15mg

# PF-06372865 65mg

Time (h)

Cl =confidence interval /h = hours /PTT = Pain Tolerance Threshold / PDT = Pain Detection Threshold
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FIGURE 3 Pharmacokinetic profile for single administration of 15 and 65 mgPF-06372865
median plasma PF-06372865 concentration over time.

300

250 +

200 +

Treatment
© PF-06372865 15mg
o+ PF-06372865 65mg

150 +

100 -

50 4

Median Plasma PF-06372865 Concentration, ng/mL (IQR)

Nominal Time Post Dose (h)

h =hour/IQR = inter-quartile range /® = 15 Mg PF-06372865 / A = 65 Mg PF-06372865
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CHAPTER 7

SUMMARY, DISCUSSION
AND CONCLUSIONS



The present thesis describes the use of broad pharmacodynamic effect profiling to
characterise the clinical pharmacology of classic and non-classical analgesia. Analgesic
drugs that modulate widespread targets in the nervous system can be expected to
affect numerous CNS functions, which requires multimodal characterisation of pain
processing and neurocognition. This is illustrated on the basis of two case studies of
pharmacological agents that target cannabinoid CB1 and GABAergic GABA 5 receptors:
two of the most widely distributed systems of receptors and neurotransmitters
that are involved in a myriad of physiological functions. The distribution of receptors
throughout the central nervous system render ECP002A, an oral formulation of A9-THC,
and PF-06372865, a positive allosteric modulator of a2/3/5 subunit-containing GABAa
receptors, ideal candidates for extensive neurophysiological and analgesic effect
profiling in early phase clinical research. Profiling human pharmacology with a strong
focus on pharmacodynamics may help to better understand the therapeutic potential
and safety limitations of a compound before selection of doses and patient populations
for phase Il proof-of-concept studies.

SUMMARY OF STUDIES

Over the past two decades, two multimodal test batteries for CNS drug profiling have
been developed and validated at CHDR: the NeuroCart® as a compilation of drug
sensitive neurocognitive assessments, and the PainCart® for the quantification of
different aspects of pain processing. Originally, the PainCart addressed various major
types of evoked pain responses, but it did not contain measurements for hyperalgesia,
which is a hallmark of inflammatory or neuropathic pain. The second chapter describes
a literature study into the pharmacological sensitivity of hyperalgesia pain models.
Due to variability in utilised methodology, the report focused on three models: the
UVB model, the capsaicin model and the thermode burn model. Although capsaicin
has generally been regarded as a model for neuropathic pain, the model appeared
to be insensitive to the classes of pharmacological compounds clinically prescribed
in the first-line treatment of neuropathic pain (e.g. tricyclic antidepressants, calcium
channel a,-8 ligands). The thermode burn model is used as a translational model
for both neuropathic and inflammatory pain but is only moderately sensitive to the
attenuating effects of NMDA receptor antagonists. However, the inherent risk of tissue
damage, in combination with the limited pharmacological sensitivity, result in an
inappropriate model for either inflammatory or neuropathic pain. The UvB model for
inflammatory pain demonstrated high pharmacological sensitivity to NSAIDS, in line
with their proposed anti-inflammatory mode of action. Based on this literature review,
the test battery of evoked pain tasks, PainCart, was expanded with the UVB model as a
biomarker for inflammatory hyperalgesia, while it was decided to continue the search
for a reproducible and predictive model of neuropathic pain, either in healthy subjects
orin patients.
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An oral formulation of A9-THC was investigated in a four-week clinical trial in patients
with (primary or secondary) progressive Multiple Sclerosis (MS) and moderate spasticity,
which was described in Chapter 3. Efficacy and secondary effects were expressed in
both objective (e.g. electrophysiology, postural stability) and subjective Numerical Rating
Scales (e.g. NRS spasticity / NRS Pain, VAS Bowdle and VAS Bond and Lader) endpoints.

To overcome inter-individual variability in pharmacokinetics and pharmacodynamic
response, a crossover challenge phase was built in the study design, to enable
individualised dosing. The challenge phase consisted of an up-titration of three
consecutive doses, 3, 5 and 8 mg, accompanied by intensive PK sampling, NeuroCart
measurements of functional CNS effects and monitoring of adverse events (AEs). PK/
PD modelling was included to identify the appropriate dose for each individual at which
the desired effects were observed in the absence of adverse events. However, due to
the lack of a robust PD response during the challenge phase, a reliable model to predict
individual doses could not be established. Since there was also no effect on pain during
the challenge phase, dosing for the treatment phase was based on tolerability.

During the treatment phase, the selected dose levels were generally well-tolerated,
although some limited dose adjustments were needed. No significant treatment effect
was observed on the objective endpoints for spasticity: H/M ratio and Ashworth score.
Subjective spasticity measured with an NRS repeatedly during the treatment visits on
weeks o, 2, and 4 improved after 2 and 4 weeks of treatment, which was significant at
2 weeks of treatment. The same pattern was observed in a more pronounced way for
the NRS for pain. This outcome, measured as an NRS repeatedly during each treatment
visit, revealed a significant overall improvement in favour of treatment compared with
placebo. The psychoactive effects observed after short-term administration of A9-THC
during the challenge phase were not observed during the treatment phase.

Similar to the observed variability in PD outcomes observed in this trial, moderate
variability in PK properties was observed during both the challenge and treatment
phases. This is most likely attributable to the more heterogeneous patient population
compared with healthy volunteers that were investigated before. PK modelling revealed
arelatively high typical apparent clearance and typical apparent volume of distribution
compared with previous findings, which is most likely related to slightly lower
bioavailability of the oral formulation. In addition, a slower absorption rate was observed,
which we assumed to be resulting from reduced gastrointestinal motility, which has
previously been reported in patients with MS.

Theclinical trialdescribed in Chapter 4 was performed to expand earlier pharmacological
validation studies of the original PainCart and further elucidate the findings described in
the third chapter of this thesis. The aim was to investigate the analgesic effects of classic
and non-classic analgesics compared to a sedating negative control in a randomized
placebo-controlled crossover study in 24 healthy volunteers, using the battery of evoked
pain tasks that was previously validated for other classes of analgesics. The biomarker
battery consists of pain tasks eliciting electrical, pressure, heat, cold and inflammatory
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pain. For each pain task, the Pain Detection Threshold (PDT), Pain Tolerance Threshold
(PTT) and subjective score (VAS) were recorded. Subjective scales for alertness,
mood and psychotomimetic effects were included. Subjects were administered each
of the following oral treatments: paracetamol (10oo mg), A9-THC (ECP002A) (10 mg),
promethazine (50 mg) or matching placebo. Contrary to our expectations, we found
that paracetamol was not effective at reducing any of the pain modalities measured
using the battery of evoked pain tasks. Furthermore, A9-THC did not show any acute
analgesic effect, and even showed a hyperalgesic effect on two of five pain tasks, namely
electrical and pressure pain. Finally, the negative control promethazine showed an
increase in pain sensitivity for cold, pressure and inflammatory pain. In addition to the
pain tasks, cognitive tests were performed to assess subjective alertness, mood and
psychotomimetic symptoms, which were moderately impaired by treatment with A9-THC
(alertness, calmness, internal and external perception) or promethazine (alertness).

