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Calcitonin Gene-Related Peptide (CGRP) and Migraine
Current Understanding and State of Development

Marcelo E. Bigal, MD, PhD; Sarah Walter, PhD; Alan M. Rapoport, MD

Calcitonin gene-related peptide (CGRP) is a ubiquitous neuropeptide found at the very centers of the migraine process,
both centrally and peripherally. It has been under careful study for approximately 25 years. Several CGRP-receptor antagonists
are being evaluated for acute treatment of episodic migraine. Three monoclonal antibodies are being studied for prevention of
episodic migraine, and 1 monoclonal antibody is being studied for prevention of chronic migraine. In this review, we discuss the
role of CGRP in normal physiology and the consequences of CGRP inhibition for human homeostasis. We then review the
current state of development for CGRP-receptor antagonists and CGRP monoclonal antibodies. We close by speculating on the
potential clinical role of CGRP antagonism in the acute and preventive treatment of episodic and chronic migraine.
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Calcitonin gene-related peptide (CGRP) is a
37-amino-acid neuropeptide that is derived from the
gene encoding calcitonin by alternative splicing of
mRNA and proteolytic processing of its precursor.'?
Despite their common origin, calcitonin and CGRP
are involved in totally different physiological pro-
cesses in humans. While calcitonin is mainly related to
calcium homeostasis and bone remodeling, CGRP is
involved in vasodilation and sensory transmission.

CGRP is found in literally every organ system in
the body,* occurring in 2 isoforms, o- and B-CGRPA*?
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0-CGRP is the predominant form in the peripheral
nervous system, while the B-isoform is mainly present
in the enteric nervous system.® CGRP is highly
conserved across species,’ suggesting that the neu-
ropeptide is of importance in functions that were
established relatively early in mammalian evolution.

Immunohistochemistry demonstrated that CGRP
is mainly produced in the cell bodies of both ven-
tral and dorsal root neurons.® Radioimmunology
further demonstrated that this molecule is especially
common in the trigeminal system, where up to 50% of
the neurons produce it.” Indeed, the potential role of
CGRP in migraine pathophysiology was suggested

1011 and since then, our knowl-

more than 20 years ago,
edge of the peptide and its role in the pathophysiology

of migraine has increased substantially and has
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led to a robust interest in targeting CGRP to treat
migraine. This interest is well illustrated by a recent
“year in review” paper which claims that “2012 might
be remembered as the year of CGRP antagonists
(despite the hurdles). At present, CGRP remains
the most actively evaluated target in migraine drug
research.”’?

The search for an effective CGRP antagonist
has become increasingly exciting now that develop-
ment is being pursued not only with receptor
antagonists, but with antibodies to CGRP and its
receptors.”” In this paper, we review this subject. We
start by discussing the role of CGRP in normal
physiology and the consequences of CGRP inhibi-
tion for human homeostasis. We then review clinical
development of CGRP inhibition for the acute
treatment of migraine. We follow with a description
of the current state of development of CGRP-
receptor antagonists (CGRP-RA) and CGRP mono-
clonal (CGRP-mAbD),
similarities and differences in the pharmacological
development of these 2 subclasses. We close by

antibodies focusing on

speculating on the potential clinical role of CGRP
antagonism in the acute and preventive treatment of
episodic and chronic migraine (CM).

THE PHYSIOLOGICAL ROLE OF CGRP

CGREP is distributed throughout the central and
peripheral nervous systems and is often colocalized
with other peptides in C fibers."* a-CGRP is the most
abundant isoform and is found in several areas of the
central and peripheral nervous system.” B-CGRP,
which differs from o-CGRP by only 3 amino acids, is
primarily located in the gut at the terminal endings of
enteric nerves.'®

Both isoforms of CGRP are potent natural
vasodilators. CGRP exhibits a range of biological
effects on tissues, including those associated with
gastrointestinal, respiratory, endocrine, and central
nervous systems (CNS).'”8 CGRP may also have a
role in promoting tumor-associated angiogenesis and
tumor growth.” Nonetheless, the role of CGRP has
been more extensively studied in the context of its
vascular and nociceptive functions detailed in this

paper.
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ROLE OF CGRP IN CARDIOVASCULAR
HOMEOSTASIS

CGRP is one of the most potent endogenous vaso-
dilators, and its role in the control of blood pressure
under normal and abnormal circumstances, including
cardioprotection against ischemia/reperfusion injury,
has received considerable attention.”? If CGRP truly
plays such an important vascular role, CGRP agonists
could be developed for the management of hyperten-
sion and coronary syndromes, while CGRP antagonists
should have their safety meticulously demonstrated.

