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1 Introduction

1.1 Migraine, state of the art

Since May 2018, patients with migraine — a very disabling primary headache disorder that affects
around 15% of the global population, have access to an innovative group of medications that seems to
be very efficient in treating as well as preventing this severe and widespread chronic health problem.
Monoclonal antibodies antagonizing the CGRP pathway represent a new migraine-targeted therapy

and use a unique and specific mechanism to treat migraine.

1.1.1 Types of migraine

Migraine is a common, chronic and complex neurological brain dysfunction that is classified by the
International Headache Society and is published in the International Classification of Headache Disor-
ders (ICHD). The current version of ICHD-3 beta distinguishes 6 main subtypes, most of which are fur-
ther subdivided (Headache Classification Subcommitee of the IHS, 2018). Roughly migraine can be clas-

sified into two major categories:

-Migraine without aura, also known as the common migraine is a recurrent headache disorder mani-
festing in attacks lasting 4-72 hours. The typical characteristics are unilateral headache, pulsating pain
of moderate to severe intensity, that worsens by routine activities and it is often accompanied by nau-
sea and /or photophobia and / or phonophobia (Headache Classification Subcommitee of the IHS,

2018).

-Migraine with aura, once called classical migraine is typically characterized by reversible focal neuro-
logical symptoms (sensory, visual, speech) that precede headaches and associated migraine symp-
toms. Based on the aura symptoms various subtypes exist, such as the migraine with brainstem aura,
this includes visual, sensory and/or speech or language symptoms and at least 2 of the following addi-
tional symptoms: slurred speech, vertigo, tinnitus, double vision, unsteadiness, and a severe sensitivity
to sound. Then hemiplegic migraine is a subtype of migraine with aura that is characterized by motor
weakness on one side of the body. In rare cases the attacks are accompanied with monocular visual
disturbance, including scintillations, scotomata or blindness, associated with migraine headache in
that case the diagnosis would be retinal (ocular) migraine. In some patients the aura is neither accom-
panied nor followed by headaches of any sort, this subtype is called typical aura without headache

(Headache Classification Subcommitee of the IHS, 2018).



1.1.2 Prevalence of migraine

Approximately 30 million people in the United States aged from 12 to older suffer from headaches that
correspond to the definition of migraine established by the International Headache Society (Lipton et
al., 2001a).

In 2004 Lipton RB et al. started the American Migraine Prevalence and Prevention (AMPP) study, with
the aim to reassess the prevalence of Migraine in the United States (Lipton et al., 2007). It was modeled
on the methods of the American Migraine Studies | (AMS-I) (Lipton et al., 1998) and Il (AMS-I1) (Lipton

et al., 2001a) (Lipton et al., 2001b) allowing comparisons in the findings.

Prevalence of migraine in AMS-I, AMS-II, and AMPP study for total sample

and by sex.
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FIGURE 1

In the latest study-AMPP, 162 576 individuals aged 12 years or older were assessed and 18 968 met
ICHD-2 criteria for migraine. As we can see in FIGURE 1 the one year period prevalence was 11,7%,
17,1% in women and 5,6% in men, suggesting that women are more likely to be diagnosed with
migraine. The results also show that the epidemologic profile of migraine remained stable in the past
15 years in the United States (Lipton et al., 2007). Latest results from a systematic review conducted
in 2018 in the USA again approved that the prevalence has been stable over the years (Burch et al.,

2018).



Age- and gender-specific prevalence of migraine
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FIGURE 2

FIGURE 2 shows that in both males and females, the prevalence of migraine is an inverted U-shaped
curve. The prevalence of migraine varies as a function of age: in early adult life the prevalence rises
and then falls around midlife. In fact, migraine prevalence was at its highest in those aged between 30

and 39 for both women (24,4%) and men (7,4%), on the other side prevalence was lowest in those
aged 60 years or older at 1.6% in men and 5.0% in women (Lipton et al., 2007). Moreover, we can

again notice that migraine is more common in women than in men with a female-to-male ratio around
3:1. Interestingly at prepubertal ages it was noticed that migraine prevalence was actually a little bit
higher in boys than in girls (Stewart et al., 1991).

For both men and women, the prevalence appears to be significantly higher in whites than in blacks
(women 17,3% vs 13,7% and men 5,7% vs 4,1%) (Lipton et al., 2007). Finally, for both sexes, the
prevalence of migraine was greater in the group of lower income (Lipton et al., 2007). Very similar
results have been reported over the years in various european countries such as France (Henry et al.,

1992) (Henry et al., 2002), Norway (Hagen et al., 2000) and Denmark (Russel et al., 1995)

1.1.3 Length and recurrence

The frequency of attacks is varying, from a few in a lifetime to several a week. Most migraineurs expe-
rience less than 15 migraine days or headache days per month, with or without aura and they are

considered to have episodic migraine. Whereas chronic migraine is defined as at least 15 headache

3



days per month (of which at least 8 are migraine days with or without aura) (Headache Classification
Subcommitee of the IHS, 2018).

The duration is different from type to type, in general an attack lasts from 4 to 72 hours (Headache
Classification Subcommitee of the IHS, 2018). In rare and specific cases, it can last longer, these are
then complications of migraine. For example, the status migrainosus and the persistent aura without

infarction (Headache Classification Subcommitee of the IHS, 2018).

1.1.4 Pain locations

A study of headache location reported that the highest location frequencies were in the eyes, temporal
and frontal (Kelman, 2005). In fact, migraine pain usually begins above the eyes, even though migraine
can cause pain all over the head, according to various studies more than half patients reported that
the pain is concentrated on one side (unilateral) with a slight ‘preference’ for the right side (Lipton, et
al., 2001b) (Kelman, 2005). Some complained that the pain is on both sides (bilateral) or altering from
one to the other side and few stated that the pain is located in the middle of the head (Kelman, 2005).
According to (Kelman, 2005) the intermediate sites of pain in migraine are the occipital and the neck
areas. These findings are in accordance with the results from the American Survey (2018), in which out
of 4 365 respondents, 69% reported neck pain as part of a migraine symptom (Health Union). And the
least common sites are diffuse and the vertex (Kelman, 2005). Overall, the results suggested that a
single location is rather rare and that the locations of pain are very similar in the different types of
migraine but there are some differences. The differences are mainly seen in gender, headache
frequency and aura (Kelman, 2005). Finally the location shows many correlations with the stages,

triggers and features of migrain (Kelman, 2005).

1.1.5 Timeline of a migraine attack

Migraine progression is different for everyone. Not every patient goes through all stages and the dif-
ferent symptoms can express themselves at different levels at each stage. But in general, an attack

follows the same pattern. A typical migraine can have up to four distinct phases:

1. Prodrome phase

Before migraine pain hits, the patient may go through this so called ‘preheadache’ phase, which can
begin hours or one or two days before the other symptoms of a migraine and/or the aura (Buzzi et al.,
2005). About 60% of migraineurs experience prodromal symptoms, but not necessarily before every

migraine attack (Lynn et al., 2004) The warning signs vary from person to person (Rossi et al., 2005)



but can include: feeling irritable, mood changes, fatigue, extra sensitivity to light or sound, nausea,
insomnia, diarrhea or constipation, muscle stiffness in the neck and shoulder areas (Lynn et al., 2004).
And very unigue symptoms to the prodrome phase such as yawning, craving certain food and frequent

urination can also occur (Lynn et al., 2004).

2. Auraphase

Various studies showed that up to one-third of people with migraine experience aura before the head-
ache as a distinct phase in the progression of their migraine attack (Rasmussen et al., 1992) (Russell et
al., 1995) (Launer et al., 1999). Just as other phases, aura doesn’t necessarily precede every migraine
attack. Aura symptoms appear gradually over few minutes and can last up to 60 minutes, they can be
accompanied or followed by headache or even without headache following (Headache Classification
Subcommittee of the IHS, 2018). The symptoms can be of sensory or motor nature and many people
experiencing aura endure more than one. Visual symptoms occur in up to 99% of cases and in more
than half of these they do not come with sensory or motor symptoms (Russel et al., 1996) Blurry vision,
blind spots, flashing lights, geometric patterns and vision loss are symptoms that may be experienced
(Russel et al., 1996). The second most common type is the sensory aura (30-40%), typically it affects
only one side (unilateral) and it starts with symptoms such as numbness or tingling in the hand and
progresses towards the face and tongue via arm (Russel et al., 1996). Finally, the motor aura, which is
less common, is half-sided and affects the hand and arm (Russel et al., 1996). Other symptoms can be

weakness, trouble in speaking or hearing, memory problems and vertigo (Russel et al., 1996).