Paracetamol has been shown to be effective in the treatment of different types of
clinical pain, although not in all. However, when looking at available literature on human
evoked pain tasks in healthy volunteers, the image becomes more diffuse. For each of
the pain tasks that were investigated in more than one clinical trial, positive as well as
negative results have been reported. The effects of paracetamol on acute evoked pain
processing remain elusive, which may reflect its uncertain mechanism of action.

The lack of acute effects of A9-THC on the PainCart was not entirely unexpected.
Based on its interaction with the endocannabinoid system, A9-THC cannot be
considered an antinociceptive analgesic, even if it may have analgesic effects in some
conditions. This is reflected in the results of clinical studies using human evoked pain
models to investigate pharmacology and mechanism of action. The finding of A9-THC
induced hyperalgesia has also been observed in the clinic. This may be the result
from a narrow therapeutic window in combination with variable pharmacokinetics.
Alternatively, this could have been a primary pharmacodynamic effect by which the
participants were less motivated to complete the pain tasks, resulting in lower pain
detection and pain tolerance thresholds. Another possibility is that CNS depression
canreduce the cognitive control of predictably evoked pain. These last two hypotheses
are supported by the observed lack of acute analgesia and mild hyperalgesia on some
pain tasks after administration of promethazine. At any rate, these findings illustrate the
importance of broad profiling to determine the optimal therapeutic window of centrally
acting (CNS depressant) analgesics.

The results of the studies in Chapters 3 and 4 support the notion that repeated
A9-THC administration exerts a gradual pharmacodynamic effect that may treat the
perception of neuropathic pain or spasticity, rather than exerting pure acute nociceptive
effects or affecting electrophysiologically measurable phenomena.

The chapters 5 and 6 describe a series of early human studies, which for the first time

integrated the NeuroCart and PainCart profiling of a centrally acting drug, PF-06372865.
This is a novel partial GABAA a2/a3/a5 subtype-selective positive allosteric modulator
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that is under development for the treatment of different indications, including anxiety
disorders, neuropathic pain and photosensitive epilepsy. The two-part study design
allowed for the investigation of different objectives. In Part A, a wide dose range was
investigated to determine safety, PK and PD response. Based on the results, two dose
levels (15 and 65 mg) were selected for a direct comparison and interaction study with
lorazepam (2 mg) in Part B.

The comparison with placebo and the combination of lorazepam (2 mg) with
PF-06372865 65 mg demonstrated additive or infra-additive effects, depending on the
functional domain, in line with the predicted functional selectivity for a2/ag3/a5 GABAA
receptor subtypes, but also revealing for which GABA 5 subtypes there is a competitive
or non-competitive receptor interaction. No synergy was observed. For Saccadic peak
velocity (SPV), Smooth pursuit and VAS Alertness no interaction, but addition was
observed, which can be explained by non-selective receptor activation by lorazepam (2
mg) in addition to selective a2/a3 activation by PF-06372865. For the other functional
domaintests, Adaptivetracking, Body Swayand VVLT,infra-additive effectswere observed
when lorazepam and PF-06372865 were administered simultaneously. A reduction in
effect size for these psychomotor functions compared to administration of lorazepam (2
mg) alone, may indicate that due to competitive activity at the GABAx receptor subtypes,
PF-06372865 acts as an antagonist, resulting from partial agonism, at a1 subunits,
which diminishes lorazepam’s high intrinsic activity as a non-selective full agonist.

Extensive pharmacodynamic and pharmacokinetic profiling as performed in Chapter
5 provided valuable insight in the receptor pharmacology of PF-06372865 specifically,
but also of subtype-specific GABA positive allosteric modulatorsin general. The subtle
interplay between intrinsic efficacy and receptor subtype affinity was unveiled. In terms
of its clinical development, a clear dose-response effect was established. Based on this
study, two pharmacologically active doses were selected for further pharmacodynamic
effect profiling in Chapter 6.

Based on the findings of the preceding chapter and the accumulating evidence
that GABA receptors may play a modulating role of nociceptive processing in various
neuropathic pain states, a study was performed focusing on analgesic effect profiling of
PF-06372865. This was performed as a double-blind, randomised, placebo-controlled,
single dose, crossover study in which the effects of two doses of PF-06372865 (15 and
65 mg) were compared with placebo and pregabalin (300 mg) as a positive control.
Pharmacodynamic assessments (pain thresholds) were executed using the battery of
evoked pain tasks and intensive PK sampling was done. PF-06372865 had an analgesic
effect on pressure pain and the cold pressor task. The magnitude of effect was greater
for 65 mg compared with 15 mg for the cold pressor, but the effects were similar for the
pressure pain task. Pregabalin 300 mg lowered pain thresholds induced by the cold
pressor and the pressure pain tasks. From a mechanistic perspective, translation of
findings from a human evoked pain model in healthy subjects to clinical pain remains
uncertain, but the present study clearly shows that PF-06372865 has analgesic potential
at doses that do not induce significant sedation or other intolerable AEs.
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DISCUSSION

Pain is a complex multifaceted process that involves many peripheral and central
pharmacological systems. This thesis centred on the early development of two centrally
acting analgesics that affect the endocannabinoid CB1 system and subtypes of GABAp
receptors. In both cases, extensive profiling of neurocognitive, neurophysiological and
pain processing was performed to provide furtherinsightsinto the complicated interplays
between CNS depression, acute nociception and pain experience. Integration of this
information can be useful in the determination of the anticipated therapeutic window, the
expected adverse effect profile and potential indications for subsequent clinical trials.

The endocannabinoid system is a highly complex, not fully understood, biological
system that exerts various subtle and less subtle effects when targeted. This context
makes ECP002A (A9-THC), which specifically targets endocannabinoid receptors in
the CNS, an ideal candidate for pharmacological characterisation of neurocognitive,
neurophysiological and pain processing in early phase clinical research. The analgesic
potential revealed in the study in MS patients was investigated in healthy volunteers
using the PainCart, after earlier studies had identified pharmacologically active doses
using the NeuroCart. Here it became clear that the analgesia against neuropathic pain
observed in MS patients, is distinct from purely nociceptive analgesia. Instead A9-THC
alters pain experience at a different level. In line with the effects observed on subjective
pain in MS patients, the effects observed on spasticity suggest an analogous mode
of action: there was a significant difference in subjective spasticity after two weeks
of treatment, albeit not significant over the 4 week treatment period, but this was not
reflected in the objective electrophysiological measurements of spasticity (EMG). Even
though no clear change in objective endpoints (pain thresholds or EMG) was observed,
the subjective experience of these unpleasant sensations was altered nonetheless.

It has been suggested that the efficacy A9-THC is attributable to the fact that patients
are too “high” to accurately report the level of experienced pain. This is not confirmed
in the study in healthy subjects where feeling high (changes in internal and external
perception) was recorded, but not associated with analgesia or reports of reduced pain
perception.