The vascular role of CGRP has been superbly
reviewed by Brain and Grant.** Although CGRP has
overall vasodilatory properties, the microvasculature
responds strongly to the molecule. At this level, its
potency is around 10-fold greater than the prostag-
landins and 100-1000 times greater than other classic
vasodilators.”* In addition to its potency, CGRP also
differs from other vasodilator substances in that it
has a particularly long duration of action. Small
doses injected into human skin produce an erythema
that lasts for 5-6 hours,® a fact that has important
research implications. One of the most commonly
used assays to screen for potentially effective CGRP
antagonists involves applying topical capsaicin to the
skin of animals (or humans). Capsaicin strongly
induces the local release of CGRP which results in
quantifiable vasodilation. This assay provides a plat-
form for testing the efficacy of compounds targeting
CGRP by quantifying their ability to reverse or
prevent vasodilation.?

The vasodilatory activity of CGRP extends to a
wide variety of tissues and organs, and is particularly
potent in the cerebral circulation.”’” At the time
CGRP was first characterized, migraine was viewed
as a “vascular headache.” Therefore, considerable
interest was paid to the role of CGRP in migraine. An
early rationale was that the release of CGRP (by
activation of the trigeminal nuclei) would lead to
vasodilation of the small arteries in the trigeminal
distribution with vascular edema and perivascular
inflammation.”*° Indeed, jugular levels of CGRP
seem to be increased during migraine attacks, and
intravenous CGRP administration induces migraine-
like headache in most individuals with migraine.**
As discussed later in this paper, the role of CGRP in
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migraine headaches has since been shown to go far
beyond its effects on the vascular compartment.

The vasodilatory activity of CGRP and its wide
distribution ensure that, in addition to regulating
tissue blood flow under physiological conditions, it is
in a prime position to protect tissues from injury.
Animal studies showed that infusion of CGRP
decreased the likelihood of onset of ischemia-
reperfusion arrhythmias.** In animal ischemia models,
CGRP was found to improve the contractile function
of the heart in dogs®* and pigs.?’ However, studies
failed to demonstrate that CGRP, when given during
ischemia, had any protective effect, as evidenced by
reduction in infarct area.”! To reconcile these findings
(CGRP seemed to improve functional outcomes after
ischemia, but did not decrease infarct area), it has
been speculated that CGRP has a role in precondi-
tioning, or on the ability of tissues to endure ischemia
after previous ischemic episodes.*

Many of the theoretical concerns that emerged
from the in vitro and in vivo characterization of
CGRP and its receptors were investigated in human
studies during the robust development of the CGRP-
RAs. Relevant findings are summarized later.

WHAT ARE THE CARDIOVASCULAR
CONSEQUENCES OF INHIBITING CGRP
IN HUMANS?

Based on the physiological role of CGRP, 4 major
cardiovascular effects could be of concern with
CGRP inhibition: medication-induced hypertension,
counterbalancing the effect of antihypertensive drugs
that have vasodilatory properties, inhibition of stress
(or ischemia)-induced vasodilation, and impairment
of cardioprotective mechanisms (Table 1).

The Risk of Inducing Vasconstriction.—Although
CGREP is a potent vasodilator, in vitro and in vivo
studies repeatedly showed that CGRP antagonists
(receptor antagonists and antibodies) do not have
vasoconstrictor activity. An in vitro study showed that
telcagepant, a CGRP-RA, does not cause vasocon-
striction of the coronary arteries, in contrast to what
was seen with 5-HTgp receptor agonists.”’ Similarly,
different CGRP antagonists showed no effect on the
coronaries of dogs under ischemic conditions, while
5-HT;pp receptor agonists worsened the infarct area.®
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Table 1.—Theoretical Risks of Inhibiting CGRP and
Preclinical or Clinical Findings With CGRP Antagonists

Potential Risk of

Inhibiting CGRP Findings With CGRP Antagonists

Inhibition of CGRP e In vitro, telcagepant did not
could cause cause vasoconstriction of the
vasoconstriction mainly coronary arteries, while 5-HTpp
in the small arteries receptor agonists did.”’

e In dogs, different CGRP
antagonists had no effect on the
coronaries under ischemic
conditions, while 5-HTgp
receptor agonists had.*®

¢ In humans, olcegepant had no
effect on global or regional
cerebral blood flow, or on the
blood flow velocity in the middle
cerebral artery.

e CGRP antagonists seem to
restore normal tonus in already
dilated arteries, but do not cause
abnormal constriction.*

Inhibition of CGRP ® A placebo-controlled, double-

could counterbalance the  blind study tested the effects of

clinical effect of telcagepant given after

antihypertensive drugs nitroglycerin and no

that have vasodilatory vasoconstrictor effect of

mechanisms telcagepant could be
demonstrated.”