3. Headache phase

The headache phase of a migraine attack is usually characterized by throbbing, pulsing pain on one or
both sides of the head. The pain can move from one side of the head to the other during the progres-
sion of the headache, or more commonly, it may begin on one side and then gradually occupy the
other side. The pain can last 4 to 72 hours and the severity varies from person to person and from
attack to attack, with an intensity ranging from moderate to severe. Even every day activities can ag-
gravate the pain. (Headache Classification Subcommitee of the IHS, 2018). Besides pain, headache
phase symptoms can include nausea, insomnia, anxiety, blurred vision and sensitivity to sound, light
and smell. For instance, nausea occurs in almost 90% of patients, and vomiting in about one-third.

(Lipton et al., 2001a) (Lipton et al., 2001b).



4. Postdrome phase

Once the attack symptoms fade away, the migraine may not be over. The last phase, also known as
the ‘migraine hangover’ takes place once the headache has settled (Bose et al., 2016). The postdrome
phase is very common, but not every person suffers from it. It does not cause pain like the headache
phase, but it can cause its own symptoms for 24-48 hours after the end of the migraine attack. Many
reports a sore feeling in the area where the migraine occurred, some report trouble in concentrating
for a few days after the headache passed. The persons may feel tired or weak and have body aches,
gastrointestinal symptoms, dizziness, mood changes and sensitivity to light (Kelman, 2006). Even
though the headache is over, people in postdrome are still experiencing a migraine attack and can

benefit from avoiding triggers that provoke headache, like bright lights and strong smells.

1.1.6 Triggers

A trigger is anything that contributes to a migraine attack. So, they do not cause a migraine attack they
bring it on. Most migraineurs report experiencing triggers (Pavlovic et al., 2014). Symptoms may start
up to 24 hours after a trigger (Bartleson et al., 2010). There are no universal triggers, different people
have different triggers, but the common ones are : environmental factors (weather), sleep problems,
stress and food (Kelman, 2007)

e Lifestyle triggers: any kind of stress and change in sleep patterns (Kelman, 2007).

e Environmental triggers: strong smells, flickering lights, smoke, air pressure and means of transpor-
tation (Kelman, 2007).

e Weather-related triggers: humidity, sudden changes, summer/winter and pressure (Fux et al.,
2018).

e Hormonal triggers: Changes in hormonal level may be a trigger in women. In fact, migraines are
more likely to happen around menstruation (Radat, 2013). Other hormonal changes, for instance
oral contraceptive use, pregnancy and menopause also play a role (Chai et al., 2014).

e Dietary aspects: Some food and drinks can cause migraine. Especially citrus fruits, alcohol,
nicotine, tyramine-containing foods (bananas, chocolate, red wine and cheese). Tyramine
indirectly stimulates the release of norepinephrine, resulting in vasoconstriction, which could be

the reason for a migraine attack (Fux et al., 2018).



1.1.7 Pathophysiology

In the twentieth century migraine was thought to be a result of vascular dysregulation. Nowadays,
activation of the trigeminovascular system, cortical spreading depression and neuronal sensitization
are seen as particularly important factors in the pathophysiology of migraine (Cutrer, 2010) (Goadsby,
2009). It is believed that a migraine attack starts in the trigeminovascular system and involves dysfunc-
tion of brainstem pathways that normally modulate sensory input. The key pathway for pain is the
trigeminovascular input from the meningeal vessels, via the trigeminal ganglion and synapses on sec-
ond-order neurons in the trigeminocervical complex. In turn, nerve fibers involved in the localization
of pain escalate from the trigeminal nucleus caudalis to the thalamus and then to the sensory cortex
(Goadsby, 2009). The convergence of projections from the trigeminal nerve at the trigeminal nucleus
caudalis and upper cervical nerve roots can take credit for pain in the head and neck. Sensitation and
alteration of thalamo-cortical circuits can occur. Various sensory inputs and messages can be modu-
lated via direct and indirect projection and by descending or ascending influences from the hypothal-
amus (Goadsby, 2009). Various genetic, hormonal and neurochemical factors work together and result
in this dysregulation of cortical and brainstem excitability (Charles et al., 2010). Actually, the brain in
patients with migraines is hyper excitable, with a reduced threshold for the initiation of cortical spread-
ing depression (CSD). CSD is a self-propagating wave of cellular depolarization that expands across the
cerebral cortex. The phenomenon is associated with altered connectivity and might be implicated in
aura. (Charles, 2009). It is believed that cortical spreading depression can activate neurons in the tri-
geminal nucleus caudalis and provoke inflammatory changes (release of various neurotransmitters and
neuromodulators such as CGRP) in pain-sensitive meningeal vascular structures (vascular changes in-
cluding enhanced blood-brain barrier permeability), which finally leads to headache via central and
peripheral reflex mechanisms (Gursoy-Ozdemir et al., 2004).

Finally, the phenomenon of sensitization, a learning process in which frequent administration of a
stimulus results in continuous amplification of a response. In the case of neuronal sensitization, neu-
rons become progressively more responsive to nociceptive and non-nociceptive stimulation, and this
is thought to play a role in migraine attacks. The outcomes are: increased response, expansion of re-
ceptive fields, and development of spontaneous neuronal activity. Peripheral sensitization in the pri-
mary afferent neuron and central sensitization of higher-order neurons of the spinal cord and brain
may play an important role in somatic pain (Malick et al., 2000) (Bernstein et al., 2012). In fact, many
of migraine symptoms, such as exacerbation of headache by physical activity and allodynia are linked

to sensitization (Bernstein et al., 2012).



1.1.8 Current therapies

Migraine treatment may be classified into two broad categories, it may be either abortive or prophy-

lactic.

1. Abortive treatment, also known as acute or symptomatic treatment aims to stop the symptoms
and is taken during migraine attacks. Trigger avoidance and acute symptomatic control with med-
ication, are the two main methods in this type of treatment (Bartleson et al., 2010). Medications
are more effective when they are used earlier in an attack (Bartleson et al., 2010). However,
frequent use of symptomatic medications may result in the development of medication overuse
headache, in which the headaches become more frequent and severe (Headache Classification
Subcommitee of the IHS, 2018). Thus, prophylactic and symptomatic medications become
ineffective.

e Pain relievers such as NSAIDs (acetylsalicylic acid, ibuprofen (Rabbie et al., 2010), diclofenac (Derry
et al., 2013), naproxen), metamizole, paracetamol (acetaminophen) or the combination of para-
cetamol, acetylsalicylic acid and caffeine (Gilmore et al., 2011) are recomended for the treatment
of mild to moderate migraine.

e Antiemetic medication is usually combined with other medications. Drugs, such as metoclopramid,
domperidon and cyclizin can enhance the absorption of NSAIDs, triptans and others, when they
are taken streightaway after the onset of the first symptoms. They increase gastric motility and
may prevent migraine associated nausea (Derry et al., 2013) (Rabbie et al., 2010) (Derry et al.,
2013b).

e 5-HT (5-hydroxytriptamine receptor or serotonin receptor) is a key mediator in the pathogenesis
of migraine. Thus, 5-HT1g and 5-HT1p receptor agonists, commonly known as ‘triptans’ have been
reported as the most effective medication for the treatment of acute migraines (Ferrari et al.,
2001) with moderate to severe pain or those who do not respond to simple analgesics (Gilmore et
al., 2011). There are different galenics available, for routes like oral, iv. injection, nasal spray and
oral dissolving tablets. Overall, they all appear equally efficient and with comparable side effects.
However, one may respond better to a specific one (Gilmore et al., 2011). Triptan medications
include sumatriptan, naratriptan, zolmitriptan, rizatriptan, frovatriptan, almotriptan and
eletriptan.

e Other therapeutic possibilities include: ergotamines and dihydroergotamine, which are older
medications with a broad spectrum of side effects; opioid medications, which are used only in
cases when no other treatment provides relief and glucocorticoids (dexamethasone, prednisone)
may be added to standard treatment to improve pain relief but fraquent use should be avoided

because of the side effects (Colman et al., 2008).
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Preventive therapy should be given to those who suffer from frequent or severe disabling migraine
headaches. The therapy is indicated, when migraine attacks occur more than three times per
month for more than 48 hours, when symptomatic treatment is unsatisfactory or when
unacceptable side effects occur, in case of comorbidity and in case of medication overuse
headache. All in all, preventive drugs are used to reduce frequency, duration and severity of
migraine attacks (Silberstein et al., 2012) (Silberstein et al., 2008) (Silberstein, 2000) . The most
comonly prescribed are beta-blockers, antidepressants and anticonvulsants (Silberstein et al.,
2012) (Schirks et al., 2008).

The effectiveness of beta blockers in migraine treatment was a chance finding in patients receiving
propranolol for angina (Rabkin et al., 1966). Propranolol and timolol are FDA (Food and Drug
Administration) approved for migraine prophylaxis. Other beta-blockers that are used in migraine
treatment are nadolol, metoprolol, and atenolol (Silberstein, 2000).

Calcium channel blockers, especially verapamil may be used in preventing migraines, but they
seem to be weak and they are not first line choices in the United States (Silberstein et al., 2012) In
some european countries flunarizin is approved for migraine prophylaxis and it appears to be
effective for this indication (Karsan et al., 2018).