A9-THC demonstrates moderately variable PK and PD. In an effort to reach sufficient
plasma concentrationsto exert analgesia, the selected dose level of this oral formulation of
A9-THC inthe study in healthy subject measuring evoked pain thresholds may have been
too high for some, as evidenced by reported adverse events and increased sensitivity
to pain (hyperalgesia). This experimental model supports the earlier observations of a
narrow therapeutic window for A9-THC and the interactions between neurocognitive
control and pain processing. Metabolism of A9-THC is known to be complex, resulting
in various active and inactive metabolites, with different and largely unknown PK and
PD characteristics and interactions. Therefore it is difficult to directly compare acute
and chronic effects, as these may be driven by different pharmacological constituents.
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Even though the clinical benefits and analgesic potential of A9-THC are widely
recognised, the complete mechanism of action remains incompletely explained.
Nonetheless, the two chapters described in this thesis have contributed to the body
of research by taking two different viewpoints: from the mechanistic approach of
biomarkers for pain in healthy subjects to clinical endpoints for pain and spasticity in a
target population of MS patients.

GABAergic neurons and interneurons are distributed throughout the CNS and are
involved in a broad spectrum of functions. Targeting GABA receptor subtypes instead
of non-selective receptor modulation by conventional benzodiazepines has become
increasingly interesting since the discovery that the various receptor subtypes show
distinct distribution patterns which are associated with different functional and
clinical effects. Treatment with a1 sparing positive allosteric modulators for GABA 5 will
potentially achieve analgesia or anxiolysis in the absence of dose-limiting sedation,
which is largely attributed to the a1 subunit. The extensive neurophysiological effect
profiling of awide dose range of PF-06372865 and subsequent comparison to lorazepam
alone and in combination with PF-06372865, provided valuable insight in the receptor
pharmacology of partial and full, or subtype specific and non-selective allosteric
agonists. The interplay between intrinsic activity and relative affinity of PF-06372865
resulted in a comprehensive pharmacodynamic effect profile in man. Per task, or range
of tasks, respective for a specific GABA receptor subtype and individual dose-effect
relationship was established. The findings in this study confirmed the predicted a2/a3/
a5 GABAp receptor subtype selectivity for PF-06372865 and guided dose selection for
subsequent investigations in evoked pain although a dose of 65 mg more convincingly
demonstrated analgesic effects on different pain tasks.

Even though a dose of 65 mg PF-06372865 demonstrated substantial CNS effects,
including a reduction in SPV, reduction in adaptive tracking, increase in postural
instability and reduced memory performance, it is unlikely that these specific effects
drive the observation in the absence of analgesia, as it has been demonstrated that the
battery of evoked pain tasks is not overly sensitive to the effects of mere sedation, which
may even reduce pain thresholds.

Before the results of the early human studies of PF-06372865 described in this thesis
were fully integrated, a study in low back pain patients was performed. Mainly based on
preclinical predictions and early human adverse effects, a loading dose of 2.5 mg BID for
the first week was followed by 7.5 mg BID for the following three weeks. (Gurrell et al.,
2018)*. The study did not show clinically relevant effects. Without the results reported in
this thesis, the negative findings in the latest study could have been interpreted in such
a way that the findings from preclinical research are not readily translatable to humans.
However, reviewing the preclinical and clinical reports in their entirety, the results of the
study described in Chapters 5 and 6, suggest that insufficient receptor occupancy was

*GurrellR, Dua P, Feng G, et al. (2018) Arandomised, placebo-controlled clinical trial with the alpha2/3/5 subunit
selective GABAA positive allosteric modulator PF-06372865 in patients with chronic low back pain. PAIN 159:1742-1751.
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achieved in this clinical trial. The effects on the NeuroCart and the PainCart suggested
that targeting a2/a3/a5 GABA 5 receptor subunits has the potential to result in detectable
analgesic effects in humans at doses of around 65 mg. Therefore, integration of the
detailed assessments that are described in this thesis could be used to redesign a study
in patients suffering from neuropathic or other types of pain, perhaps also including low
back pain at higher doses.

At first glance, translation of the results of the PainCart studies appears ambiguous. In
chapter 4 the biomarker test battery did not demonstrate acute analgesia from A9-THC in
healthy volunteers, even though this compound had shown analgesic effects in a phase
Ila study in patients, reported in Chapter 3. Similarly (and conversely), PF-06372865
exerted different degrees of analgesia in Chapter 6, but this contrasted with the negative
findings of a clinical study in chronic low-back pain patients PF-06372865.

However, the apparently incongruent findings essentially illustrate how test batteries
should be composed and used and how the results need to be interpreted. Foremost,
this thesis shows that translation of the pharmacodynamic characterisation of centrally
acting analgesicsin healthy volunteers using evoked pain biomarkers is not unequivocal,
as has been recognised before. The findings of an early phase study using biomarkers
should be interpreted in the correct context, acknowledging their merits and limitations.
This includes two important aspects, which are both sensitive to CNS active drugs:
the complexity of pain processing and the interactions with other neurocognitive and
neurophysiological functions.

Pain is a complex phenomenon that is by definition a subjective experience.
Quantifying this subjective experience can be performed using wide range of methods,
signifying the multifaceted nature of the concept of pain. Rating scales, including a
Numerical Rating Scale (NRS), Visual Analogue Scale (VAS) or pictorial scales are widely
used, but their robustness and sensitivity to intervention has been questioned. More
comprehensive scales measuring specific qualitative dimensionsincluding McGill's Pain
Questionnaire, the Brief Pain Inventory (BPI), or condition specific questionnaires are
used to provide more insight in both affective and sensorial qualities of pain experience.
To overcome to potential source of variability stemming from cognitive processing
needed to complete such scales, more “objective” psychophysical methods can be used.
The primary endpoints for the tasks in the multi-modal test battery are pain thresholds:
the stimulus intensity increases linearly over time, at a certain stimulus intensity pain is
first detected, the Pain Detection Threshold. The pain score is subsequently recorded
using a VAS slider, which is moved to the other side until the Pain Tolerance Threshold
is reached. This automatically ceases the stimulus. Since no visual or other feedback is
provided to a subject at the point of reaching a threshold, no anchors are created. Apart
from the experienced sensation of pain, the subject is not guided in a certain direction
for subsequent tasks. Using this methodology provides a more robust and reliable pain
recording, by eliminating part of cognitive processing. The test remains subject however
to task vigilance and compliance.
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Considering that pain is a subjective experience, different elements need to be
integrated in a clinical study design. For example, using a crossover study design is
imperative to reduce the impact of inter-individual variability. Additionally, typically
a highly homogenous study population of Caucasian males in the same age range is
selected during the early phases of research. These measures greatly improve the
internal validity of a study, but may impact generalizability of study findings to other
populations. This applies to other healthy populationis general, but especially to patients
suffering from pain. Evidently, in early phase clinical pharmacology research there are
definite differences in the population under investigation and the patient suffering from
neuropathic pain who is treated eventually. For obvious ethical reasons, it is impossible
to induce chronic neuropathic pain in a controlled clinical setting in healthy volunteers.
Apart from the ethical reasons, thisis not even desirable, because different questions are
answered at different stages of clinical research.