CGRP antagonists could e Patients with exercise-induced
inhibit compensatory stable angina received
vasodilation during supratherapeutic doses of
ischemia. telcagepant or placebo during
treadmill exercise time (TET)
and no significant differences
were seen between groups,
including time to angina.*

CGRP = calcitonin gene-related peptide.

The first CGRP-RA to be tested in humans,
olcegepant, was given to healthy volunteers in a
double-blind, placebo-controlled, crossover study.
Transcranial Doppler was used to measure the
middle cerebral artery blood flow velocity, and
photon emission computed tomography measured
global and regional cerebral blood flow. Absolutely
no effects on systemic hemodynamics were
observed.” Interestingly enough, studies suggest that
this and other CGRP antagonists restore normal
tonus in already dilated arteries but do not cause

abnormal constriction.*
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The Risk of Inhibiting Vasodilatory Medications.—
To test whether CGRP antagonism could affect the
vasodilation induced by certain antihypertensive
medications, 500 mg telcagepant or placebo were
given to healthy volunteers, followed 1.5 hour later by
0.4 mg nitroglycerin (NTG). Blood pressure, aortic
augmentation index (Alx), and brachial artery diam-
eter (BAD) were measured. The aortic Alx following
NTG decreased by —18.5% after telcagepant vs
—17.3% after placebo. The BAD fold increase follow-
ing NTG was 1.14 after telcagepant vs 1.13 after
placebo. No vasoconstrictor effect of telcagepant
could be demonstrated.*

The Risk of Inhibiting Vasodilation During
Ischemia.—Considering the role of CGRP in vasore-
sponse during ischemia, one might hypothesize that
CGRP-receptor antagonism could reduce coronary
vasodilatory capacity. To explore this topic, the effects
of supratherapeutic doses of telcagepant (600 or
900 mg) on treadmill exercise time (TET) were
assessed in a double-blind, placebo-controlled study
in patients with reproducible exercise-induced stable
angina with ischemic ST-segment depression. Patients
performed treadmill exercise at Tmax (2.5 hours after
the dose). The incidence of ischemic ST-segment
depression =1 mm was 83.9% in those receiving
placebo, 90.7% in those receiving telcagepant 600 mg,
and 85.7% in those receiving telcagepant 900 mg.
TET was not significantly different across groups, and
all other data were similar across groups. The authors
suggested that the broad redundancy in vasodilatory
mechanisms might preserve the compensatory vaso-
dilatory response during myocardial ischemia, even in
the presence of CGRP-receptor antagonism.*

The available data are insufficient to rule out all
cardiovascular safety concerns with inhibiting CGRP
function. But no other class of migraine medication,
including those inducing vasoconstriction such as
ergotamine and the triptans,”* has been so inten-
sively and exhaustively tested in this regard.

ROLE OF CGRP IN NOCICEPTION AND
NEURONAL PLASTICITY

Although the original function of CGRP was
likely related to maintaining vascular homeostasis,
it has been speculated that CGRP largely lost its vas-
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cular functions during evolution and should now be
seen as a neuropeptide with an important function in
nociceptive transmission.***’ For a review of the role
of the role of CGRP on other neurological functions,
the reader is referred to.**

As mentioned, CGRP is widely expressed in
the central and peripheral nervous systems where it
appears to modulate the function of other neuro-
transmitters.**® In the trigeminal ganglion, it is often
and 5-HTisp
receptors.’ ™ The satellite glial cells of the trigeminal

coexpressed with substance P
ganglion also express CGRP receptors.®* These cells
seem to have a pivotal role in modulating neuronal
metabolism via gap junctions.™

The clinical correlation of these very peripheral
actions of CGRP has to do with the neurovascular
inflammation that seems to be of importance for
migraine.*® The release of CGRP at trigeminal nerve
endings induces vasodilation (and edema) and dural
mast cell degranulation, which both contribute to
neurogenic inflammation, a sterile form of inflam-
mation secondary to sensory nerve activation.’’
Furthermore, as stated by Raddant and Russo,’ “The
inflammatory cascade can be triggered by CGRP
actions on dural mast cells and satellite glial cells of
the trigeminal ganglion.”