Tricyclin antidepressants may be effective in preventing minraine in some patients, even without
depression. Amitriptyline is the only tricyclic antidepressant proved to effectively prevent
migraines, but it has not been approved by the FDA (Silberstein et al., 2012). The off-label use is
though very common, despite its wide range of anticholinergic side effects (Schiirks et al., 2008).
Anticonvulsants are commonly prescibed for migraine prevention, because they have been shown
to be highly effective in placebo-controlled trials, especially valproate acid (Hering et al., 1992)
(Jensen et al., 1994) and topiramate (Silberstein et al., 2007). Both drugs are FDA-approved for this
indication. Gabapentin has also been found to be effective in prevention of frequent migraine
attacks (off-label use) (Mathew et al., 2001). And lamotrigine is an antiepileptic drug of choice for
migraine with aura prophylaxis (Lampl et al., 2008).

Other therapeutic options could be: biofeedback, which induces muscle relaxation (Vasudeva et
al., 2003), evidences showed an improvement in incidence of chronic migraine for migraineurs
when botox (botulinum toxin) treatment was used (Dodick et al., 2010), riboflavin (Boehnke et al.,
2004), magnesium (von Luckner et al., 2018) and CoQ10 (Sandor et al., 2005) may also be effective

in migraine prophylaxis.



Nevertheless, all migraine prevention drugs currently used are non-specific. These drugs were de-
signed for other purposes rather than treatments that offer the advantage of targeting specific patho-
physiological processes known to be active in migraine leading to better management of patients. Be-
sides that, not all currently used pharmacologic approaches are effective for all patients, they may not
meet patients’ preferences, and they might even be contraindicated because of drug-drug interac-
tions, which are frequently noticed, especially in patients with comorbidities such as cardiovascular
and psychiatric diseases. Low efficacy and poor tolerability lead to low adherence rates this is why

there is a need for new approaches.

1.2 CGRP and its receptor

1.2.1 CGRP

This peptide neurotransmitter that is mainly produced in sensory neurons exists in two isoforms. The
o form of CGRP has been discovered after alternate splicing of the gene for the calcitonin gene (Amara
et al., 1982). The B form of CGRP, B-CGRP differs from a-CGRP for three amino acids in humans and
only one in rats (Amara et al., 1985). The main isoform, a-CGRP, is a 37-amino-acid peptide that is
implicated in migraine. It is synthesized in neurons through tissue-specific splicing of mRNA transcribed
from the calcitonin-CGRP gene (CALCA) located on chromosome 11 (Amara et al., 1982). Together with
the homologous proteins pro-calcitonin, calcitonin, adrenomedullin, amylin and intermedin, as well as
the C-terminal fragments, CGRP (13.37) and CGRP (19.37) they form the calcitonin receptor family of pep-
tides (Born et al., 2010) (Poyner et al., 2002) These CGRP fragments have been identified in rat spinal

cord and the CGRP (1937 fragment happens to be an antagonist of the receptor (LaGreve's et al., 1997).

1.2.2 CGRP receptor

The CGRP receptor is a complex of several subunits, and each subunit is necessary for the ligand spec-

ificity and full function of the receptor (FIGURE 3):
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Schematic illustration of the CGRP receptor

complex complex

Lipid membrane

FIGURE 3

The receptor consists of two integral membrane proteins calcitonin receptor-like receptor
(CALCRL or CLR) and receptor activity-modifying protein 1 (RAMP 1) and two cytoplasmic pro-

teins, receptor coupling protein (RCP) and the a-subunit of the G protein (Gas). (Edvinsson et

al., 2018)

1. CLR or CALCARL
Central to the complex is the 461-amino acid G-protein-coupled receptor (Gas) with 7 transmembrane

domains-CLR (calcitonin receptor-like receptor), which is member of the secretin receptor family.

2. RAMPs

Three RAMPs (receptor activity-modifying protein) are known: RAMP1, RAMP2 and RAMP3. These are
single transmembrane proteins. Only the heterodimerization of RAMP1 and CLR creates a CGRP recep-
tor with high affinity for CGRP and that can be antagonized by the peptide CGRPs 37, whereas the asso-
ciations with RAMP2 and RAMP3 produce adrenomedullin receptors (AM1 and AM2) (McLatchie et al.,
1998)

3. RCP
An additional third protein, the so-called RCP (receptor component protein) is required for an optimally
functional CGRP receptor, because this hydrophilic membrane associated protein is able to activate

the phosphorylation of multiple downstream targets (Evans et al., 2000).
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1.2.3 The signalling of CGRP receptor

Schematic illustration of the CGRP receptor me-

diated intracellular signaling

Citrulline L-Arginine
NADP* NADPH

Transcription,
Plasticity

FIGURE 3

The binding of CGRP to the CLR/RAMP1 receptor leads to the activation of various signaling path-
ways. In fact, the activation of adenylate cyclase (AC) by Gas leads to increased intracellular
cAMP levels, thereby activating protein kinase (PKA), resulting in the phosphorylation of multiple
downstream targets, such as the potassium-sensitive ATP channels (Kare channels), extracellular
signal-related kinases (ERKs) and transcription factors such as cAMP-responsive element-binding

protein (CREB). The CGRP receptor activation may also generate nitric oxide (NO) via phosphory-

lation of nitric oxide synthase (NOS). (lyengar et al., 2017)

1.3 CGRP and CGRP receptor-distribution and function in the trigeminovascular
system.

1.3.1 Trigeminovascular system

The trigeminovascular system is part of the system that regulates the cranial vasculature and it is the
central element in the transmission of pain involved in headache. This is why it is interesting to watch

closely the distribution and the role of CGRP and its receptor in this system (FIGURE 4 A/B).
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glion) innervate the cerebral blood vessels and the
chemistry. Red regions represent cell bodies that ex-

cranial dura mater. Elevated CGRP in the periphery
press other signaling molecules. (Edvinsson et al.,

2018)

causes vasodilation via action on the smooth muscle
of dural vessels. The central terminals of primary af-
ferent fibres of the TG project centrally to the brain-
stem where CGRP transmits nociceptive inputs to
the spinal horns and the trigeminal nucleus cau-
dalis, more precisely to second order neurons.
From there the signals are projected to higher cor-

tical regions (Eftekhari, 2013).

1.3.2 Expression in the trigeminal ganglion

The distribution of CGRP and CGRP receptor is almost exclusively found in peripheral sensory nerves.
Studies have revealed that a-CGRP is more likely to be found in sensory nerves with cell bodies in the

dorsal root ganglion and trigeminal ganglion (Mulderry et al., 1988) (Noguchi et al., 1990).
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Bipolar trigeminal sensory neurons have different cell sizes and two types of glial cells, satellite glial
cells and Schwann cells. On the whole, C-type sensory neurons release CGRP from the soma or local
axon varicosities (Mason et al., 1984) , and CGRP acts on receptors on AS-type sensory neurons and
satellite glial cells with the aim to regulate pain sensitivty and transmission within the ganglion

(FIGURE 5).

Schematic illustration of cells and fibres within the

trigeminal ganglion that express either CGRP or the

Satellite glial cells
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FIGURE 5

CGRP positive neurons have small to medium sized cell bodies and thin, “pearl-like” fibers among
the cells also express CGRP (red). The co-expression of receptor components, CLR and RAMP1,
takes place in larger cells, satellite glial cells and in the cells of vascular smooth muscle located

in blood vessels within the trigeminal ganglion (green). These are sites, where CGRP receptor

antagonists may act. (Edvinsson, 2015)

Moreover, CGRP and CGRP receptors have been detected in the peripheral and central branches of
trigeminal nerves (Eftekhari et al., 2010). The same expression pattern is observed as in trigeminal
ganglion cell bodies (Eftekhari et al., 2013). There is no co-localization of the peptide and the receptor:
CGRP can be found in small-diameter, unmyelinated C-fibres that are known to slowly transmit signals
of dull, diffuse pain. On the other hand, CGRP receptors have been detected in thicker, myelinated

fibres, the so called A-type nociceptive nerves, which signal sharp, acute pain (Eftekhari et al., 2013).
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1.3.3 Peripheral targets

e Cerebrovasculature

Trigeminal CGRP nerves almost innervate all vasculatures and CGRP has been shown as one of the
most potent vasodilators (Edvinsson et al., 1987). The release of CGRP is thought to act on cerebrovas-
cular smooth muscle cells to increase intracellular cAMP, decrease intracellular Ca?* and cause vasodi-
latation (Edvinsson et al., 1985, but the peptide has no effect on the cerebrovascular endothelium
(Jansen-Olesen et al., 1996). CGRP not only is a potent vasodilator, but also has a pronociceptive action
through increased release of substance P and modulation of the synaptic transmission of glutamate

(Russel et al., 2014).