The questions that can be answered by using a multi-modal pain biomarker in early
phase clinical research are abundant. By using standardised pain stimuli — compared
with the fluctuating pain experienced by a patient — outcome measures are more robust
and allow reliable comparison of multiple measurements over time. By executing
assessments in a controlled environment, different measures can be taken to minimise
bias stemming from affect, including anxiety, uncertainty on the duration and cause of
the experienced pain. Different steps that are taken at CHDR to reduce this potential
source of variability include the use of a standardised script for the measurement
assistants, the subjects receive a training session before that actual measurements,
and mostimportantly, the subjects themselves are responsible for starting and stopping
the pain task. These elements are distinctively different from a clinical pain patient, but
thereby greatly improve its use as aresearch tool.

Applying a multi-modal pain test battery allows to investigate different elements
of the nociceptive system. The differentiation in underlying mechanisms results in a
separation in pharmacodynamic response to a pharmacological agent. Comparing
the pharmacodynamic effect profile of a novel potential analgesic to the effect profile
of a known mechanism of action sheds new light on the (known) mechanism of action.
Investigating the mechanism of action, or establishing a dose-response relationship
is not only valuable for novel treatments, but clinical practice may also benefit from
expanding knowledge on the mode of action of widely used treatments.

When this pain biomarker is combined with pharmacokinetic sampling, the
relationship between pharmacodynamic effects and plasma concentration can be
determined. A potential lag in onset of effect may indicate specific target tissue needs to
be reached, or metabolites are formed that drive pharmacodynamic response. What is
more, by determining these relationships as early as possible the design of a subsequent
proof-of-concept study could be greatly improved.

The development of analgesic drugs is greatly facilitated by incorporation of multimodal
evoked pain models as PD-measurements in methodologically sound early human
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drug studies. But it should also be realised that centrally active agents generally affect
other central nervous systems and functions. These functions in turn can impact on
the results of pain tests and the predictability of therapeutic doses and indications, in
various ways. First, performance of tasks is directly affected by motivation and attention,
which may be reduced by drugs that cause sedation or interfere with reward processing.
Pain awareness can be altered —enhanced, modified or reduced- by drug interactions
with sensory information processing, including subcortical or insular projections and
prefrontal control areas. Second, adverse CNS effects can limit the therapeutic window
of potentially effective analgesics. For drug developers who are not an expert in pain
pharmacology, adverse effects in healthy subjects have a larger ‘face validity’ than
complicated artificially evoked pain models. Consequently, the selection of clinical doses
for an early ‘proof-of-clinical-efficacy’ study is based less on analgesia models than on
the intensity of adverse CNS effects, which are either used as recognisable 'surrogates of
CNS penetration’ or to optimise clinical tolerability and market competitiveness.

Early development of central analgesics requires a broad assessment and proper
integration of all relevant pharmacological characteristics of the compounds, and the
interactions with (and between) neurophysiological processes that are involved in
pain processing and neurocognition. In a way, this thesis failed to provide empirical
evidence for these points, since neither the early development program of the CB1-
agonist or the partial subtype selective GABA 5 agonist showed clear predictive value
of early multimodal characterization in healthy subjects, for clinical efficacy in a patient
population. This lack of predictability may have been related to inevitable differences
between healthy subjects and patients, which can only be solved by performing these
types of multimodal studies in the target population. But before this can be concluded,
other more feasible improvements in the early development program of central
analgesics should be considered, particularly the proper integration of all preclinical
and human data. This will help to carefully predict an (individualised) therapeutic dosing
regimen that balances beneficial and potentially detrimental effects, and matches
fluctuations of symptoms or adverse effects. The multimodal CNS effect profile and the
complete pharmacological characterisation of the drug may also provide support for
selection of the most eligible patient population, by attuning the drug’s pharmacological
properties and evoked pain response profile to the pathophysiological or symptomatic
characteristics of the pain condition. In addition, secondary pharmacological properties
and neurocognitive effects can be matched to comorbid conditions like sleep
disturbance, mood disorders or spasticity. The predictability of early human studies
is further increased by the use of well-characterised, pharmacologically comparable
and therapeutically established analgesics as positive or historic controls. Several of
these prerequisites were not sufficiently fulfilled in the early development programs in
this thesis, which may well explain their limited clinical predictive value. At the same
time, this illustrates how essential it is to rational early drug development to integrate all
information, and how easily practical issues and complexity tend to interfere.
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Aswith allmodels, the use of the PainCart or the NeuroCart have theirintrinsic limitations.
However, by understanding and acknowledging their strengths and weaknesses, a
pharmacological characterisation performed using multi-modal test batteries of evoked
pain and neurocognition can provide a deeper understanding of:

+ Apharmacological agent's mechanistic mode of action;
+ Therelationship between pharmacokinetics and pharmacodynamics;
+ Therelationship between intended and secondary pharmacological actions.

These very basic attributes of a drug under development should be known as early as
possible, in order to allow for an efficient and effective developmental path. Omitting
these questionsin the early phases of research may pose difficulties later on, as they will
need to be answered eventually.

OVERALL CONCLUSIONS

The studies reported in this thesis add to a body of research in which this battery of
evoked pain tasks (PainCart) has been used as a biomarker to characterise the analgesic
potential of eight currently marketed drugs in the treatment of various types of pain and
various novel compounds. This extensive experience with the battery of evoked pain
tasks is beneficial in two ways: it provides a context that allows for comparison and
benchmarking of the pharmacological agent under investigation against compounds
with an established mode of action. The different pain modalities deployed in the
battery of evoked pain tasks represent different elements of the nociceptive pathway
and pain experience. Consequently each pain task demonstrates distinct sensitivity
to pharmacological intervention. By integrating the results of the different pain tasks,
a pharmacodynamic effect profile emerges, representative for its mode of action.
Moreover, from a different perspective: the addition of six more treatments, all from
different drug classes, thus with various modes of action, enriches the biomarker itself. To
date, a database of approximately 25 pharmacological agents have been characterised.
This includes both pharmacological agents that are marketed and agents that are still
under development. As a result, the test battery of evoked pain tasks becomes a more
comprehensive and informative biomarker.

Implementing biomarkers for pain and neurophysiological functioning in early phase
clinical research provides a better understanding of a compound’s characteristics,
especially when used successively. Characterising a wide dose range of a novel
compound using the neurophysiological test battery with tasks that have been shown
to be representative for specific receptor pharmacology yields a neurophysiological
pharmacodynamic effect profile that provides the insight in the relationship between
intended and adverse effects. Selecting one or more dose levels that were shown to
be pharmacologically active for further characterisation using the multi-modal pain
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test battery confirms the initial findings of pharmacological activity. More importantly, it
reveals valuable mechanistic information on the relationship between the concepts that
are measured using the different biomarker test batteries, creating a comprehensive
pharmacodynamic effect profile. This knowledge will help to effectively design the next
stepsin clinical development.

Obviously, measuring biomarkers for pain in early phase research will not provide
all the answers. The complete cascade of pain perception is highly complex and
involves potential pharmacological targets throughout the complete peripheral and
central nervous system. Chronic pain is highly heterogeneous, which makes clinical
research complex in itself. However, even though it may be impossible to capture this
pathology within a single model, or even a set of models, the nociceptive system remains
a fundamental element of the cascade. Therefore, implementing the multi-modal test
battery of evoked pain tasks to challenge this particular element from multiple angles
provides valuable pharmacological information of an intervention.