The peripheral CGRP-containing neurons (in the
trigeminal ganglion and elsewhere) are polymodal
nociceptors that innervate essentially all peripheral
tissues and send primary afferent input to the dorsal
horn, trigeminal nucleus caudalis, or nucleus of the
solitary tract (which, in turn, project to the brainstem,
amygdala, hypothalamus, and thalamic nuclei).*®
CGRP-containing neurons in the trigeminal ganglion
project to the trigeminal nucleus caudalis and C1-C2,
where CGRP also acts post-junctionally on these
second-order neurons to transmit pain signals from
the brainstem to the thalamus.**>

The clinical correlation of CGRP actions at the
level of the trigeminal nucleus caudalis is relevant as
well. The brainstem has a key role in the pathophysi-
ology of migraine.®®! Brainstem stimulation causes
activation of the trigeminovascular system, resulting
in peripheral CGRP release and neurogenic inflam-
mation (described earlier).”*® Furthermore, activa-
tion of the brainstem is associated with altered
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perception termed allodynia (a condition in which
nonpainful stimulation is perceived as painful) as well
as with the development of second- and third-order
neuronal sensitization.**% Accordingly, if we under-
stand migraine as the combined result of altered per-
ception of stimuli that are usually not painful, as well
as the activation of a feed-forward neurovascular
dilator mechanism in the first (ophthalmic) division
of the trigeminal nerve, we realize that CGRP is
involved in the pathophysiology of migraine both
centrally and peripherally.®

CGRP and its receptors are widely distributed
across other parts of the CNS as well, in areas that are
relevant to pain and in areas that may not be, such as
the cerebellum.®”® The function of CGRP in these
areas is not well understood. Studies have suggested
that CGRP is expressed in areas that could explain
migraine-related photophobia. In a model of
transgenic mice, light-aversive behavior was greatly
enhanced by intracerebroventricular injection of
CGRP and blocked by coadministration of the
CGRP-RA olcegepant.™

Finally, CGRP seems to be important in deter-
mining neuronal plasticity and synapse formation.
This is either due to its direct actions on neurons or
its indirect actions on the glia via its modulatory
actions.”"”

In summary, CGRP and its receptors are largely
expressed in neurons and glia, both peripherally and
centrally. As discussed later, this broad expression
has relevance for drug development. Pain improve-
ment can be achieved by blocking CGRP peripher-
ally, centrally, or both, and brain penetration may not
be essential for the analgesic properties of CGRP
antagonists. Brain penetration could have direct
influence on photophobia and other neurological
symptoms of migraine, which would be of impor-
tance for the acute treatment of migraine but not
necessarily for the preventive treatment of migraine.
The flip side of central penetration would be disturb-
ing the homeostatic role of CGRP at the neurons,
including its actions on neuroplasticity. It is of inter-
est that CGRP is largely expressed in the cerebel-
lum, which only recently has been implicated as
modulating nociceptive processing,”* and which
seems to be a controversial target area for migraine
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complications such as stroke.”””® Sporadic adminis-
tration of brain-penetrating CGRP antagonists for
the acute treatment of migraine would likely not
affect this homeostasis, but chronic administration
with the goal of providing preventive treatment
would have to have its safety demonstrated in animal
models.

CLINICAL DEVELOPMENT -
TARGETING CGRP

CGRP can be targeted in several ways. The best
explored mechanism is to antagonize CGRP recep-
tors using small molecules (CGRP-RA) that compete
with CGRP for a binding pocket or cleft produced by
RAMP1 and the CGRP receptor. Free CGRP and
CGRP receptors can also be targeted using mono-
clonal antibodies (mAbs) that can bind and neutral-
ize biological activity."

Four distinct CGRP-RA (the “gepants”) have
demonstrated proof of efficacy, but all were discon-
tinued for a variety of reasons. They are summarized
in Table 2 and described later.