e Dura mater

The cranial dura mater is involved in meningeal nociception and stores a wide range of signal molecules
that play an important role in migraine (Edvinsson et al., 1981). The neurogenic inflammation in the
dura participates in peripheral sensitization and CGRP mediates this process, thanks to its vasodilatory
action and its ability to elevate the release of substance P, which in turn induces plasma extravasation
(Bernstein et al., 2012). The dura mater also contains numerous mast cells (Orr et al., 1984). Mast cells
contain many vasoactive and proinflammatory molecules (such as histamine, serotonin, bradykinin
and substance P) (Galli, 1993), that are considered to be involved in migraine pathophysiology (Levy et
al., 2007). Studies have revealed that elevated CGRP release may lead to histamine release in rat dura

mater via degranulation of mast cells (Ottosson et al., 1997)

1.3.4 Central targets

e Brainstem and spinal cord

As we can see inthe FIGURE 4B CGRP positive neurons centrally project to the spinal trigeminal nucleus
(STN) in the brainstem and in the upper cervical levels of the spinal cord (C; and C;). There CGRP acts
on second order neurons, who project the pain signals through ascending pain pathways to higher pain
regions (thalamic and cortical regions) via brainstem and midbrain, resulting in perception of pain (Liu
et al., 2009). It is believed that migraine is associated with disturbances in the brain and brainstem
function (Goadsby et al., 2009). Various clinical studies using positron emission tomography (PET)
(Weiller et al., 1995) (Diener, 1997) (Bahra et al., 2001) and functional magnetic resonance imaging

(fMRI) (Stankewitz et al., 2011) have shown that brainstem areas in migraine patients are activated
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during migraine attacks. As for the spinal cord, stimulations of the C; nerve provoked periorbital and
frontal pain in migraine patients. These findings suggest that the C; nerve might be an important
therapeutic target (Johnston et al., 2013).

e CNS

The limited passage of the antibodies and some gepants into the brain speaks against the CNS as a
primary target site of action. Therefore the main target is most probably located outside the blood

brain barrier (BBB) (Edvinsson, 2015).

1.4 Pathophysiology

1.4.1 Elevated CGRP levels and migraine

Experimental and clinical studies have shown elevated levels of CGRP in plasma and saliva samples
taken from patients during migraine attack (Goadsby et al., 1990) (Goadsby et al., 1993) (Bellamy et
al., 2006). In addition, infusion of exogenous CGRP can trigger migraine-like headache in patients prone
to migraine (Lassen et al., 2002) (Hansen et al., 2010). All these findings underscored the crucial role

of CGRP in migraine.

1.4.2 Inhibition of CGRP

e Triptans

Tests have demonstrated that headache relief after sumatriptan coincides with normalization of CGRP
levels (Goadsby et al., 1993) (Goadsby et al., 1994). Interestingly, the majority of CGRP positive neurons
in the trigeminal ganglion also express 5HTip and 5HT3s receptors, indicating that the same cells are

targets of triptans (Hou et al., 2001).

e Gepants

Small molecule CGRP antagonists, such as olcegepant (Olesen et al., 2004) and telcagepant (Ho et al.,
2008) (Connor et al., 2009) that have been tested in clinical trials had similar efficacy in acute treatment
of migraine as triptans. But due to formulation problems (olcegepant) and concerns about the lever
toxicity of telcagepant (Ho et al., 2014) the clinical development of gepants has been discontinued.
Nevertheless, two chemically different molecules ubrogepant (Voss et al., 2016) and atogepant
(Tepper, 2018) and rimegepant (Marcus et al., 2014) are currently undergoing clinical tests and have
shown positive results. If these prove to be effective and safe, they will provide an alternative to trip-

tans especially for non-responders and patients with cardiovascular problems.

16



e mAB
Alternative to small molecules blocking CGRP is the use of monoclonal antibodies (mAB) that bind ei-

ther CGRP or the receptor.

TABLE 1: Small Molecules versus mAB

Small Molecules mAB
Target specifity low high
Production chemically synthesized in tissue culture
Immunogenicity no yes
Size <1kD ~150kD
Route of administration oral parenteral
Cross the BBB yes/no no
Pharmacokinetic more consistent variability Variable oral absorption
Clearance liver, kidney reticulo-endothelial system
Half-life minutes to hours 1-4 weeks
Binding site multiple CGRP receptor or peptide

mAB have various important advantages over gepants in migraine prevention, as they have a highly
specific action and they are not metabolized in the liver, they have less potential for liver toxicity. Other
relevant differences for preventive treatment are listed in TABLE 1 above (Edvinsson, 2018).

There are three medications available to date: erenumab (Aimovig), fremanezumab (Ajovy), and gal-
canezumab (Emgality). All are FDA-approved for the prevention of migraine in adults (U.S. Food and
Drug Administration, 2018). A fourth, eptinezumab, has completed phase 3 trials, with possible FDA

approval in early 2020 (Alder BioPharmaceuticals, Inc., 2019).
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TABLE 2: mABs targeting the CGRP pathway

Erenumab Fremanezumab Galcanezumab Eptinezumab
Type of AB fully human humanized humanized humanized
Target CGRP receptor CGRP CGRP CGRP
Type of mi- EM/CM EM/CM/cluster head- | EM/CM/cluster head- EM/CM
graine in ache ache
trials
Half-life ~ 3 weeks 40-48 days 28 days 31 days
Dosing and 70mg/140mg 225mg 240mg one month 100mg/300mg
route of monthly S.C monthly/675mg every | then 120mg monthly monthly L.V
action 3 months S.C S.C
Status FDA approved FDA approved FDA approved late Phase Il

EM: Episodic Migraine; CM: Chronic Migraine; S.C: subcutaneous; I.V: Intravenous

All formulations have been tested in numerous phase Il trials in CM and EM. All four have shown
greater statistical results in reducing migraine days, reducing headache days and in 50% responder
rate (the percentage of trial patients achieving a 50% reduction in migraine/headache days) compared
with placebo. The reduction of monthly migraine days compared with placebo is on average 2 days for

EM and 4-6 days for CM (Edvinsson, 2018).

1.5 Research aims

Based on the introduction above, three research questions have arisen:

-1.5.1 How safe are long term antibody therapies, in particular with CGRP neutralizing antibodies ap-
proved for migraine?

-1.5.2 Are preclinical safety data predictive for particular risks of CGRP neutralizing antibodies?

-1.5.3 Is it already possible to estimate the clinical benefit of CGRP neutralizing antibodies and their

possible impact on costs and insurance coverage perspective?

18



2 Methods

Based on literature search, key publications will be reviewed, evaluated for signaling of CGRP, CGRP
distribution, the role of CGRP in the pathophysiology of migraine and the pharmacological properties
of CGRP inhibition. Together these findings will then focus on the treatment options of currently avail-
able monoclonal antibodies. In great detail, the pharmacology, mode of action, pharmacokinetics and
clinical outcomes trials will be accomplished for all four mAb. Finally, the evaluation of the long-term

safety and efficacy will be the center of this work.

The methods used to answer the above mentioned aims and questions are exclusively based on liter-
ature searches and include preclinical and clinical studies. Databases such as PubMed, specialist liter-
ature and journals (including online journals) will be used. Supplementary pharmaceutical references
are taken from pharmaceutical newspapers or pharmaceutical news (also online). Further information
was taken from the official web pages of the products or the web pages of the producing companies.
The official web pages of authorities such as the FDA and the EMEA were used for information con-
cerning the approval or the SmPC.

To determinate relevant articles terms such as: erenumab, fremanezumab, galcanezumab, epti-

nezumab, mAB CGRP, CGRP inhibitors, mAB in migraine. All reviewed articles were in English.
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3 Main results

3.1 Risk of long term CGRP block

3.1.1 Safety and tolerability-Erenumab (AMG-334)

TABLE 3: Results from phase Il and lll trials of erenumab (Aimovig®)

NCT-number pro- | Migraine | Population | % with any | % with serious AEs Most common AEs
tocol and date of type AE (active | (active vs placebo)
completion vs placebo)
NCT 02066415 C™m 667 140mg: 140mg: Injection site pain,
Phase Il, random- 46,8 vs 39 1,1vs 2,5 URTI, nausea
ized double-blind
placebo controlled,
April 2016
(U.S National
Library of
Medicine, 2018)
NCT 02456740- EM 955 140mg: 140mg: Injection site pain,
STRIVE 55,5 vs 63 3,3vs 2,19 URTI, nasopharyngitis,

Phase Ill, random-
ized double-blind
placebo controlled,
June 2017
(Goadsby et al.,
2017)

AE: adverse event; URTI: upper respiratory tract infection
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As can be seen from the TABLE 3 above, erenumab proved to be well tolerated. For instance, ere-

numab- and placebo-treated groups did not differ significantly in the number of AEs. The SmPC sug-

gests in the section entitled ‘undesirable effects’: in total more than 2 500 patients have been treated

with erenumab in registration studies. Of all these, over 1 300 patients were treated for at least 12

months with erenumab. The most common reported adverse drug reactions for 70 mg and 140 mg

were injection site reaction (5,6%/4,5%), constipation (1,3%/3,2%), muscle spasms (0,7%/2,0%) and

pruritus (1,0%/1,8%). For the most part the reactions were mild or moderate in severity (European

Medicines Agency, 2018).

