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Abstract

Purpose: To review pharmacokinetic and pharmacodynamic characteristics of antibodies that bind to soluble ligands
within the framework of calcitonin gene-related peptide antibodies.

Overview: Calcitonin gene-related peptide has been implicated in the pathophysiology of migraine. Galcanezumab is an
antibody that binds to the ligand calcitonin gene-related peptide. Other antibodies that target calcitonin gene-related
peptide include eptinezumab and fremanezumab. To understand how antibodies can affect the extent and duration of free
ligand concentrations, it is important to consider the dose and pharmacokinetics of an antibody, and the kinetics of the
ligand and antibody—ligand complex. Insights regarding the pharmacokinetic/pharmacodynamic properties of galcanezu-
mab as a probe antibody drug and calcitonin gene-related peptide as its binding ligand regarding its clinical outcomes are
provided.

Discussion: Antibodies are administered parenterally because oral absorption is limited by gastrointestinal degradation
and inefficient diffusion through the epithelium. The systemic absorption of antibodies following intramuscular or sub-
cutaneous administration most likely occurs via convective transport through lymphatic vessels into blood. The majority
of antibody elimination occurs via intracellular catabolism into peptides and amino acids following endocytosis. Binding of
ligand to an antibody reduces the free ligand that is available to interact with the receptor and efficacy is driven by the
magnitude and duration of the reduction in free ligand concentration. A galcanezumab pharmacokinetic/pharmacody-
namic model shows that galcanezumab decreases free calcitonin gene-related peptide concentrations in a dose- and
time-dependent manner and continues to suppress free calcitonin gene-related peptide with repeated dosing. The model
provides evidence for a mechanistic linkage to galcanezumab therapeutic effects for the preventive treatment of migraine.
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Introduction

Migraine is a chronic, recurrent neurological disorder ~Mammals express two isoforms, o-CGRP and

characterized by attacks of severe pain and associated
symptoms, such as nausea, photophobia, and phono-
phobia, with significant unmet medical need. Although
the pathophysiology of migraine is still under evalu-
ation, many data indicate a crucial role of calcitonin
gene-related peptide (CGRP) (1). CGRP is a 37-amino
acid neuropeptide and a member of the calcitonin
family, which includes -calcitonin, adrenomedullin,
amylin, and intermedin (2). It is expressed in both cen-
tral and peripheral nervous systems, especially in dorsal
root and trigeminal ganglions and their projections (3).

B-CGRP, encoded by two distinct genes (4). The
a-CGRP and B-CGRP are differentially regulated,
differ in pharmacological profile, and have distinct
physiological functions (5). During a migraine attack,
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CGRP concentrations increase with rapid turnover of
effect (6-9). Galcanezumab is a monoclonal antibody
(mAb) that binds to the soluble ligand, CGRP, and is
approved for the preventive treatment of migraine (10).
Fremanezumab, approved for the preventive treatment
of migraine (11) and eptinezumab (12-14), currently in
Phase 3 development, are other monoclonal antibodies
that bind to CGRP. Of note, erenumab is a mAb that
binds to the CGRP receptor and is approved for the
preventive treatment of migraine (15). See Table 1 for a
summary of the monoclonal antibodies that modulate
CGRP.

Pharmacokinetic (PK) and pharmacodynamic (PD)
analyses are essential components of drug discovery
and development. Pharmacokinetics is the study of
the time-course of drug absorption, distribution,
metabolism, and excretion, and these processes are
applied to enable safe and effective therapeutic manage-
ment of drugs in patients. Population PK principles are
applied to understand the sources and correlates of
variability in drug concentrations in a population of
patients, which could have important implications for
clinical dosing. Results from population PK analyses
have been included in all drug labels from antibodies
currently on the market.

Pharmacodynamics is the relationship between the
measured drug concentration and the resulting effect,
including the time course and intensity of therapeutic
and adverse effects. A PD endpoint can be a clinical
endpoint or biomarker. The concentration of a bio-
marker may be increased or decreased as an indicator
of a pharmacological response to a therapeutic
intervention.