Some treatments are known not to exert direct nociceptive analgesia but are
effective in the treatment of different neuropathic pain states regardless, for example
anticonvulsants and tricyclic antidepressants. Previously, compounds of these classes
(i.e. pregabalin and imipramine) have been investigated using the battery of evoked pain
tasks as described in this thesis. These experiments have shown that these treatments,
even though they would not be considered direct analgesics, did induce analgesia on
different pain tasks, analogous to PF-06372865. As demonstrated in Chapter 4 of this
thesis, the battery of evoked pain tasks in not sensitive to the effects of sedation alone,
which indicates that these observations are not driven by secondary psychoactive
pharmacodynamic effects. Therefore, even though the multi-modal battery of evoked
pain tasks does not mimic a neuropathic pain patient to the complete extent, providing
a nociceptive stimulus activates the cascade of pain perception nonetheless. This
pharmacological sensitivity illustrates the congruence between the pathology under
investigation and the model.

Notwithstanding the above, the absence of statistically significant acute analgesia
does not necessarily demonstrate that a pharmacological agent will be ineffective
in treating pain perception in a specific pain population. Apart from the statistical
consideration that the lack of a statistically significant difference with placebo is not
evidence that the effect of a treatment is equal to placebo, there are other factors that
require careful consideration when interpreting "negative” results. The most obvious
reason is an underpowered study: due to the novel nature of an early phase clinical
investigation, the variability is unknown at the time of initiating a study. This may have
contributed to the observed lack of analgesic effect after administration of paracetamol.
Furthermore, when benchmarking against clinical effects of for example a gold standard
treatment in a patient population, the magnitude of effects in healthy subjects may be
diminished, leading to more subtle effects. These factors increase the risk of a type Il
error, thus failing to reject a false null hypothesis. In addition to the risk of inducing more
subtle effects in healthy subjects compared with patients, there is also the possibility
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that a specific element of the pain cascade that is dysregulated in the pathological
state is not susceptible for improvement in the healthy state as it is optimised. This is
where additional pharmacodynamic profiling may play a role: by demonstrating that a
drug is pharmacologically active at a certain dose level, it may still have an analgesic
potential, even in the absence of statistically significant differences with placebo when
characterised using the test battery of evoked pain tasks. The results of a clinical study in
which pharmacodynamic effect profiling is performed using biomarkers in the form of a
multi-model test battery of pain tasks or neurophysiological tasks, provide a piece of the
puzzle, thereby connecting the pharmacokinetic, preclinical, safety and further clinical
pieces of the puzzle.
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Het klinisch onderzoek naar nieuwe therapieén voor de behandeling van (chronische)
pijn beweegt zich in twee richtingen. Enerzijds worden er volledig nieuwe moleculen
ontwikkeld, ofwel door het optimaliseren van reeds bestaande farmaceutische
concepten dan wel door het ontwikkelen van compleet nieuwe ‘First-in-Class’
geneesmiddelen. Anderzijds kunnen bestaande farmaceutische stoffen een
bestemming krijgen voor een nieuwe indicatie. Bekende voorbeelden hiervan zijn het
antihypertensivum clonidine, het anticonvulsivum pregabaline, en het tricyclische
antidepressivum amitriptyline, die tegenwoordig een belangrijke plek innemen in de
klinische praktijk van pijnbestrijding. Dat de meeste ontwikkelingen plaatsvinden in
de tweede categorie illustreert de immense uitdagingen waar men voor staat in het

ontwikkelen van een nieuw type geneesmiddel.

Nociceptie versus pijn

Pijnsensatie heeft een duidelijke fysiologische functie als waarschuwingssysteem
voor (potentiele) fysieke schade. Aangezien de dreiging van schade mogelijk directe
actie noodzakelijk maakt, is de sensatie van pijn onlosmakelijk verbonden met mentale
processen zoals cognitie en affect. De pijncascade wordt geinitieerd vanuit het
nociceptieve systeem. Nociceptie bestaat uit vier processen. Een pijnprikkel wordt
door een nociceptor omgezet in een actiepotentiaal zodra de prikkeldrempel is bereikt
(transductie). Vervolgens wordt het signaal overgedragen via specifieke nociceptoren
(A6 zenuwvezels of C-zenuwvezels) van het perifere zenuwstelsel via het ruggenmerg
naar de hersenen (transmissie). De zenuwbanen lopen uit naar specifieke gebieden in
de hersenen die betrokken zijn bij ofwel het versterken dan wel het verzwakken van het
signaal (modulatie): de hersenstam, het periaqueductaal grijs (PAG), de thalamus, maar
ook de amygdala, hypothalamus en de cortex cingularis anterior. De totaliteit van het
sensorisch-discriminatieve en het cognitief-affectieve signaal resulteert in de ervaring
van pijn (perceptie). De overdracht, regulatie en modulatie van het oorspronkelijke
nociceptieve signaal tot aan de daadwerkelijke perceptie vindt plaats in een cascade
waarin verscheidene fysiologische (neurotransmitter)systemen zijn betrokken op alle
betreffende niveaus. Pijnperceptie is de subjectieve ervaring van het gewaarworden
van een signaal vanuit het nociceptieve systeem. Deze perceptie is niet alleen het
resultaat van diverse fysieke en mentale factoren, maar staat ook onder invloed van
externe factoren waaronder cultuur, opvoeding en situatie.

Het ontwikkelen van behandeling gericht op pijnperceptie

Om de perceptie van chronische pijn te behandelenis het cruciaal om het zenuwstelsel
in zijn totaliteit te benaderen. Daarom richten de meest effectieve farmacologische
therapieén zich niet op zeer specifieke receptoren, maar op het moduleren van
pijnperceptie op verschillende niveaus in de pijncascade. Centrale pijnmodulatie is het
thema van deze thesis, waarin twee zeer wijdverspreide neurotransmittersystemen
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en farmacologische aangrijpingspunten in het centrale zenuwstelsel centraal staan.
Het GABA-erge systeem en het endocannabinoide systeem spelen niet alleen een rol
in pijnperceptie, maar zijn ook betrokken bij diverse andere functies van het centrale
zenuwstelsel. Om deze reden is een geintegreerde benadering van complementaire
biomarkers noodzakelijk om inzicht te krijgen in het werkingsmechanisme van een
geneesmiddel dat aangrijpt op een van deze wijdverspreide neurotransmittersystemen.

Het gebruik van farmacodynamische biomarkers in
geneesmiddelenontwikkeling

In het veranderende landschap van geneesmiddelenontwikkeling op het gebied van
pijn, lijkt het 'blockbuster’ model, waarbij one size fits all geneesmiddelen voor grote
groepen patiénten worden ontwikkeld, op zijn einde te lopen. Er ligt een sterkere
nadruk op het identificeren van subpopulaties van patiénten die ofwel meer kans
hebben om goed te reageren op de behandeling, of juist een groter risico lopen op
het ontwikkelen van bijwerkingen. In principe zou dit moeten leiden tot een effectiever
ontwikkeltraject, met een kleinerrisico op falen ten gevolge van gebrekkige werkzaam-
heid of onaanvaardbare nevenwerkingen. Een elementair onderdeel van effectieve
geneesmiddelenontwikkeling, is het verkrijgen van meer kennis van het complete
werkingsmechanisme van een nieuwe stof en van de invloed op fysiologie en pathofy-
siologie, iniedere stap van de ontwikkeling. Dit vergt een investering, maarzal uiteindelijk
leiden tot efficiéntere geneesmiddelenontwikkeling en effectievere geneesmiddelen.