3.1.2 Safety and tolerability-Fremanezumab (TEV-48125)

TABLE 4: Results from phase Il and Ill trials of fremanezumab (Ajovy®)

NCT-number proto- Mi- Population | % with any AE % treatment re- Most common AEs
col and date of com- | graine (active vs pla- | lated AE moderate
pletion type cebo) or severe (active
vs placebo)

NCT 02025556 EM 297 225mg: 225mg: Injection site pain,
Phase Il, random- 46 vs 56 25 vs 27 erythema
ized, double-blind, 675mg: 675mg:
placebo-controlled, 59 vs 56 27 vs 27

March 2015
(Bigal et al., 2015)

NCT 02629861 EM 875 225mg: 225mg: Injection site pain,
Phase Ill, random- 66 vs 58 48 vs 37 erythema
ized, double-blind, 675mg: 675mg:
placebo-controlled, 66 vs 58 47 vs 37

April 2017
(Dodick et al., 2018)

NCT 02021773 C™M 297 225mg/675mg: 225mg/675mg Injection site pain,
Phase Il, random- 53vs 40 29vs 17 pruritus
ized, double-blind, 900mg: 900mg:

double dummy, pla- 48 vs 40 32vs 17

cebo-controlled,
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March 2015
(Bigal et al., 2015-2)

NCT 02621931 Cc™M 1130
Phase Ill, random-
ized, double-blind,
placebo-controlled,
April 2017
(Silberstein et al.,

2017)

225mg:
71vs 64
675mg:
70 vs 64

225mg:
51vs 42
675mg:
49 vs 42

Injection site pain,

induration, erythema

Just like for erenumab, very few serious adverse events occurred in all the above-mentioned clinical

trials (1-2%). As the data from TABLE 4 suggests the most common treatment related AEs were related

with the application art (injection). According to the full prescribing information, clinically significant

adverse reactions for fremanezumab reported in clinical trials were hypersensitivity reactions, includ-

ing rash, pruritus, drug hypersensitivity and urticaria. Most of which were mild to moderate, although

some led to discontinuation or required a treatment with corticosteroid (U.S Food and Drug

Administration, 2018-2).

3.1.3 Safety and tolerability-Galcanezumab (LY2951742)

TABLE 5: Results from phase Il and Ill trials of galcanezumab (Emgality®)

NCT-number protocol Mi- Popula- TEAE (active vs Most common AEs
and date of completion | graine tion placebo)
type
NCT 01625988 EM 218 150mg: Injection site pain, URTI
Phase Il, randomized, 72 vs 67

double blind, placebo
controlled,
September 2013
(Dodick et al., 2014)
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NCT 02614183- EM 858 120mg:
EVOLVE | 65,5 vs 60,4
Phase lll, randomized, 240mg:
double-blind, placebo- 67,7 vs 60,4
controlled,
August 2018
(Stauffer et al., 2018)
NCT 02614196- EM 986 120mg:
EVOLVE Il 65 vs 62,3
Phase lll, randomized, 240mg:
double-blind, double 71,5vs 62,3
dummy, placebo-con-
trolled,
October 2018
(Skljarevski et al., 2018)
NCT 02614261- c™M 1113 120mg:
REGAINE 58 vs 50
Phase lll, randomized, 240mg:
57 vs 50

double-blind, double
dummy, placebo-con-
trolled,
Primary March 2017
Estimated 2021
(Detke et al., 2018)

TEAE: treatment emergent adverse event

Injection site pain, erythema,

pruritus, URTI

Injection site pain, erythema

Injection site pain, erythema,

pruritus, sinusitis

The prescribing information suggests that the most common AE reported with galcanezumab in clinical

studies were hypersensitivity reactions (rash, urticaria and dyspnea). These reactions can occur days

after administration and may be prolonged (U.S Food and Drug Administration, 2018-3).
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3.1.4 Safety and tolerability-Eptinezumab (ALD403)

TABLE 6: Results from phase Il and Ill trials of eptinezumab

NCT-number protocol Mi- Popula- TEAE (active vs Most common AEs
and date of completion | graine tion placebo)
type
NCT 01772524 EM 163 1000mg: URTI, UTI, nasopharingitis
Phase Il, randomized, 57 vs 52

double-blind, placebo-
controlled,
February 2014
(Dodick et al., 2014)

NCT 02559895- EM 900 30mg: URTI, nasopharyngitis, sinusitis
PROMISE | 58 vs 60
Phase Ill, randomized, 100mg:
double-blind, placebo- 63 vs 60
controlled, 300mg:
December 2017 58 vs 60

(Saper et al., 2018-2)

NCT 02974153- C™m 1121 100mg: URTI, UTI, nasopharingitis
PROMISE II 38 vs 39
Phase Ill, randomized, 300mg:
double-blind, double 44 vs 39

dummy, placebo-con-
trolled,
April 2018
(Kudrow et al., 2018)

As we can see in TABLE 6, occurrences of TEAE were same among treatment and placebo groups, sug-

gesting a good tolerability.

All'in all, in the phase Il and Il studies reported here no serious adverse event signals were reported.

Taken together, mABs targeting the CGRP pathway seem to offer a safe target-specific preventive
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treatment for migraine, while adverse reactions are mainly locally restricted to skin and flu like symp-
toms. Nevertheless, further investigations are needed in order to determine the long-term safety pro-

file.

3.2 Are preclinical safety data predictive for particular risks of CGRP neutrali-
zing antibodies?

CGRP is broadly expressed throughout the peripheral and enteric nervous system. The peptide being
involved in several physiological processes (Russel et al., 2014) and homeostatic responses during
pathophysiological conditions (Russel et al., 2014), it is important to consider that an extensive variety
of possible adverse events could be caused by blocking CGRP for long duration. As discussed above,
mAB against CGRP seem to offer a very promising and unique anti-migraine therapy, nevertheless
speculations about long term blocking being dangerous for cardiovascular and cerebrovascular com-

promised patients exist and are the first and biggest safety concern among others.

3.2.1 Cardiovascular safety concerns

In the cardiovascular system, CGRP can be found in nerve fibres innervating blood vessels (Uddman et
al., 1986) and the heart (Opgaard et al., 1995), and participates in the regulation of blood pressure
(Russel et al., 2014). Moreover it has also been shown that CGRP has an important role in maintaining
cardiovascular homeostasis during ischemic events (Russel et al., 2014). This protective role in

pathophysiologic conditions among many others raises concern.

a. CGRP and Hypertension

Hypertension is one of the key factors that can lead to atheroscleoris, cardiac diseases and cerebral
insults. One study has demonstrated that CGRP may prevent the onset of hypertension and this
protective role is most likely arbitrated via actions at peripheral sites (Smillie et al., 2014). In fact these
findings are consistent with the results from a previous study that has shown that the mean arterial
pressure and the plasma renin activity were increased in CGRP-knockout mice (Li et al., 2004 ). This
suggests that CGRP reduces blood pressure in pathologic states via modulation of RAAS. Even though
CGRP is the most potent peripheral vasodilator acting in the microvasculature it is not involved in
physiological regulation of blood pressure (Russel et al., 2014). It is also important to mention the role
of CGRP in maintaining cerebral blood flow via autoregulation in chronic hypertension (Wang et al.,

2015).
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b. CGRP and Cerebral Ischemia

Already back in the eighties, it was shown that CGRP increases blood flow after arterial occlusions
(McCulloch et al., 1986). Later, CGRP appeared to have a neuroprotective effect against focal cerebral
ischemia by increasing blood flow. And this action takes place via leptin (Zhang et al., 2007) (Zhang et
al., 2011). Assays in rats, have demonstrated that the administration of CGRP at the onset of the reper-
fusion period after experimental cerebral artery occlusion significantly reduced infarct volume. The
post ischemic increase of brain edema was also reduced. It is believed that the neuroprotective role of
CGRP is either mediated directly by helping to rescue the restoration of blood flow via its vasodilatory
properties or indirectly by improving the BBB dysfunction (Liu et al., 2011). CGRP has shown protective

actions against ischemia in a range of other organs for example in rat liver (Song et al., 2009).

c. CGRP and the Heart

Various studies in rats and mice suggest that CGRP is released compensatory in response to heart fail-
ure (Homma et al., 2014) (Chai et al. 2006) (Li et al. 2002) (Lei et al., 2016). It acts in the heart in a
protective manner against ischemia possibly by inducing vasodilation, which in turn decreases the af-
terload to enhance stroke volume (Bergdahl et al., 1999). CGRP infusion in dogs increased coronary
flow and decreased coronary resistance, as well as blood pressure (Joyce et al., 1990). Another study
conducted in dogs has shown that CGRP mediates positive inotropy through sympathetic activation.
These positive inotropic effects increase stroke volume and ejection fraction (Katori et al., 2005). Com-
parably in humans, CGRP lowered blood pressure as | mentioned above and protected against heart
failure by mediating positive chronotropic and inotropic effects (Gennari et al. 1985) (Saetrum Opgaard
et al., 2000). Further studies with evidence for a cardioprotective role, demonstrated: decreased CGRP
levels in coronary artery disease (Wang et al., 2012), increased cardiac contractility after i.v. infusion
of CGRP in heart failure (Gennari et al. 1990) and implication of CGRP in the response to NO in chronic
heart failure (Peng et al., 2012).