Antibody drugs represent one of the fastest growing
areas of drug development, and they often exhibit PK

Table |. Monoclonal antibodies that modulate CGRP.

and PD properties that are more complex than those
typically associated with small-molecule drugs (16).
Antibody drugs that bind soluble ligands make up a
large proportion of antibody therapeutics. As such,
kinetics of both the antibody and the ligand are
important for informing the pharmacological charac-
teristics of the antibody drug. Pharmacokinetic/phar-
macodynamic models that describe the in vivo
interaction of an antibody and a soluble ligand provide
unique characterizations and insights and can provide a
framework for predicting the time course of antibody
exposure and ligand response following different dose
regimens (17-19). Models can support dose regimen
selection during drug development and regulatory
review.

This manuscript will provide a review of PK and PD
characteristics of antibodies that bind to soluble ligands
within a framework to CGRP antibodies. A fundamen-
tal understanding of modulation of CGRP following
antibody administration is required to comprehend
the pharmacology of antibodies that bind CGRP. As
such, an evaluation of the PK/PD properties of galca-
nezumab as a probe antibody drug and CGRP as its
binding ligand provides insights regarding their clinical
interaction and therapeutic outcome.

Antibody nomenclature and structure

An antibody, also known as an immunoglobulin (Ig), is
produced mainly by plasma cells that are used by the
immune system to identify and neutralize pathogens
such as bacteria and viruses. There are five Ig isotypes,
namely Ig alpha (IgA), Ig delta (IgD), Ig epsilon (IgE),
Ig gamma (IgG), and Ig mu (IgM), with different
structural characteristics including molecular weight

IgG tin
Generic name Sponsor Patient population Target Route Dose (mg) Type  (days) Toax
Eptinezumab® Alder Episodic and chronic CGRP-a v 30mg QTLY gG | 26 3 hours
(ALD403) Biopharmaceuticals migraine CGRP-$ 100 mg QTLY
300mg QTLY
Erenumab® Novartis and Amgen  Episodic and chronic CGRP SC 70mg QM lgG2 28 6 days
(AMG 334) migraine receptor 140 mg QM
Fremanezumab®  Teva Pharmaceutical Episodic and chronic CGRP-a SC 225mg QM gG2 32 5 days
(TEV-48125) Industries migraine CGRP- with
675mg LD
Galcanezumab®  Eli Lilly and Company  Episodic and chronic CGRP-a SC 240mg LD gG4 27 5 days
(LY2951742) migraine CGRP-B followed by
120 mg QM

CGRP: calcitonin gene-related peptide; IV: intravenous; SC: subcutaneous; QM: once monthly; LD: loading dose; QTLY: quarterly; t,;: half-life; T ..

time of maximum observed drug concentration.
?Currently in Phase 3 trials.
®Approved by the FDA.
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and valence (20). The predominant isotype comprising
70-85% of the Ig in human serum is IgG and this has,
on average, the highest serum concentration of ~10 mg/
mL and the longest half-life (t;,) of ~23 days (21).

The majority of antibodies on the market and in
drug development are of the IgG isotype and are
mADb preparations. These preparations are derived
from a cloned population of cells and have a unique
structure, affinity, and specificity, which is in contrast to
polyclonal antibodies that have a distribution of affinity
and specificity resulting from antigen stimulation of
genetically distinct cells (22). Humanized antibodies
have the suffix “-zumab” and the amino acid sequence
is ~90% derived from a human DNA sequence,
whereas human antibodies have the suffix “-umab”
and 100% of the amino acid sequence is derived from
a human DNA sequence. [gG are further divided into
four subclasses based on the structure of their heavy
chains: IgG1, IgG2, 1gG3, and 1gG4. Structural differ-
ences among IgG heavy chains can lead to differences
in binding to cell-associated receptors (20). The litera-
ture is limited regarding IgG subclass and its effect on
PK/PD of monoclonal antibodies, and studies in this
area are warranted to address this topic. The antibodies
in Table 1 that modulate CGRP are of the IgG isotype
and are either humanized or human antibodies.