Olcegepant (BIBN4096BS) was the first CGRP
antagonist to be developed. Dose-responsive clinical
efficacy was achieved. Intravenous doses ranged from
0.25 to 10 mg, and the 2.5 mg dose was considered to
be ideal with a response rate of 66%, as compared
with 27% for placebo (P =.001). Pooled together, all
doses had a response rate of 60%. Onset of effect
occurred 30 minutes post dose. Adverse events hap-
pened in 20% vs 12% in those receiving placebo.”
Olcegepant was discontinued because of difficulties
in developing an oral formulation.

Telcagepant (MK-0974) was the first orally avail-
able CGRP-RA. In the Phase 2 clinical trial, an adap-
tive design was used to test doses ranging from 25 to
600 mg against 10 mg rizatriptan and placebo. Doses
of 300 mg, 400 mg, and 600 mg were given. Pain relief
proportions at 2 hours were 68.1% (300 mg), 48.2%
(400 mg), and 67.5% (600 mg) relative to 69.5%
(rizatriptan) and 46.3% (placebo). Tolerability was
excellent, better than rizatriptan and comparable to
placebo.”™

Based on the results of Phase 2, doses of 150 mg
and 300 mg telcagepant were carried to Phase 3. The
first pivotal study used 5 mg zolmitriptan as the active
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Table 2.—Summary of Clinical Data Obtained in Phase 2 and
3 Studies on the CGRP Receptor Antagonists
(the “Gepants”)

2 Hours 2 Hours Adverse
Pain Pain-Free Events
Relief (%) (%) (%)t
Olcegepant (phase 2)"
2.5mg 66 44 25
Placebo 27 2 12
Telcagepant
Study 1 (phase 2)™ 63.1 45.2 353
300 mg 69.5 33.4 42
Rizatriptan 10 mg 46.3 14.3 36.2
Placebo 21.8 30.9 0.7
Drug - Placebo
Study 2 (first pivotal)™
150 mg 50.2 172 31.4
300 mg 55.4 26.9 37.2
Zolmitriptan 5 56.1 30.8 50.7
Placebo 26.8 9.4 32.1
Study 3 (Second pivotal)'?
150 mg 53.8 22.6 30.7
300 mg 56 23.6 34.6
Placebo 32.7 10.4 30.9
MK 3207 (phase 2)*
100 mg 52.5 23.7 30.6
200 mg 69 36.2 27
Placebo 36.1 9.8 20.4
BI44370A (phase 2)*
200 mgi 50.8 21.5 6.2
400 mg 56.2 274 9.6
Eletriptan 40 mg 56.5 34.8 17.4
Placebo 18.6 8.6 10

tMethods to assess AEs varied from trial to trial, so cross-study
comparisons should not be performed.

tNonsignificant for the primary endpoint (2-hour pain-free).
CGRP = calcitonin gene-related peptide.

comparator and was the largest clinical study of a
CGRP-RA conducted to date, with 1380 patients
being randomized. Telcagepant (300 mg) had similar
2-hour efficacy to zolmitriptan (5 mg); both were
superior to 150 mg telcagepant, which was superior to
placebo. Tolerability was similar to placebo: adverse
events were recorded for 31% taking telcagepant
150 mg, 37% taking telcagepant 300 mg, 51% taking
and 32%
However, when the pooled results of telcagepant

zolmitriptan 5 mg, taking placebo.”
were analyzed, the data suggested that telcagepant
had a slow onset but a long duration of action; overall
efficacy at early time points was low relative to trip-
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tans but the recurrence of pain was also reduced com-
pared with triptans.” In spite of the promising clinical
efficacy data, telcagepant development was discontin-
ued because of concerns regarding liver toxicity.
Elevations of hepatic enzymes were seen in some
participants in a Phase Ila study where telcagepant
was given twice daily for the prevention of migraine.
Similar elevations were seen in a short-term study of
menstrual migraine.'*%

A third CGRP-RA, MK-3207, was 40- to 65-fold
more potent than telcagepant®' and was tested in an
adaptive design exploring doses from 2.5 to 200 mg.
The 100 and 200 mg doses yielded pain-free rates of
23.7% and 36.2% (placebo=9.8%), and pain relief
rates of 52.5% and 69% (placebo =36.1%).8? Similar
to other compounds in the same class, tolerability was
excellent but development was also discontinued
because of concerns related to liver toxicity.®

Finally, a Phase 2 trial tested BI44370A in 341
patients. Doses ranged from 50 to 400 mg, and were
compared with placebo and 40 mg eletriptan. The
primary endpoint, 2-hour pain freedom, was achieved
significantly more often by patients receiving the
400 mg dose (27.4%) and eletriptan (34.8%) than
placebo (8.6%). Other doses were not significantly
different from placebo for the primary endpoint. Tol-
erability was excellent.®