To date treatments with anti-CGRP antibodies did not demonstrate any significant cardiovascular re-
lated adverse event (see the results above from Phase Il and Il studies). Furthermore, chronic exposure
to anti-CGRP antibodies did not have effects on heart rate or blood pressure in monkeys and rats (Wal-
ter et al., 2014) (Zeller et al., 2008). But the above-mentioned protective role raises concern, since
migraine patients have been shown to be prone to cardiovascular diseases (Sacco et al. 2014) (Kurth

et al,, 2016). To date, most of the studies have been conducted on animals or normal, healthy subjects
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and do not give further information on how CGRP blockade may affect patients with compromised
cardiovascular system. Further long-term studies and post-marketing studies are needed to clarify
whether CGRP blocking may exacerbate current cardiovascular diseases or increase the severity of
cardiovascular events. These studies should be aimed at clarifying the protective mechanisms and to
which extent a blockade of CGRP may cause safety issues. Moreover, including bigger populations and
patients with cardiovascular disease history or predestination will allow clinically relevant evaluation
of the present concerns. This seems already to be taken in account, as a recent study investigated the
effect of erenumab in patients with stable angina (Depre et al., 2018). Results have demonstrated that
erenumab did not affect exercise-induced angina or ischemia (Depre et al., 2018). However, we must
consider that erenumab currently is the only mAB targeting the receptor and the results may not be
same for CGRP peptide blocking. Demystifying whether differences in action and safety exist between
mAB against CGRP receptor and CGRP peptide would also be important (MaassenVanDenBrink et al.,
2016). Furthermore, the studies must also take in account gender differences because it is suggested
that females are more prone to both, strokes and migraine. Hormonal and pathophysiological differ-
ences may play an important role in cardiovascular events during CGRP blockade (MaassenVanDen-

Brink et al., 2016)

3.2.2 Immunological safety concerns

In clinical practice, the use of mAB is associated with a variety of immunological AE. Potential AE could
be hypersensitivity, auto immunity and acute infusion complications (Descotes 2009). What is the im-
munogenic risk for anti CGRP therapies?

CGRP is peptide-ligand-antigen but not an immunogen. Being a ligand, it possesses abilities to form
complexes with biomolecules leading to signals. An antigen is a biomolecule that can be recognized by
the immune system, while an immunogen is an antigen that can lead to special immune response.
CGRP is an antigen, since it can be recognized by mAB but CGRP does not induce an immune response
and as such it is not an immunogen (Taylor, 2019). The immunogenic potential of antigens depends on
various molecular (stability of shape, size, foreignness...), biologic (responders vs non responders) and
administrative (S.C, .V, dosage...). Based on available data, mAB targeting CGRP are poor immunogens
(Taylor, 2019).

Up to date what is known concerning Anti-Drug Antibody (ADA), toxicity, safety and tolerability con-
cerns for ADAs and drug specific immunogenicity?

The data reviewed until now is limited. In phase Il and Il trials no serious immune mediated adverse
reaction (AR) were reported (see results from trials), even though they still contain non-human amino

acids (eptinezumab, fremanezumab, galcanezumab are humanized so >90% human amino acids while

28



erenumab is fully human ~100%), probably because of low risks with humanized antibodies. Still first
results (Phase Il and Phase Ill) have shown that a small percentage of patients were recorded with
positive ADAs and AEs, in percentages ranging from 1-18% (Taylor, 2019).

It is very difficult to make predictions based on preclinical safety immunological models, current data
support low immunogenicity, but this is absolutely limited and a long-term follow-up with sensitive
biomarkers could lead to early recognition of specific ADAs. This topic is of big importance because of

possible decreased therapy effectiveness and possible immunoallergic hypersensitivity reactions.

3.2.3 Other possible risks and effects.

a. Wound healing

The upcoming risk is more theoretical and has not been mentioned in any clinical trial so far but it
could present a possible safety concern, since CGRP has also been associated with enhancement of
wound healing (Khalil et al., 1996) (Russel et al., 2014). It is believed that the action relies on the ability
of CGRP to promote keratinocytes proliferation (Roggenkamp et al., 2013), enhance revascularization
(Mishima et al., 2011) (Majima et al., 2019), reduce expression of tumor necrosis factor a (TNFa) and
attenuate macrophage infiltration (Zhang et al., 2010). Considering all these, a result of chronic block-
ing of CGRP could be alterations in wound healing and high inflammatory responses in skin injuries at

the injection site.

b. Gastrointestinal tract (GIT)

The GIT is highly innervated by B-CGRP fibres (Mulderry et al., 1988). And mAB against CGRP are not
selective for the a form, but also block B-CGRP. As a matter of fact, mucosal damages were reported
in animal studies with mAB targeting CGRP (Peskar et al., 1993) (Reinshagen et al., 1998). CGRP seems
to play a role in the maintenance of mucosal integrity of the GIT. Blocking CGRP could therefore trigger
inflammatory bowel diseases. Moreover, CGRP is also considered to be involved in motility regulation
of GIT, leading to episodes of diarrhea or constipation while blocking CGRP (Bartho et al., 1993). Even
though studies have not mentioned monitoring of GIT complications, it may be recommended, be-
cause investigations on CGRP KO mice suggested that CGRP agonists may be used for treatment of

ulcera (Ohno et al., 2008).

c. Risk of Pre-Eclampsia
CGRP blood levels increase during pregnancy (Yadav et al., 2014) while in women with pre-eclampsia,

lower CGRP-levels were recorded (Yadav et al., 2014) (Fei et al., 2012). Even though it is unknown if
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these levels are cause or consequence in pre-eclampsia, assuming that the blocking of CGRP might be
harmful for the mother and the fetus is very reasonable. Especially in the case of migraine, since most

patients diagnosed with migraine are women of child-bearing age (MaassenVanDenBrink et al., 2016).

d. Off-targeting

The precise site of action of blocking CGRP is still unknown. Erenumab being the only CGRP receptor
binding antibody, might also bind to other secretin receptors and therefor may exert additional and
unforeseeable effects? It was suggested that CGRP may act on amylin receptor. But erenumab CGRP
affinity is high and no binding to other receptors was reported, even at highest doses. The affinity was
reported to be 5000-fold greater than to AMY; and AM receptors (Shi et al. 2016). To date no AEs
differing from mAB targeting the ligand have been reported. Eventually, off-targeting may lead to un-

known-potential risks in long term observational studies.

To conclude on this part, CGRP is involved in many physiological and pathophysiological actions, there-
fore it is natural to have concerns about potential risks. Above | listed various safety concerns, some
are very important and are also taken into consideration, others are very theoretical. Available data
are limited and thus preclude predictions and safety considerations upon long-term usage. The results
from clinical trials are very promising and support a well-tolerated new drug family. However, we must

await the results from larger and longer trials to evaluate long-term effects.

3.3 Are mAB used for prevention of migraine worth the cost?

3.3.1 Background

Migraine is an extremely debilitating neurological disease and is also very common. It is ranked as the
third most prevalent iliness worldwide. Obviously, migraine presents a public health issue with serious
economic consequences. In fact, in 2015 the costs of treating chronic migraine were estimated more
than S$5,4 billion in the U.S. Moreover, $36 billion are the total annual estimated costs for health care
and lost productivity (Migraine Research Foundation). Various other countries also reported about the
socioeconomic impact of migraine. For example, in the UK, according to the Global Burden of Disease
study 2016: 23,3% adults are affected by migraine and an average of 11,4 workdays are lost per person
per year. Based on this data, the Work Foundation made calculations and concluded that these lost

days cost the UK economy about £8,8 billion each year (The Work Foundation).
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In France, according to an online survey, migraine patients lose approximately 33 working days per
year, which annually costs €3,8 billion to French society (Leiba et al., June 2018). Results have also
shown that 58% of patients purchased non-reimbursed medicine for migraine treatment with an av-

erage cost of €31,90 per month (Leiba et al., June 2018).