Pharmacokinetics
Delivery and absorption

Most small-molecule drugs are delivered orally,
undergoing absorption in the gastrointestinal (GI)
tract followed by first-pass liver metabolism before
entering the peripheral circulation. Antibodies are
administered via the IV, SC, intramuscular (IM), or
ophthalmic route because oral administration is limited
by GI degradation and inefficient diffusion or convec-
tion through the epithelium. Most antibodies are
administered by the IV route because it allows for the
antibody to be delivered rapidly with complete avail-
ability to the systemic circulation and can be given in
larger volumes and doses compared to the IM or SC
route. However, the IV route may not be as convenient
as IM or SC administration, as it requires patient visits
to hospitals or clinics to receive the medication. As IM
and SC dosing allows for self-administration, these
routes are useful when effective treatment requires
maintenance or chronic dosing. A limitation of IM
and SC dosing is that large doses may not be feasible
due to the solubility of IgG (~100-150 mg/mL) and
because larger injection volumes tend to cause more
injection site pain. For these reasons, multiple injec-
tions must be given to achieve higher doses. The anti-
bodies in Table 1 that modulate CGRP administered by

the SC route are galcanezumab, fremanezumab, and
erenumab. The dose in a 1-mL injection is 120 mg for
galcanezumab (10) and 70 mg or 140 mg for erenumab
(15), and for fremanezumab (11) the dose in a 1.5-mL
injection is 225 mg. Multiple injections of these antibo-
dies are administered to achieve higher doses.

Although antibody absorption is limited after oral
administration, IgG may be available to the systemic
circulation by crossing epithelial cells via paracellular
transport or via receptor-mediated processes. In neo-
nates of several non-human species (e.g. mice, rats,
dogs), I1gG is efficiently absorbed following oral admin-
istration (23) during the first few weeks postpartum.
This GI absorption, observed only in neonates, allows
for transmission of IgG from mother’s milk, and is due
to transport of IgG by the Brambell receptor (i.c.
FcRn) (24). FcRn is located in many tissues in adults
such as endothelial cells of kidneys, liver, lungs, hep-
atocytes, intestinal macrophages, peripheral blood
monocytes, and dendritic cells (25-27). Although
FcRn is located in the GI epithelium, it appears that
IgG is absorbed minimally in humans (28). FcRn func-
tions within systemic tissues to protect IgG from deg-
radation, and the receptor may be an important
determinant of tissue disposition (see Distribution and
Elimination sections) (23).

The systemic absorption of an antibody following
IM or SC administration most likely occurs via con-
vective transport of antibody through lymphatic vessels
into blood (Figure 1). Convective transport occurs as a
result of fluid movement from the interstitial space and
blood (29-31). Additional determinants of convective
transport of antibody include osmotic pressure gradi-
ents and the nature of paracellular pores. The lymph
fluid drains slowly into the systemic circulation, and
antibody absorption following IM or SC administra-
tion can occur for days, resulting in maximum antibody
concentrations in serum ~1 to 2 weeks post adminis-
tration. For galcanezumab, the time to maximum con-
centration is 5 days (10). For fremanezumab, after
single SC administrations of 225mg, 675mg, and
900 mg fremanezumab, median time to maximum con-
centrations was 5 to 7 days (11). Following a single
subcutaneous dose of 70mg or 140mg erenumab
administered to healthy adults, median peak serum
concentrations were attained in approximately 6 days
(15). The time to maximum concentration of IV-admi-
nistered eptinezumab is about 3 hours (32). The SC or
IM bioavailability of antibodies typically range from
50-100%, but may be dose-dependent, and the extent
is determined by presystemic catabolism and systemic
absorption. Erenumab’s SC bioavailability is reported
to be 82% (15), and may be dependent on rates
of proteolysis, antibody endocytosis, and recycling
with FcRn.
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Figure 1. General pathways for IgG absorption, distribution and elimination.

Distribution

Movement of antibodies from the blood into the inter-
stitial fluid of tissues is dependent on their limited
ability to cross cell membranes. Extravasation of anti-
bodies may occur by paracellular or transcellular move-
ment by means of convective processes, diffusion, or
endocytosis (33). Due to their large molecular weight
and polarity, it is unlikely that significant extravasation
occurs with antibodies by transcellular diffusion (33).
The main processes in which endocytosis of antibodies
can occur are phagocytosis, fluid-phase pinocytosis,
and receptor-mediated endocytosis (34). Virtually all
cells in the body have the ability to take up proteins
and other macromolecules, including antibodies, from
the surrounding fluid space via fluid-phase pinocytosis.
Receptor-mediated endocytosis may occur following
binding of antibodies to cell surface antigens or Fcy
receptors, which are present on a variety of cells includ-
ing monocytes, macrophages, B-lymphocytes, and
platelets, and contribute to the movement of antibodies
from blood to tissues (33).