In addition to demonstrating proof of efficacy,
the CGRP-RA clinical trials also demonstrated the
extraordinary tolerability of this class. The issue was
best explored in the development of telcagepant,
where in addition to the large pivotal studies, a dis-
tinct clinical trial was conducted specifically to evalu-
ate its long-term tolerability for acute treatment of
migraine attacks. The trial consisted of 1068 patients.
A total of 19,820 attacks were treated with tel-
cagepant (mean per patient=31) and 10,981 with
rizatriptan (mean per patient = 35). Both regimens
were well tolerated but fewer drug-related adverse
events (difference: -15.6%; 95% CI -22.2,-9.0) were
reported for telcagepant vs rizatriptan.®

Other CGRP-RAs are being developed and, at
the time of this writing, clinicaltrial.gov lists 2 of them:
BMS-927711 is listed in Phase 1, and MK-1622 is in
Phase 2B, with doses ranging from 1 to 100 mg, for the
acute treatment of migraine attacks.”’
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mAbs

mAbs, or antibodies produced by a single clone of
cells, were first shown to have therapeutic activity in
1982, when a patient with lymphoma experienced a
complete response when given antibodies against his
tumor cells produced in mice.* In the past 20 years,
their clinical utility has expanded dramatically with
more than 20 mAbs that are Food and Drug Admin-
istration (FDA)-approved for human use.¥

mAbs from nonhuman species (eg, mice) may
generate strong immunological reactions when given
to humans. Although this may not be a problem for
short-term interventions, it becomes a major hurdle
for chronic use. As a first attempt to reduce immuno-
genicity, chimeric antibodies were engineered where
murine constant AB regions were replaced by human

constant regions.”

The next development was the
humanization process which resulted in antibodies
where only the complementarity determining regions
of the variable regions are of mouse-sequence origin.
Fully human antibodies use human amino acid
sequence-derived antibody regions where antigen
specificity has been selected either in vivo by the use
of genetically modified mice or by antibody engineer-
ing.”! Fully human and humanized antibodies carry a
lower risk for inducing immune responses in humans
than mouse or chimeric antibodies.*

PRECLINICAL DEVELOPMENT
STRATEGIES FOR CGRP-RA AND mAb -
DIFFERENCES AND CHALLENGES
Preclinical studies to support clinical testing are
critical to the development plan for any new thera-
peutic, whether it be a traditional small molecule or a
mADb. While there are many commonalities between
the studies required to support these 2 types of medi-
cations, such as pharmacokinetic (PK) assessments
and repeat dose toxicology studies, there are unique
challenges that come with demonstrating safety.
Antibodies are large glycoproteins produced by
B-cells. They are composed of 2 heavy chains and 2
light chains held together by disulfide bonds to form a
Y-shaped protein. Within each chain are conserved
and variable regions; the variable region is part of the
antigen recognition site and is the portion of the
complex that confers antigen specificity. The utility of
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mAbs as therapeutic is in part due to this amazing
specificity as well as their extended PK profile in

humans.”

mADbs typically have a much longer terminal
half-life than small molecules which makes them espe-
cially well suited for chronic indications or preventive
treatments and less useful for acute, or one-time treat-
ments for which small molecules are better suited.

One of the first steps in preclinical testing of mAbs
is species selection for in vivo safety studies. With small
molecules, a rodent (rat or mouse) and a nonrodent
(eg, dog) species are commonly used.”* For mAbs,
differences in epitope recognition across species may
translate into differences in pharmacologic activity
between preclinical species, causing toxicologists to
often include nonhuman primates in their studies.

Small molecules and their metabolic subproducts
can have a variety of undesirable on- and off-target
effects; this is uncommon for mAbs, as their dose-
limiting toxicities tend to be due to receptor-
mediated interactions resulting in an exaggerated
pharmacologic response.”® Because small molecules
are metabolized through reactions that can be satu-
rated, accumulation can occur which may help define
the maximally tolerated dose (MTD). For mAbs,
which are cleared through protein degradation, the
MTD is often not as easily defined.