Om mechanistische kennis te genereren vanaf de vroege fase van het klinisch
onderzoek, spelen biomarkers een cruciale rol. Een biomarker wordt gedefinieerd als
een meetbare indicator van een normaal biologisch proces, een pathogeen proces of
een farmacologische respons op een therapeutische interventie.

Aangezien chronische pijn vaak leidt tot wijdverspreide verstoringen binnen de
pijncascade, is het waarschijnlijk dat de meest effectieve nieuwe geneesmiddelen
zich zullen richten op receptoren binnen het perifere en centrale zenuwstelsel. In de
ontwikkeling van dergelijke geneesmiddelen, is het geintegreerd meten van zowel de
analgetische effecten, als de effecten op het centrale zenuwstelsel van grote waarde
om inzicht te krijgen in het profiel van gewenste en ongewenste farmacologische
effecten. Met dit als doel heeft het Centre for Human Drug Research (CHDR) twee
testbatterijen ontwikkeld, de PainCart en de NeuroCart.

Multimodale biomarker voor pijn: PainCart

In het licht van het bovenstaande kan de multimodale testbatterij van opgeroepen
pijnprikkels, de PainCart, een belangrijke rol spelen in vroege fase klinisch onderzoek.
Deze kan worden toegepast in zowel gezonde vrijwilligers als in specifieke
patiéntenpopulaties. Ondanks dat de klinische presentatie van chronische pijn in
geen enkele model kan worden nagebootst, kan de testbatterij van opgeroepen
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pijnprikkels waardevolle informatie verschaffen over het werkingsmechanisme en de
aangrijpingspunten van een geneesmiddel. Wanneer dit instrument wordt toegepast
in een data-intensief Fase | of Il onderzoek, in combinatie met frequente bepalingen
van farmacokinetiek en veiligheid, is het mogelijk mechanistische kennis te vergaren op
het gebied van humane farmacologie van een nieuw geneesmiddel. De waarde van de
toepassing vanditinstrument ligtin de handen van de onderzoeker en/of opdrachtgever
van het onderzoek. Waar de beperkte overeenkomsten tussen chronische pijn, met zeer
heterogene oorzaken en pathofysiologie, en het oproepen van pijnprikkels in gezonde
vrijwilligers een tekortkoming lijkt, is dit eigenlijk een pluspunt. Enkele voordelen van
het laatste zijn: een homogene populatie, gestandaardiseerde stimuli, gecontroleerde
intensiteit en duur van de stimuli en de kwantitatieve uitkomsten die vergeleken
kunnen worden over tijd en tussen proefpersonen. (Arendt-Nielsen, 2007) Daarom is
ditinstrument uitermate geschikt voor het kwantificeren van specifieke elementen van
een systeem dat verstoord raakt wanneer er sprake is van pijn.

De PainCart is een multimodale biomarker, die bestaat uit verschillende
complementaire pijntaken, die individueel uitgebreid zijn beschreven in eerder klinisch
onderzoek. (Okkerse, 2018). Oorspronkelijk bestond de PainCart uit vier taken die
ieder een verschillende modaliteit van pijn vertegenwoordigen: koudepijn, drukpijn,
elektrische pijn en hittepijn. De PainCart bevatte echter geen pijntaak om hyperalgesie
te kwantificeren, een kenmerkend symptoom van inflammatoire pijn en neuropathische
pijn. Daarom beschrijft hoofdstuk 2 van dit proefschrift een literatuurstudie naar de
farmacologische sensitiviteit van hyperalgesiemodellen in gezonde vrijwilligers. Hierin
zijndrie modellen geselecteerd op basis van frequentie van gebruik en toepasbaarheid.
Alhoewel het capsaicine model beschreven wordt als een model voor neuropathische
pijn, lijkt het niet gevoelig voor behandeling met geneesmiddelen uit de klasse die
worden voorgeschreven in de behandeling van neuropathische pijn (tricyclische
antidepressiva, calciumkanaal a2-6 liganden). Het UVB model voor inflammatoire pijn
liet een sterke farmacologische sensitiviteit voor behandeling met NSAID's zien. Dit pleit
voor een onderscheid tussen neuropathische hyperalgesie, die in de klinische praktijk
nauwelijks op NSAID's reageert, en hyperalgesie bij ontstekingen die hiermee wel goed
behandeld kunnen worden. Op basis van deze literatuurstudie is de PainCart uitgebreid
met een modaliteit voor ontstekingspijn, het UVB model.

Wanneer de PainCart wordt toegepast in een klinisch onderzoek, worden de taken
na elkaar uitgevoerd binnen een meetronde. Voorafgaande aan de toediening van een
behandeling (actief of placebo) wordt een meetronde uitgevoerd, die wordt herhaald
na de toediening op tijdstippen afhankelijk van het verwachte farmacokinetische
profiel. Om de power ten gevolge van inter-individuele variabiliteit te vergroten, wordt
zo mogelijk een crossover onderzoeksopzet toegepast. Daarnaast wordt variabiliteit als
gevolg van de affectieve componenten van pijnperceptie geminimaliseerd door middel
van een gestandaardiseerd protocol waarin de proefpersonen zelf verantwoordelijk zijn
voor het opstarten en afbreken van de taak. Tevens heeft iedere pijntaak een maximale

veiligheidsgrens waardoor er geen risico is op weefselschade.
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Multimodale biomarker voor het functioneren van het centrale
zenuwstelsel: NeuroCart

Analoog aan de PainCart wordt in dit proefschrift gebruik gemaakt van de NeuroCart,
een multimodale cognitieve en neurofysiologische testbatterij. Deze testbatterij bevat
diverse taken die uitgebreid zijn toegepast om specifieke, tijd- en dosisafhankelijke
effecten van geneesmiddelen te kwantificeren. De volgende functionele domeinen
wordengemetenmetde NeuroCart:hand-oogcodrdinatie, alertheid, geheugen, subjec-
tieve effecten, stemming en neurobiologische hersenactiviteit (elektro encefalografie).
In deze thesis zijn de taken beperkt tot degene die in het verleden zijn aangetoond
sensitief te zijn voor de effecten van de twee geneesmiddelen die centraal staan in
de thesis: cannabinoiden en a2/a3 subtype selectieve GABA, receptor modulatoren.

In deze thesis zijn de beide testbatterijen gebruikt als biomarkers om de farma-
codynamische effecten in relatie tot de farmacokinetiek en veiligheidsmetingen, te
beschrijven van potentieel nieuwe en bekende analgetica. De nadruk ligt hierbij op
twee omvangrijke neurotransmittersystemen, het endocannabinoide systeem en het
GABA-erge systeem. Beide systemen zijn betrokken bij een scala aan fysiologische
functies, met receptoren verspreid over het gehele centrale en perifere zenuwstelsel.
De uitdaging ligt in het ontwikkelen van therapieén die aangrijpen op dit systeem, dat
bij chronische pijn mogelijk verstoord is als gevolg van pathologie, en de balans binnen
het systeem herstellen. Doordat deze beide systeem zo wijdverspreid zijn binnen
het zenuwstelsel is er niet alleen een kans dat de behandeling pijn vermindert, maar
ook een risico op bijwerkingen. Om deze reden is het van grote waarde om binnen
geneesmiddelenontwikkeling op dit gebied gebruik te maken van een gecombineerde
benadering, waarbij zowel de farmacodynamische effecten op de pijn als op andere
centraal zenuwstelsel functies, worden geintegreerd.