Convective transport through paracellular pores is
considered to be the primary mechanism of antibody
extravasation in tissues (35). Convective transport is
driven by the hydrostatic pressure gradient between
blood and tissues and is dependent on the gradient of
osmotic pressure and the diameter and tortuosity of
paracellular pores. Convection also plays a role in the
distribution of antibodies within the interstitial fluid
and facilitates the transport of antibodies out of the
tissue as the interstitial fluid enters the lymphatic capil-
laries (Figure 1). Given that the paracellular pores of
the lymphatic capillaries are much larger than those in
the vascular endothelium, it is assumed that the

convective clearance of antibodies from the tissue is
much more efficient than the process of convective
extravasation, thereby maintaining relatively low
monoclonal antibody concentrations in the interstitial
fluid (35). Distribution of antibodies within tissues may
be hindered by high-affinity monoclonal antibody bind-
ing to tissue proteins, which creates a barrier to mAb
distribution in tissues following extravasation (36-39).

The limited distribution of monoclonal antibodies to
the brain has primarily been explained by tight junctions
in the brain vascular endothelium, and plasma-to-brain
concentration ratios are typically in the range of 500:1
(40). The role of FcRn in limiting IgG exposure in the
brain has been the focus of several investigations,
and conflicting data have been reported (40-42).
Galcanezumab shows limited distribution into the cen-
tral nervous system and cerebrospinal fluid (43). For
other monoclonal antibodies that bind CGRP, no data
exists to our knowledge. While the central penetration of
galcanezumab is low, a central effect cannot be defini-
tively ruled out. For many neurodegenerative diseases,
monoclonal antibodies are being developed suggesting
that they can act centrally to mediate their effects (44—46).

It has been hypothesized that a migraine attack could
potentially disrupt the blood-brain barrier (BBB), allow-
ing a mAb entry into the brain. However, it has been
shown experimentally that there is no increase in BBB
permeability during an aura phase of migraine and there
is no disruption of the BBB during a glyceryl trinitrate-
triggered migraine attack (47,48).

Elimination

Small molecule drugs are typically metabolized by
Phase 1 or 2 enzyme systems in the GI tract and liver
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after oral administration and eliminated from the body
by renal and biliary pathways (49). For monoclonal
antibodies, elimination occurs by excretion and catab-
olism. The majority of mAb elimination occurs via
intracellular catabolism, following fluid-phase or recep-
tor-mediated endocytosis. The general pathway for IgG
elimination after SC administration is shown in Figure
1. The contribution of different organs to mAb catab-
olism is estimated to be 33% for liver, 24% for skin,
16% for muscle, and 12% for intestine (50). An mAb is
catabolized into peptides and amino acids primarily
by the reticuloendothelial system, which consists of
phagocytic cells such as macrophages and monocytes
(51). Cells in the body have the ability to take up
proteins or macromolecules from the surrounding
fluid space via fluid phase endocytosis, from which
the formed endosome is delivered to a lysosome
where its content undergoes enzymatic degradation. A
significant portion of IgG is rescued from lysosomal
catabolism by FcRn (23,52,53). Within the acidified
environment of the early endosome, IgG binds tightly
to FcRn. The IgG—FcRn complexes are not delivered
to the lysosome for catabolism but rather are sorted to
the cell surface for fusion with the cell membrane. The
receptor shows virtually no affinity for IgG at physio-
logical pH and, upon fusion of the sorting vesicle with
the cell membrane, IgG dissociates from the receptor
and is released into blood or interstitial fluid. This phe-
nomenon may explain the longer elimination t,, of
most IgGs of 3 to 4 weeks compared to IgA, IgD,
IgE, and IgM, whose elimination t;, range from 0.5
to 1 week. Although IgGl, IgG2, and 1gG4 subclasses
exhibit elimination t;, of around 3 to 4 weeks, the
elimination t;, of IgG3 is only 7 days, which is attrib-
uted to differences in binding to FcRn across IgG sub-
classes (54).