Antibodies, but typically not small molecules,
may induce the development of drug neutralizing
and/or clearance antibodies that can result in changes
to its pharmacology. Neutralizing antibodies can bind
to mAbs and interfere with their function, thereby
reducing their effective concentration. Clearance-
enhancing antibodies can yield PK curves that drop
off sharply. Sufficient exposure to support clinical
dosing is a key component of any in vivo toxicity
study. The appearance of clearing or neutralizing anti-
bodies in a toxicity study can end up reducing the
utility of the study.”

The propensity of proteins such as mAbs to
induce an immunogenic response underlies the need
for early development of positive control antibodies
to support the required antidrug antibody assays. As
clinical development proceeds, neutralizing antibody
assays are often required to help characterize the
nature of any immune response that is detected, as
well as its biological significance.”*
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Table 3.—Preclinical Studies as a Function of Type of Drug Development

Small
Study / Assay Molecule mAb Comments
Immunogenicity (ADA, NAD assay) No Yes  Not required for small molecules although cases arise where needed
Drug-drug interaction Yes No  Only warranted for mAbs when MOA would suggest concern
hERG assessment Yes No Cardiovascular safety to be assessed in vivo studies for mAbs
Tissue cross reactivity No Yes  Typically done early in mAb development to aid species selection
Metabolism Yes No
Determining MTD Yes Yes  Can be challenging for mAbs
Genetoxicity Yes No
Carcinogenicity studies Yes No Not generally needed for mAbs unless MOA would suggest concern

ADA = anti-drug antibody; mAb = monoclonal antibody; MOA = mechanism of action; MTD = maximally tolerated dose;

NADb = neutralizing antibody.

On the other hand, several important concerns for
small molecules are less relevant for mAbs. Different
from mAbs, small molecules undergo hepatic or renal
metabolism, forming metabolites of unknown phar-
macology or toxicity. Development needs to charac-
terize their safety in terms of liver or renal toxicity as
well as potential drug—drug interactions. Small mol-
ecules are also more likely to penetrate the brain than
mADbs, and therefore, neurotoxicity studies are impor-
tant. Given their mechanism of action, the concern
about nonspecific drug—drug interactions is usually
minimal for mAbs, as is the requirement for formal
metabolism and excretion studies.” Biologics are pre-
sumed to be subject to normal catabolic processes that
reduce them to small peptides or constituent amino
acids. In addition, there is an expectation that mAbs
will not penetrate cells,eliminating the need for formal
genotoxicity studies.” Likewise, standard in vitro
cardiovascular studies are often not required for
mAbs. Instead, in vivo cardiovascular safety assess-
ments as part of either safety pharmacology or chronic
toxicity studies in a relevant species are deemed more
appropriate.”

Table 3 summarizes important differences in
the preclinical development of small molecules and
mADbs.

mAbs ANTI-CGRP

At the time of this writing, 4 mAbs are being
actively developed for the preventive treatment of
episodic or CM. LY2951742 is a mAb anti-CGRP

that was licensed from Eli Lilly to Arteaus Thera-
peutics. A Phase 1 dose-escalating study tested single
intravenous (IV) doses ranging from 1 to 600 mg,
as well as 150 mg given subcutaneously (SC) every
other week for 6 weeks (4 doses).” A Phase 2a study
is ongoing; testing L.Y2951742 administered SC once
every other week for 12 weeks against placebo,
for the preventive treatment of frequent episodic
migraine attacks.'®

A second antibody targeting CGRP (ALD403) is
being developed by Alder Biopharmaceuticals. The
safety, PKs, and efficacy of ALD403 in the prevention
of frequent episodic migraine is being tested in a
24-week Phase 1b study. According to the data posted
at clinicaltrials.gov, individuals with migraine are
receiving a single IV injection of active drug (dose
undisclosed) or placebo and are being followed for
6 months.'"!

Amgen is developing AMG 334 for the preven-
tion of episodic migraine. Unlike the other antibod-
ies discussed, AMG 334 targets the CGRP receptor,
not the free molecule.'” Two ongoing Phase 1b
studies are testing the safety and PK profile of single
and multiple ascending doses in healthy volunteers

and in individuals with migraine;'%1%

the company
announced plans for Phase 2 studies in the current
year.