As it was expected, the new CGRP preventive antagonists have high prices. In the USA the price for all
three approved agents is approximately $7000 per year (Sparrow et al. 2019). In Austria, the price for
Aimovig® is €677/package (~€8000 per year). Due to their cost and mode of administration, prescrib-
ing should be almost exclusively for patients with high-frequency episodic or chronic migraine who
have failed or who cannot tolerate prior first-line preventive treatments. Industry analysts estimated
that about 7 million patients could be suitable for preventive treatment. Leading to a market worth $8

billion up to $10 billion (Court, 2017).

3.3.2 Cost-effectiveness from the Institute for Clinical and Economic Review’s (ICER’s) point
of view.

ICER has released an evidence report in May 2018 assessing the comparative (no preventive treatment
or commonly used preventive treatment) clinical effectiveness and the value of 3 CGRP inhibitors for
prevention of chronic or episodic migraines (ICER, 2018). Erenumab, fremanezumab and galcane-
zumab (evidence found to be insufficient) were reviewed for various outcomes such as tolerability, AE,
health-related quality of life and such. The report considered existing evidence from clinical trials (in
the final reported 18 for EM and 11 for CM). ICER’s report estimated that CGRP inhibitors prevented
on to three days of migraine per month. When using an estimated price of $5000 (annual net), the
report found that the price of the therapies coordinates with the expenses of patient for whom differ-
ent preventive treatments have failed. All in all, these new CGRG inhibitors were not found to be cost-
effective. But it is important to mention that this is valid if used for patients who had not tried other
existing, far less expensive preventive treatment. In the case, when the drugs are used for patients for
whom previous preventive treatments have failed, ICER estimated an equitable annual price ranging
from $3700 to $5300 for erenumab and $37000 to $5200 for fremanezumab. These costs represent a
discount of 23% and 46% off the list price, respectively. Moreover, based on an assumed net price of
$5000, ICER predicted that of all eligible patients (at least one preventive therapy failed), annually 16%
could be treated with erenumab, while 22% could be treated with fremanezumab, without having an
impact on the concerns about affordability. The final report was released in July 2018 and it also in-
cluded results of the California Technology Assessment Forum Panel (June 2018). The meeting dis-

cussed the issues regarding the evidences and applying it to practice. Clinical experts came up to the
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conclusion that: since mAB targeting CGRP use a new mechanism of action with still unrevealed long-
term safety profile, are injectable and patients without benefits are likely to quit treatment, access and
affordability are unlikely to become a big concern. ICER on the other side concluded that at this mo-
ment it is not issuing an affordability and access alert. But suggested to be careful and to monitor the

use of the drugs, as a budget impact is possible (Rodriguez, 2018).

3.3.3 Experts view on the cost effectiveness.

There is a conflict in opinion among the experts, some support the ICER others express disagreement
(Hoffman, 2019). According to some experts, the costs might affect already existing treatment inequi-
ties because people with low incomes are more likely to suffer from migraine but have less access to
this new treatment. They also highlighted ICER’s estimation that each migraine-free day with ere-
numab or fremanezumab treatment costs between $130 and $340 (Burch et al., 2018). Moreover, they
also stated that a 75% cost reduction (approximately $2200 per year) is required in order for the whole
eligible group of patients to gain access to treatment (Burch et al., 2018).

While other experts believe that results from clinical practice are more relevant than the ones from
clinical trials. And they suggested that when determining efficiency, the focus should be on the mag-
nitude of response (Tepper et al., 2019). Furthermore, a paper called ‘The ICER myth’ has also been
released (Winegarden, 2018). This paper underlines that ICER’s prices can be used as negotiation tools
for health plans, which would have an impact on patients’ accessibility to new approved therapies.
‘One-size-fits-all Approach’, insufficient data, inability to replicate and inadequate metrics are the lim-
itations of the group’s reports according to ‘The ICER myth’.

To conclude, at this time even making prediction is very difficult, further practical evidences are nec-
essary, especially on heterogenous patient groups in order to demonstrate a net benefit. Determining
the cost effectiveness is very complex, various things have to be taken in account such as budget, in-
surances, health benefit. One thing is sure: this is the first innovation for migraine in many years and
many patients have no other options for preventive therapy, they are in need of new treatment pos-

sibilities.
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4 Discussion

Based on the physiology and pathophysiology of migraine and on the mode of action of new CGRP
related drugs, the painful and disabling headache could be a result of dysfunctional signaling in the TG.
Currently used treatments for migraine prevention are unspecific and problems such as, little treat-
ment responders, tolerability and AE are very common. With the introduction of mAB targeting the
CGRP peptide or the receptor hope of health care professionals and patients rises (Potenza, 2016)
(Maasumi et al. 2018). The available data collected so far in phase Il and phase Ill trials are very positive
(Edvinsson, 2018). The treatments have shown to be effective with a satisfactory safety profile. Mi-
graine is often associated with various comorbidities and CGRP is implicated in physiological and path-
ophysiological actions within the whole body. Moreover, little is known about pharmacokinetics and
pharmacodynamic of CGRP peptide/receptor antibodies. This far the knowledge about the effects of
chronic anti-CGRP treatment is limited. Until now, phase Il and Il clinical trials did not report any treat-
ment-related serious AE (Edvinsson, 2018). However, it is suggested to keep an eye on cardiovascular
reactions. Experts are concerned about the long-term effects regarding this topic (MaassenVanDen-
Brink et al. 2016). Further investigations are needed in order to wipe out the potential cardiovascular
risks. Lastly, as with the majority of antibody therapies, the cost/benefit ratio is also a concern (Hoff-
mann, 2019) (Sparrow, 2019). Concerning this topic, opinions are divided. For some these novel ther-
apies are not cost-effective and they could have an impact on the budget. For others ‘real-life’ evi-
dences from clinical practice are required to estimate such things. National and global market studies
conducted several studies throughout the years revealing the high socio-economic burden of migraine
all over the world (Migraine Research Foundation) (The Work Foundation) (Leiba et al., 2018). High
investments in effective migraine-specific treatments (at high price) might not affect the health care
budget because, it may reduce the above-mentioned losses. While, investigation of the long-term
safety profile will bring up new evidences, for the first time in decades patients will have access to

these optimized migraine specific therapies.

So, what are the future implications-which studies should be done?

In many of the above-mentioned studies differences in migraine subtypes were not taken into consid-
eration, age, sex of the patient neither (Giamberardino et al., 2017). It is not known if CGRP antibodies
have different effects in various subpopulations (Giamberardino et al., 2017). This is even more rele-
vant when we consider that women in reproductive age are more affected by migraine and also later,

they are more likely to have high cardiovascular risks. It would be of great interest to investigate in
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future trials how to differentiate responders from non-responders and this way identify the best re-
sponder population.

As | already said, migraine is associated with a range of comorbidities and they represent an important
aspect to consider. To date no studies have taken in account the common comorbidities such as de-
pression, anxiety, fiboromyalgia or the one raising big concern: cardiovascular risks (one study was con-
ducted on angina pectoris patients who suffer from migraine). New effective preventive treatments
might also improve the comorbidities but they might also reveal hidden, unexpected and serious reac-
tions, especially on long-term.

It is also crucial to find out the possible differential effects of CGRP antibodies targeting the peptide
and targeting the receptor. Until now no different safety profiles have been detected. Maybe patients
not benefiting from inhibition of the peptide would benefit from inhibiting the receptor and vis versa.
In addition to that, due to the limited knowledge about the exact site of action, off targeting should be
taken into consideration. Further studies may give an answer to whether CGRP also acts on other re-
ceptors or not and what the consequences are for the CGRP antibody therapy.

Speaking about the long-term effects of blocking CGRP, in particular regarding the cardiovascular con-
cern, they remain unknown and future larger and extended trials should be investigating the effects of
these antibodies especially in women with cardiovascular prehistory or high predisposition. One study
in patients with angina pectoris did not present any serious effects (Depre et al. 2018). Phase Il and
phase Ill trials did not either (Edvinsson, 2018). But the evidences are not sufficient for eliminating
possible cardiovascular risks with usage of CGRP antibodies.

In theory the immune system should not be affected by the antibodies targeting CGRP and the receptor
because, the humanization reduced this effect (Harding et al., 2010). Yet patients might develop an
immune response. Another interesting topic is the development of neutralizing ADA. Even though as-
says are sensitive, further tests are needed, because with time this effect could have an impact on the

efficacy of antibodies in the therapy against migraine.

What about alternative therapies?