Receptor-meditated endocytosis is a process
whereby the antibody Fab domain binds with target
epitopes on cell surfaces, which triggers internalization
and subsequent lysosomal degradation of the mAb—
receptor complex (55). This process can lead to
target-mediated disposition, where the interaction of
the mAb and its receptor contributes to the kinetics
of mAb elimination, as well as distribution (56). This
form of elimination can be capacity-limited because of
a finite expression of the receptor. Higher doses of mAb
can saturate cell membrane targets responsible for elim-
ination, leading to greater-than-proportional increases
in mAb serum concentration relative to the dose admin-
istered, known as nonlinear PK. As an example, erenu-
mab exhibits nonlinear PK as a result of binding to the
CGRP receptor (57). For antibodies that bind to sol-
uble ligands, target-mediated elimination may also
occur (58,59). Galcanezumab exhibits linear PK and
exposure increases proportionally with doses between

1 and 600 mg (10). For fremanezumab, dose propor-
tionality, based on population PK, was observed
between 225mg to 900mg (11). It is worthy to note
that antibodies can target soluble ligands and cell mem-
brane-bound receptors (60).

The liver and kidney are involved predominantly in
the metabolism and elimination of small molecule
drugs and can lead to changes in PK, possibly affecting
the efficacy and toxicity profile in patients with renal
and hepatic impairment. Although the liver and kid-
neys may contribute to catabolism of antibodies, in
general, renal or hepatic impairment does not affect
mADb elimination (61,62). The large size of a mAb
(150 kDa) prevents efficient filtration through the glom-
erulus and mAb PK is expected to be unchanged by
renal impairment, but specific cases do exist where
mAb PK is affected (63,64). Antibody fragments
(non-intact mAb) of lower molecular weight (less than
60 kDa) filtered by the glomerulus can be influenced by
renal impairment (65,66). Other organs including skin,
muscle, and intestine also contribute to mAb degrad-
ation, thereby limiting major influences to mAb elimin-
ation due to liver injury or insufficiency. Dose
adjustment of a mAb is usually not warranted in
patients with renal or hepatic impairment (67). No
dedicated clinical studies were conducted to evaluate
the effect of hepatic impairment or renal impairment
on the PK of monoclonal antibodies that modulate
CGRP. Population PK analysis of integrated data
from the galcanezumab clinical studies revealed that
creatinine clearance did not affect the PK of galcanezu-
mab in patients with mild or moderate renal impair-
ment (10). For fremanezumab, a population PK
analysis of integrated data from the fremanezumab
clinical studies did not reveal a difference in the PK
of fremanezumab in patients with mild hepatic impair-
ment, relative to those with normal hepatic function
(11). For erenumab, population PK analysis of inte-
grated data from the erenumab clinical studies did
not reveal a difference in the PK of erenumab in
patients with mild or moderate renal impairment rela-
tive to those with normal renal function (15). For gal-
canezumab, population PK analysis revealed that
bilirubin, an indirect marker of hepatic function, did
not influence the clearance of galcanezumab (10).

Immunogenicity

Therapeutic antibodies may be viewed by the body as
foreign and activate immune responses that lead to
anti-drug antibody (ADA) development that can bind
to the therapeutic antibody. Many factors can influence
the likelihood of ADA formation, including manufac-
turing process, antibody structure (i.e. derived from
rodent, chimeric, humanized, human), dose, dosing
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frequency, route of administration (68—70), and patient
factors such as immune status or genetics. The effect
that ADA could have on the PK of an antibody is
complex and difficult to predict, but this interaction
can influence the elimination of the antibody by either
decreasing or increasing the t;,,. Some ADA may have
competitive binding activity, preventing the binding of
the ligand to the antibody (71,72). Overall, these
changes may alter the efficacy and toxicity profile of
the antibody.

Assays for immunogenicity are difficult to develop
and verify, and a comparison of observed incidences of
ADA formation across various detection assays is com-
plicated by potential differences in assay sensitivity. It is
expected that therapeutic antibodies will show some
immunogenicity, and even completely human thera-
peutic antibodies have unique idiotypes and posttran-
slational modifications or impurities associated with the
manufacturing process that may trigger an immune
response (72-75).