Centrale modulatie van pijn: het endocannabinoide systeem

De twee belangrijkste cannabinoid (CB) receptoren zijn CB1 en CB2. De focus in
dit proefschrift ligt op de CB1 receptor die zich bevindt in het gehele zenuwstelsel.
CB1 receptoren worden gevonden in verschillende hersenstructuren waaronder de
cortex, basale ganglia, hippocampi, cerebellum, thalamus, amygdala, PAG en medulla
oblongata. Daarnaast worden de CB1 receptoren ook gevonden in het ruggenmerg,
voornamelijk in de interneuronen van de dorsale hoorn. Bovendien zijn CB1 receptoren
in het perifere zenuwstelsel betrokken bij signaaloverdracht van onder andere
nociceptieve zenuwen. Als gevolg van deze verspreiding van receptoren over het
gehele zenuwstelsel, is het endocannabinoide-systeem betrokken bij de regulatie van
zeer uiteenlopende fysiologische processen, van geheugen tot slaap en van gastro-
intestinale motiliteit tot pijnperceptie.

In hoofdstuk 3 wordt een onderzoek beschreven naar een nieuwe orale formulering
van A9-THC, een exogene ligand van de CB1 receptor. Hierin werden 24 patiénten
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met (primaire of secundaire) progressieve Multiple Sclerosis (MS) met spasticiteit
en pijn placebo-gecontroleerd behandeld gedurende een periode van 4 weken. De
werkzaamheid en secundaire effecten werden uitgedrukt in zowel objectieve (o.a.
elektrofysiologische) als subjectieve uitkomstmaten (alertheid, stemming). Om tot een
geschikte dosis te komen, werd de behandelfase voorafgegaan door een ‘challenge
fase’, waarin een individuele effectieve en tolereerbare dosis werd geselecteerd.

De objectieve uitkomstmaten lieten tijdens de behandelfase geen significant effect
zien. Subjectieve spasticiteit daarentegen liet een verbetering zien, die statistisch
significant verschillend was van placebo na twee weken behandeling. Pijnscores
verbeterden eveneens en lieten een statistisch significante verbetering zienna2en 4
weken behandeling.

Het farmacokinetische model toonde aan dat er sprake was van een meer variabel
profiel ten opzichte van eerder onderzoek dat werd uitgevoerd in gezonde vrijwilligers.
De geobserveerde variabiliteit heeft mogelijk geleid tot meer variabiliteit in de
farmacodynamische respons.

Dezelfde orale formulering van A9-THC werd onderzocht in hoofdstuk 4, ditmaalin
gezonde vrijwilligers, gebruikmakend van de PainCart. Dit onderzoek werd uitgevoerd
in het kader van de eerder uitgevoerde farmacologische validatie van de PainCart. Het
doelwas hetin kaart brengen van het analgetische profiel van een klassiek analgeticum
(paracetamol) en een centrale modulator van pijn (A9-THC) in vergelijking met een
negatieve controle in de vorm van een sedativum (promethazine). Dit onderzoek werd
placebo-gecontroleerd uitgevoerd in 24 proefpersonen gebruikmakend van een cross-
over onderzoeksopzet.

Ogenschijnlijktegen de verwachtingin, liet paracetamol geen significant analgetisch
effect zien op de pijntaken van de PainCart. Behandeling met A9-THC vertoonde
eveneens geen acuut analgetisch effect en er leek zelfs sprake van hyperalgesie op
twee van de vijf pijnmodaliteiten, elektrische pijn en drukpijn. Na de behandeling
met promethazine werd eveneens een toename in pijnsensitiviteit geconstateerd:
gevoeligheid voor koudepijn, drukpijn en inflammatoire pijn nam toe. Naast de PainCart,
werden ook enkele taken van de NeuroCart uitgevoerd, alwaar behandeling met
A9-THC en promethazine duidelijke subjectieve effecten lieten zien op alertheid en
veranderde waarneming.

Dit onderzoek toonde opnieuw aan hoe complex het werkingsmechanisme van
paracetamolis en dat het nog steeds niet volledigis ontrafeld, ondanks dat het behoort
tot de meest gebruikte analgetica wereldwijd. Tevens toonde het onderzoek aan dat
A9-THC geen acuut effect heeft op pijndrempels van nociceptieve pijndrempels,
ofschoon het in verschillende situaties een analgetisch effect kan bewerkstelligen. In
combinatie met de bevindingen uit Hoofdstuk 3 onderschrijft dit onderzoek de notie
dat herhaaldelijk toedienen van A9-THC leidt tot een geleidelijk farmacodynamisch
effect dat de perceptie van pijn of spasticiteit behandelt, en niet een acuut effect
bewerkstelligt op nociceptie of elektrofysiologisch meetbare uitkomstmaten.

Bovendien toonde dit onderzoek de specificiteit van de PainCart aan op het gebied van

INTEGRATED ASSESSMENT OF NEUROCOGNITIVE, NEUROPHYSIOLOGICAL AND PAIN PROCESSING IN EARLY CLINICAL DRUG DEVELOPMENT

164



analgetische interventie, aangezien pijndrempels niet verhoogd werden door sedatie
zoals geinduceerd door promethazine.

Centrale modulatie van pijn: het GABA systeem

Gamma-aminoboterzuur (GABA) is de voornaamste remmende neurotransmitterin het
centrale zenuwstelsel. Erzijn twee types GABA receptoren, en de focusin dit proefschrift
ligt op hettype GABA. Dit zijn pentamerische ionotrope receptoren, waarvan de meer
dan 20 subtypes zijn opgebouwd uit verschillende combinaties van de subeenheden
ai1-6, B1-4,y1-3. 6, €, 0. Eris sprake van een grote heterogeniteit in functie van de diverse
subtypes, wat gereflecteerd wordt in de distributie van de verschillende subtypes
over diverse anatomische locaties binnen het centrale zenuwstelsel. Hierdoor zijn de
verschillende subtypes geassocieerd met verschillende specifieke neurofysiologische
functies. Het a1 subtype bijvoorbeeld, is geassocieerd met sedatie en amnesie, waar de
subtypes a2 en a3 in grotere mate betrokken zijn bij anxiolyse en de modulatie van pijn,
en het ag subtype bij geheugenfuncties.