The most commonly prescribed preventive therapies are antiepileptic drugs (topiramate), beta block-
ers (propranolol) and tricyclic antidepressants (amitriptyline), which are labeled for migraine preven-
tion (NATIONAL INSTITUTE FOR HEALTH AND CARE EXCELLENCE (NICE), 2012). Many of these drugs
have side effects such as fatigue, weight gain, cognitive problems and in particular concerning the ma-
jority of migraine patients, a risk of teratogenic effects (Sparrow et al., 2019). The latest innovation in
the preventive treatment of migraine was back in 2010, when Botox was approved for CM (Singer,
2010). Botox is among all the only injectable and non-daily therapy. It was shown to have far less side

effects in comparison to daily used oral drugs. Results based on cross-trial comparison have shown
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that topiramate, Botox and anti-CGRP mABs produce almost similar reduction in monthly days. But
patients treated with mABs reported that they had used less acute drugs and some even reported that
the pain severity decreased (Sparrow et al. 2019). Concerning the costs, in comparison to beta blockers
and other preventive medications for migraine, which exist for a long time now and many generics are
available, Botox used to be the most expensive migraine treatment. The price of a vial Botox is about
$1100, usually 4 vials are needed per year and injections fees also need to be taken into account. That
means that the treatment can cost between S6000 to $10000 per year (Potenza, 2016). Because of
high prices most of insurance companies are more likely to encourage patients to try minimum two or
more other preventive treatment before receiving Botox injections (Potenza, 2016). This restriction
can be very expensive for patients, especially for low-income people, who have first to fail other med-
ications in order to get the opportunity to try Botox. Given the cost, similar restrictions threaten CGRP
antibodies. In this case prescribing will almost exclusively be limited for patients who have tried and
failed prior treatment. In fact, prescription of anti-CGRP mABs will most probably depend on access,
contract agreement and coverage decisions with payers. In the U.S. it is unlikely that all three will be
included by the providers (Sparrow et al. 2019). However, considering the population size even a small
uptake will lead to considerable profit. An early adoption of anti CGRP mAB is estimated, because of
the high demand for new, improved and specific treatment.

It is also interesting to mention the acute space, since oral CGRP-targeted therapies are also in devel-
opment. The CGRP antagonists ubrogepant and rimegepant are currently in phase lll trials for the acute
treatment. In late 2018, clinical trials for rimegepant for migraine prophylaxis have been initiated. To
date, little is known about its efficacy, but patients often tend to choose oral route over S.C. injections.
Anyway, it is efficacy that will be the deciding factor, especially in patients with frequent or severe
migraine (Sparrow et al. 2019).

Finally, it is estimated that the migraine market will dramatically grow over the next 10 years, it might
even triple in size (from $3,8 billion in 2017 to over $11 billion). And in 2027, drugs targeting CGRP

could account for more than $6,5 billion of sales (Sparrow et al. 2019).

As a conclusion, migraine is a big socio-economic burden worldwide and current therapy options for
migraine prevention frequently show limitations when it comes to efficacy, inconsistent responses to
treatment, high rates of AE and poor tolerability. With the introduction of anti-CGRP mAB we have a
possible revolution in migraine therapy. Despite the need for further studies, especially in the long-
term safety use, anti-CGRG mAB have shown very promising results. They reduced the number of
headache days per month and reduced the use of acute drugs with a positive safety profile. The costs

are certainly high. And considering the health care budget these costs will have to be balanced with
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the significance of the benefit. Anyway, these monoclonal antibodies seem to offer a new, safe, tar-
geted and effective strategy for migraine prevention, rising hope for many migraineurs. This is why we

are awaiting with impatience further results for these new medications.
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5 Abstract

ENGLISH

Migraine is a highly disabling neurological disorder that has huge socio-economic impact all over the
world. For years the preventive treatment remained very problematic, currently used prophylactic
therapy is not specific, adverse events are recurrent and tolerability is low. In 2018 with the approval
of three mAB inhibiting CGRP the peptide (fremanezumab, galcanezumab) or its receptor (erenumab),
a new era has begun in the treatment of migraine. CGRP plays a crucial role in the pathophysiology of
migraine and such therapies are designed specially to act in the trigeminovascular system and block
this neuropeptide. These new preventive drugs are more migraine-specific and seem to have a very
good safety profile with few or no adverse events. Thus, the following questions have been worked
out: i) Are CGRP neutralizing antibodies approved for migraine safe? ii) Are preclinical safety data pre-
dictive for particular risks (including long-term safety) of CGRP neutralizing antibodies? iii) Is it already
possible to estimate the clinical benefit of CGRP neutralizing antibodies with respect to their possible
impact on costs and insurance coverage? Reviewing the current data from clinical trials (phase Il and
phase Ill) related to the safety and the tolerability approved CGRP and CGRP receptor targeting mABs
are considered as well tolerated and safe. Potential risks may arise from preclinical data highlighting a
prominent role of CGRP pathways in microcirculation, post-ischemia improvement and gastrointesti-
nal effects. Finally, | have worked out controversial opinions related to the costs of CGRP and CGRP
receptor targeting mABs. However, in the light of these calculations one has to consider the individual
improvement in quality of life, the reduction of sickness rate and the improvement of performance at
work. All in all, mAB inhibiting the CGRP pathway present a completely new therapeutic approach.
Thus, results from large long-lasting trials are eagerly awaited to definitely evaluate the long-term

safety and socio-economic aspects of these novel anti-migraine drugs.
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DEUTSCH

Migrane ist eine stark behindernde neurologische Erkrankung, die weltweit groRRe sozio6konomische
Auswirkungen hat. Die praventive Behandlung blieb Giber Jahre hinweg sehr problematisch. Die derzeit
angewandte prophylaktische Therapie ist nicht spezifisch, unerwiinschte Ereignisse treten immer wie-
der auf und die Vertraglichkeit ist gering. Mit der Zulassung von drei monoklonalen Antikérpern, die
CGRP hemmen, entweder das Peptid (Fremanezumab, Galcanezumab) oder den Rezeptor (Erenumab),
begann im Jahr 2018 eine neue Ara in der Behandlung von Migridne. CGRP spielt eine entscheidende
Rolle in der Pathophysiologie von Migrane. Solche Therapien sind speziell darauf ausgelegt, im trige-
minovaskularen System zu wirken und dieses Neuropeptid zu blockieren. Diese neuen Praventionsme-
dikamente sind Migrane-spezifisch und scheinen ein sehr gutes Sicherheitsprofil mit wenigen oder kei-
nen unerwinschten Ereignissen zu haben. Daher wurden die folgenden Fragen ausgearbeitet: i) Sind
CGRP-Antikorper, die gegen Migrane zugelassen sind sicher? ii) Sind praklinische Sicherheitsdaten fir
bestimmte Risiken (einschlieBlich Langzeitsicherheit) von CGRP-neutralisierenden Antikérpern pradik-
tiv? iii) Ist es bereits moglich, den klinischen Nutzen von CGRP-neutralisierenden Antikérpern hinsicht-
lich ihrer moglichen Auswirkungen auf Kosten und Krankenversicherungsschutz abzuschatzen? Die
Uberpriifung der aktuellen Daten aus klinischen Studien (Phase Il und Phase Il1) in Bezug auf die Sicher-
heit und Vertraglichkeit der genehmigten CGRP- und CGRP-Rezeptor gezielten monoklonalen Antikor-
per, sie gelten als gut vertraglich und sicher. Potentielle Risiken kénnten sich aus praklinischen Daten
ergeben, dadurch dass, CGRP eine wichtige Rolle bei der Mikrozirkulation und im Gastrointestinalem
Trakt ausibt, und der Verbesserung nach einem ischdamischen Insult beitragt. SchlieBlich habe ich kont-
roverse Meinungen zu den Kosten von CGRP- und CGRP-Rezeptor gezielten monoklonalen Antikdrpern
erarbeitet. Diese Berechnungen missen jedoch die individuelle Verbesserung der Lebensqualitat, die
Senkung der Krankenquote und die Verbesserung der Arbeitsleistung bericksichtigen. Nichtsdestot-
rotz bieten monoklonale Antikdrper, die den CGRP-Weg hemmem, einen vollig neuen therapeutischen
Ansatz. Daher werden die Ergebnisse groBer langjahriger Studien mit Spannung erwartet, um die lang-
fristigen Sicherheits- und sozio6konomischen Aspekte dieser neuartigen Anti-Migrane-Medikamente

definitiv zu bewerten.
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6 List of Abbreviations

5-HT: 5-hydroxytriptamine receptor or serotonin receptor
ADA: Anti-Drug Antibody

AE: adverse event

AMY1: Amylin receptor 1

AM1 and AM2: adrenomedullin receptor 1 and 2
AMPP: American Migraine Prevalence and Prevention
AMS-I: American Migraine Studies |

AMS-1I: American Migraine Studies

AR: Adverse reaction

BBB : blood brain barrier

CLR: calcitonin receptor-like receptor

CM: Chronic Migraine

CNS: central nervous system

CSD: Cortical spreading depression

EM: Episodic Migraine

FDA : Food and Drug Administration

fMRI : functional magnetic resonance imaging
[.V:intravenous

ICHD: International Classification of Headache Disorders
IHS: International Headache Society

PET: positron emission tomography

RAMP: receptor activity-modifying protein

S.C: subcutaneous

STN: spinal trigeminal nucleus

TEAE: treatment emergent adverse event

TG: trigeminal ganglion

URTI: upper respiratory tract infection

TNFa : Tumor Necrosis Factor o

GIT: Gastro-intestinal tract
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