The immunogenicity of galcanezumab (76,77), ere-
numab (78), and fremanezumab (79) have been
reported elsewhere from clinical trials. The drug
labels for these three drugs state similarly that,
although the immunogenicity profiles do not demon-
strate an impact of ADA development on efficacy or
safety, the available data are too limited to make defini-
tive conclusions (10,11,15). In addition, ADA develop-
ment does not demonstrate an impact on the PK of
galcanezumab (10).

Demographics

Age, body size/weight, sex, and ethnicity are demo-
graphic factors commonly examined using population
PK analyses to understand their influence on drug
exposure, efficacy, and safety to help guide clinical
dosing regimens. Age may affect lymph flow rate and
endocytosis rate, leading to reduced absorption, distri-
bution, and/or elimination of a mAb (62).
Pharmacokinetic studies show mixed results regarding
the effect of age (80-84), but limited data exist in the
young and elderly populations (85). Body weight is a
commonly identified factor that influences mAb PK,
which is not surprising based on the theory of allometry
and PK principles (86). Body weight-adjusted dosing
can reduce variability in PK, but the degree to which
the variability is affected and the therapeutic window of
the mAb are important to consider for rational dose
recommendations. The PK of galcanezumab were not
affected by age, sex, race, or subtypes of migraine spec-
trum (episodic or chronic migraine), based on a popu-
lation PK analysis. Body weight has no clinically
relevant effect on the PK of galcanezumab (10). For
fremanezumab, a population PK analysis assessing

effects of age, race, sex, and weight was conducted,
and no dose adjustments are recommended (11). The
PK of erenumab were not affected by age, gender, race,
or subtypes of migraine spectrum (episodic or chronic
migraine) based on population PK analysis (15).

Pharmacodynamics

Considerations  for  antibodies  that  bind  soluble
ligands. Attention to the PD effects of antibodies via
the characterization of the interaction of the antibody
and the soluble ligand is important, given that the sol-
uble ligand is the active agent that elicits the pharma-
cological effect. When antibody is administered, the
premise is that the ligand will bind to it and the free
ligand concentration that is available to interact with
the ligand receptor will be reduced. Theoretically, effi-
cacy is driven by the magnitude and duration of
the reduction in free ligand concentration (87).
Galcanezumab, eptinezumab, and fremanezumab are
antibodies that bind to the soluble ligand CGRP
(Table 1). Galcanezumab and fremanezumab are
approved in the US for the preventive treatment of
migraine, and eptinezumab is currently in Phase 3
development.

During drug development of antibodies, measure-
ments of total (free + bound) or free ligand concentra-
tions have the potential to help understand the kinetics
of ligand inhibition, their correlation to clinical out-
comes, and use as disease biomarkers. The time
course of ligand inhibition may help define dosing regi-
mens that sustain the required pharmacological activity
of the antibody for effective treatment. Unfortunately,
many bioanalytical challenges exist that make measure-
ment of free ligand concentrations uncertain, or not
practical/possible at times (88). Soluble ligands often
have low concentrations and rapid elimination, and as
assays are needed to measure the reduction of the free
ligand after antibody administration, the sensitivity
requirements for the assay may not be achievable.
Furthermore, the antibody-ligand complex formed
after antibody administration may have a t;,, that is
longer than the free ligand, leading to an accumulation
of the antibody-ligand complex (89). As such, the com-
plex has a much greater concentration than the free
ligand, and this increases the difficulty in accurately
determining free ligand concentration by the assay.
Although approaches have been taken to mitigate the
challenge of measuring free ligand concentration, it is
generally felt that overestimation of free ligand con-
centration remains a concern (90). For the aforemen-
tioned reasons, assays that measure total (free + bound)
ligand concentrations are most common. Total CGRP,
rather than free CGRP, was measured following
galcanezumab administration as described below in
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A PK/PD evaluation of galcanezumab clinical effects on
CGRP.