Hier volgt de beschrijving van twee humane onderzoeken waarin voor het
eerst de beide biomarkers, NeuroCart en PainCart, werden geintegreerd om het
farmacodynamische effect van een centraal werkend geneesmiddel te beschrijven.
Dit betreft PF-06372865, een nieuwe partiéle GABA a2/a3/a5 subtype-selectieve
positieve allostere modulator die wordt ontwikkeld voor verschillende indicaties,
waaronder angststoornissen, neuropathische pijn en epilepsie. In Hoofdstuk 5 wordt
een tweedelig First-in-Human onderzoek in gezonde vrijwilligers beschreven, dat werd
uitgevoerd in een partiéle cross-over onderzoeksopzet. Het doel van het eerste deel
was het bestuderen van een groot bereik aan doseringen, om inzicht te krijgen in de
veiligheid, de farmacodynamiek (PD) en farmacokinetiek (PK). Op basis hiervan werden
twee doseringen geselecteerd (15 en 65 mg) voor een directe vergelijking met de non-
selectieve positieve allostere modulator van de GABA receptor, lorazepam (2mg), in
het tweede deel van het onderzoek. De vergelijking met zowel placebo als lorazepam
(2 mg), als de combinatie van PF-06372865 met lorazepam, toonde een differentieel
profiel perreceptor subtype van competitieve en non-competitieve receptorinteractie,
zonder synergie. Afhankelijk van het functionele domein, werden er additieve of infra-
additieve farmacodynamische effecten gevonden, in lijn met de voorspelde functionele
selectiviteit voor de a2/a3/a5 subtypes. Zo werd er een additief effect gevonden op die
taken die activiteit op a2/a3 receptor subtypes vertegenwoordigen. Daarnaast werd
het effect van lorazepam (2mg) uitgedoofd op taken die GABA a1 receptor subtypes
vertegenwoordigen, mogelijk doordat PF-06372865 werkt als een antagonist ten
opzichte van het PD effect van lorazepam, als gevolg van lage intrinsieke activiteit
voor het GABA, a1 receptor subtype. De bevindingen over de wisselwerking tussen
intrinsieke activiteit en receptoraffiniteit illustreren niet alleen de receptorfarmacologie
van PF-06372865, maar ook die van GABAp a2/a3/a5 subtype-selectieve positieve
allostere modulators in het algemeen.
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Gebaseerd op bovenstaande uitvoerige farmacologische karakterisering, werden
twee doseringen geselecteerd om het analgetische effectprofiel van PF-06372865 in
kaart te brengen. Hoofdstuk 6 beschrijft een dubbelblind, placebo-gecontroleerd,
cross-over onderzoek in gezonde vrijwilligers naar de effecten van twee enkelvoudige
doseringen (15 mg en 65 mg) van PF-06372865, in vergelijking met pregabaline (300
mg) als positieve controle. Farmacodynamische metingen werden uitgevoerd met de
biomarker testbatterij van opgewekte pijnprikkels, de PainCart, en PK werd bepaald.
De behandeling met PF-06372865 resulteerde in een analgetisch effect, waarbij
een dosering van 65 mg een statistisch significant effect vertoonde op de taak voor
koudepijn, en beide doseringen op de taak voor drukpijn. Behandeling met pregabaline
produceerde eveneens een analgetisch effect op de taken voor koudepijn en drukpijn.
Vanuit een mechanistisch perspectief is het lastig om de bevindingen op de pijntaken
van dit onderzoek te vertalen naar een neuropathische pijnpatiént. Het onderzoek
illustreert echter eenduidig dat PF-06372865 het vermogen bezit om analgesie te
induceren, in doseringen die geen ernstige sedatie of andere bijzondere bijwerkingen
veroorzaken.

DISCUSSIE EN CONCLUSIES

De sensatie van pijn is een complex en veelzijdig proces waarbij verschillende centrale
en perifere neurotransmittersystemen betrokken zijn. Deze thesis beschrijft de
vroege klinische ontwikkeling van twee analgetica die werken op respectievelijk de
endocannabinoide CB1 receptoren en a2/a3/a5 subtypes van GABA,. Voor beide zijn
de neurofysiologische en analgetische effecten profielen in kaart gebracht om inzicht
te bieden in de complexe wisselwerking tussen CNS demping, acute nociceptie en
de ervaring van pijn. De integratie van deze bevindingen helpt bij het bepalen van de
therapeutische index, mogelijke bijwerkingen en mogelijke indicatiegebieden voor
toekomstige klinische onderzoeken.

Op het eerst gezicht lijkt de vertaling van de resultaten van de onderzoeken
gebruikmakend van de PainCart niet ondubbelzinnig. De schijnbaar incongruente
bevindingen illustreren echter exact op welke manier de biomarker testbatterij moet
worden toegepast en geinterpreteerd. Zoals al eerder beschreven: de vertaling van
opgewekte pijnprikkels in gezonde vrijwilligers naar specifieke patiéntenpopulaties is
niet eenvoudig of eenduidig. Bevindingen kunnen niet direct worden geéxtrapoleerd,
maar dienen te worden geplaatst in de juiste context, metinachtneming van de waarde
en de beperkingen van nociceptieve tests. Voor geneesmiddelen die werkzaam zijn in
het centrale zenuwstelsel zijn twee aspecten hierin van belang: de complexiteit van pijn
en mogelijke interacties met andere neurofysiologische functies.

Devoordelen van het gebruik van biomarkers voor pijn om mechanistische kennis te
vergaren ten opzichte van onderzoekin patiénten zijn uiteenlopend: gestandaardiseerde

eindpunten, minder variabiliteit in pijn en daardoor meer statistische power, meer
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robuust, betrouwbaar herhaaldelijk te meten, minder bias als gevolg van de affectieve
componenten van de pijncascade en de mogelijkheid om specifieke elementen van het
nociceptieve systeem te bestuderen. Daarnaast is in het verleden aangetoond dat de
pijntestbatterij sensitief is om reductie van pijnperceptie te detecteren, door analgetica
die niet bekend staan als directe nociceptieve pijnstillers, zoals pregabaline of
imipramine. Het huidige proefschrift heeft bovendien aangetoond dat deze testbatterij
geen analgetische effecten toont van pure sedativa, zoals promethazine.

Vanzelfsprekend zijn er ook beperkingen aan het gebruik van humane pijnmodellen.
Allereerst lijkt het veelvormige klinisch beeld van neuropathische pijn niet na te
bootsen in een gezonde vrijwilliger. Vanuit ethisch perspectief is het evident dat het
opwekken van chronische pijn niet mogelijk is. Daarnaast creéert streng gecontroleerd
onderzoek in een zeer homogene populatie mogelijk een hogere sensitiviteit, waardoor
subtiele signalen kunnen worden gedetecteerd, die niet waarneembaar zijn in een
patiéntenpopulatie. Anderzijds kunnen potentiele farmacodynamische effecten gemist
worden, doordat de pathofysiologie samenhangt met dysregulatie in het systeem.
Hierdoorreageert het gezonde zenuwstelsel niet op dezelfde wijze op farmacologische
interventie. Mogelijk kunnen aanvullende biomarkers dan een rol spelen om inzicht te
verschaffen in de farmacodynamiek van een geneesmiddel.

Wanneer de metingen van de multimodale biomarker voor pijn worden geintegreerd
met de karakterisering van neurocognitieve en neurofysiologische effecten, ontstaat
een completer beeld van de farmacodynamiek van een pijngeneesmiddel. Dit inzicht
in de humane farmacologie vormt het stuk van de puzzel dat nodig is om de andere
stukken, zoals farmacokinetiek, veiligheid en preklinisch onderzoek, met elkaar te

verbinden.
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