LBR-101 (formerly known as RN-307 or
PF-04427429) was acquired by Labrys Biologics, Inc.
from Pfizer. It is a fully humanized mAb that potently

and selectively blocks the binding of human CGRP to
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its receptor. LBR-101, unlike the other CGRP anti-
bodies, is being developed specifically for the preven-
tive treatment of CM. In Phase 1, doses ranged from
0.2 mg up to 2000 mg; a MTD has not been identi-
fied.'™ Preparations are underway to initiate a Phase
2b trial to investigate the safety and efficacy of LBR-
101 in patients suffering from CM. Because it has a
terminal half-life of 44-48 days, it offers the possibility
of monthly dose intervals. Safety concerns have not
emerged and tolerability appears to be acceptable
across several doses (Bigal et al, submitted).

CLINICAL IMPLICATIONS OF FUTURE
CGRP-RELATED MEDICATIONS

It is quite possible that 1 or more oral CGRP
antagonists and 1 or more mAbs to CGRP will be
available for the treatment of migraine. It seems that
the CGRP-RAs are being positioned for the acute
treatment of migraine, while mAbs are being
developed for the preventive treatment of episodic
or CM.

Headache specialists usually prefer to treat acute
attacks of migraine with a migraine-specific medica-
tion with the dose and route of administration that
has a great likelihood of success for that particular
patient. Triptans are currently the preferred class of
medication prescribed for this aim.'*!'"” They are
effective medications, available in many dosage forms
and many are now generic; but, among patients
receiving triptans, upwards of 40% do not have
optimal responses and 20-30% of them develop a
recurrent migraine attack requiring either re-dosing
or a rescue medication.'® Patients with an incomplete
response to acute medications are more likely to
require an increased amount of analgesics medica-
tion, resulting in a greater chance of medication
overuse headache.'” An obvious potential use of
CGRP-RA is, therefore, to provide effective alterna-
tives for the acute treatment of migraine. These medi-
cations may also be helpful for patients who have
weeks with 4 headache days, as triptans should be
limited to 2 days of use per week, assuming they will
not induce medication overuse headache when used
intermittently.

Some patients respond well to triptans, but expe-
rience 1 or more “triptan” adverse events, such as
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chest and neck discomfort, drowsiness, dizziness, par-
esthesias, among others. These adverse events (AEs)
may even prevent patients from using triptans. These
patients would benefit from the good tolerability of
CGRP-RA.”

A final group of patients that could benefit from
CGRP-RA are those who cannot take triptans or
other vasoconstrictive medications because of their
cardiovascular effects. Even when contraindications
to vasoconstrictive agents do not exist, it is well estab-
lished that the presence of cardiovascular risk factors
negatively affects the prescription of triptans.''’ These
patients could find benefit with less risk when using
medications that seem to not be associated with
vasoconstriction.

It is estimated that about 35% of episodic
migraineurs should be offered migraine preventive

therapies.!!!

Currently, there are 4 FDA approved
migraine preventive medications available in the
United States, and many more with class A evidence
for off-label use. However, a sizeable proportion of
patients qualifying for prevention does not receive it
and continues to have frequent attacks each month.
Among those treated, some experience significant
adverse events precluding their use and some receive
no benefit."'? The CGRP mAbs that are being devel-
oped for the preventive treatment of episodic
migraine could certainly add value if, as expected,
they can be administered infrequently and produce
few adverse events.

CM is less prevalent than episodic migraine, but
because of the frequency of their headaches and high
degree of disability, all sufferers qualify for preven-
tive therapy. Currently, only onabotulinumtoxinA has
been approved for CM prevention.'® Accordingly,
there is an obvious need for approval of additional
preventive treatment options for CM. Some off-label
medications are often tried for CM, but they carry the
same liabilities as when they are used for episodic
migraine (need for daily use and adverse events).'"*
Only one of the aforementioned mAbs is being
studied for safety and efficacy in CM. The mAb being
developed for the prevention of CM (LBR-101) has a
long half-life and excellent tolerability. If effective, it
would certainly be a convenient option for the treat-
ment of CM.
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CONCLUSION

CGRP is a well-studied, ubiquitous neuropeptide
found both centrally and peripherally at the very
centers of the migraine process. Several CGRP
antagonists are being evaluated for acute treatment
of episodic migraine and at least 4 mAbs are being
studied for migraine prevention, 1 for prevention of
CM. It is just a matter of time until CGRP-RAs are
approved for the acute treatment of migraine given
that proof of efficacy has already been established. As
for the mAbs, once efficacy is demonstrated, with
their long half-lives and good expected tolerability,
we anticipate they will offer tremendous value for
clinicians aiming to relieve the burden of individuals
with episodic or CM.
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