Mechanistic PK/PD models have been used success-
fully in recent years to characterize relationships
between mAb PK and the time course of mAbD effects,
and to enhance understanding of concentration—effect
relationships between the mAb and the suppression of
target ligand (58,91,92). In cases of low concentrations
and rapid turnover of ligand, PK/PD models that char-
acterize the interaction of the mAb and the ligand can
be a valuable tool to mitigate the bioanalytical chal-
lenges associated with reliable free ligand assays, and
facilitate an understanding of the time course of free
ligand suppression by using the measured antibody—
ligand complex and mAb concentrations (17-19).
These models may provide unique characterizations
and insights, and have the potential to support safe
and effective dose regimens during drug development,
regulatory review, approval, and labeling (88,93).

A PK/PD evaluation of galcanezumab clinical
effects on CGRP

Galcanezumab is a humanized mAb that binds to the
soluble ligand CGRP. In patients with migraine, CGRP
is elevated (6-8,94-96) and may function as a bio-
marker for migraine diagnosis (97). In patients with
episodic and chronic migraine, galcanezumab was
demonstrated to be a safe and effective preventive treat-
ment (76,77,98-100). In addition, galcanezumab was
shown to be a promising preventive treatment for
patients with cluster headache (101).

An objective during development of galcanezumab
was to characterize the interaction between galcanezu-
mab and CGRP, and to infer the effect of galcanezu-
mab on free CGRP concentrations using a PK/PD
model-based approach. To support this objective, 174
subjects (48% male, 52% female, aged 19-65 years)
were given a SC administration of a single dose of
240 mg galcanezumab or 300 mg galcanezumab (102),
and blood samples were collected pre-dose and up to
approximately 20 weeks post-dose to measure concen-
trations of total CGRP (18 samples per subject; 8.5mL
per sample) and galcanezumab (18 samples per subject;
2.5mL per sample). Galcanezumab serum concentra-
tions were measured using a validated enzyme-linked
immunosorbent assay (ELISA) and total CGRP
plasma concentrations were measured using a galcane-
zumab-tolerant electrochemiluminescent assay, as
reported previously (99). A bioanalytical assay to meas-
ure free CGRP was not used because free ligand assay
results can have significant error in the presence of
ligand bound to antibody, leading to an inability
to accurately distinguish and measure concentrations
of free and bound ligand. See previous section

Pharmacodynamics, considerations for antibodies that
bind soluble ligands, for additional details regarding
challenges associated with ligand assays.

The interaction between galcanezumab and CGRP
was characterized with the PK/PD antibody-ligand
interaction model shown in Figure 2 using non-linear
mixed effects modeling software (NONMEM,
Version 7.3). A detailed review of the properties and
assumptions of a general PK/PD antibody-ligand inter-
action model can be found elsewhere (103). The model
herein is described by several PK and PD parameters
that govern the interaction between galcanezumab and
CGRP, and definitions of these parameters are found in
the footnotes under Figure 2.

The time course of total galcanezumab, total
(bound + free) CGRP, and free CGRP concentrations
following a single administration of 300 mg galcanezu-
mab is shown in Figure 3. Galcanezumab concentra-
tions rise and reach peak levels ~5 days post-dose and
decline thereafter with a t;, of ~27 days. Administration
of galcanezumab leads to slow increases in total CGRP
concentrations with a plateau maintained at 4-8 weeks
after dosing. Free CGRP has a faster elimination

GMB SC
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VIF CUF |
[GMB] :

| et [CGRP] gut

o ||

[GMB - CGRP]
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Figure 2. Schematic of the galcanezumab—CGRP interaction.
[CGRP]: calcitonin gene-related peptide concentration; CL/F:
apparent clearance; [GMB]: galcanezumab concentration;
[GMB-CGRP]: GMB-CGRP complex concentration; k,: rate of
absorption of galcanezumab from the SC tissue to the systemic
circulation; kp: in vivo equilibrium constant governing galcanezu-
mab and CGRP binding; k;,: zero-order production rate constant
of CGRP; k. first-order elimination rate constant of CGRP;
SC =subcutaneous; V/F: apparent volume of distribution of
galcanezumab.

Note: Parameter values estimated by the PK/PD model:
k,=0.02h™"; V/IF=6.5L; CL/F=0.008 L/h; ki, =0.005 ng*h/mL;
Koue=0.17h""; kp = 1.3 uM.
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Figure 3. Time-course of total galcanezumab, total CGRP, and free CGRP following a single dose of 300 mg galcanezumab. Lines
denote model-based predictions, circles denote observed galcanezumab concentrations at 300 mg, and triangles denote observed total
CGRP concentrations at 300 mg. Galcanezumab concentration (nM) shown in terms of galcanezumab binding sites.

compared to the galcanezumab-CGRP complex
(GMB-CGRP), and when CGRP becomes bound to
galcanezumab and takes on the slow distribution and
clearance properties of galcanezumab, there is an
increase in total CGRP concentrations. The binding
of CGRP to galcanezumab prevents the normal pro-
cesses involved in the rapid CGRP clearance, such as
diffusion to sites of catabolism and proteolysis. The
initial slow rise of total CGRP concentrations is a
reflection of the accumulation or production of
GMB-CGRP in the body.

The model assumes that the free CGRP concentra-
tion, which is dependent on the ratio of ki, to kgyu
(kin/koue; see Figure 2 legend), is in equilibrium at base-
line. In the model, increasing k;, is predicted to increase
the free CGRP concentration. The authors acknow-
ledge that free CGRP is elevated during a migraine
attack, but elevations in CGRP during a migraine
attack do not affect the model. The premise of galca-
nezumab as a preventive treatment for migraine is to
have a sufficient concentration of galcanezumab that
will inhibit CGRP activity even when there is a spike
in free CGRP during a migraine attack. The model
predicts a rapid decrease of free CGRP concentrations
from predose within 1 day after 300 mg galcanezumab
was administered, with a slow return to predose free
CGRP concentrations (Figure 2). Interestingly, the pre-
dicted effect of galcanezumab on free CGRP diminishes
even in the presence of high galcanezumab concentra-
tions. These data are supportive evidence to address

a common misconception that if high antibody concen-
trations are present (i.e. excess of antibody relative to
the ligand) then the ligand should be completely bound
to the antibody.

Figure 4 illustrates the results from a simulation
using the developed model to show the predicted
effect of galcanezumab on free CGRP relative to base-
line when galcanezumab is administered monthly for
5 months at doses of 5, 50, 120, 240, and 300 mg, and
240 mg as a loading dose followed by 120 mg monthly.
Table 2 provides a descriptive summary of the key par-
ameters. After the initial administration, the maximum
reduction of free CGRP from bascline ranged from
39% at 5mg to a near plateau of 97% at 240 mg and
300mg. The reduction at trough (1 month after the
first galcanezumab administration) ranged from 0%
at 5mg to 70% at 300 mg. These findings suggest that
administration of galcanezumab leads to a dose- and
time-dependent reduction in free CGRP. Higher galca-
nezumab doses provide greater maximum reduction of
free CGRP and suppress free CGRP to a greater extent
than lower doses during the first month after the initial
dose. Repeated monthly dosing of galcanezumab to
steady state continued to suppress free CGRP ranging
from 6% at Smg to 80% at 300 mg.

Clinical perspectives and inferences

Skljarevski et al. reported on the dose dependency of 5,
50, 120 and 300 mg galcanezumab in a Phase 2 trial for
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Figure 4. Simulation of the percent change of free CGRP from baseline following monthly administration of galcanezumab.

Table 2. Predicted decrease in free CGRP from baseline
following administration of galcanezumab.

Steady state

First dose administration administration

Dose Maximum Effect at Average
(mg) effect (%) trough (%) effect (%)
5 39 0 6

50 86 12 39

120 94 41 6l

240 97 64 76
240/120%* 97 64 6l

300 97 70 80

*Loading dose of 240 mg followed by 120 mg monthly.

the preventive treatment of migraine (98). In that study,
both 120mg and 300mg demonstrated a statistically
significant difference in the change from baseline in
the number of migraine headache days compared to
placebo during the overall 3-month treatment period,
but Smg and 50mg did not. The PK/PD simulation
herein demonstrated that the average steady-state
reduction in free CGRP was only 6% for Smg and
39% at 50 mg, but 61% at 120mg and 80% at 300 mg
(Table 2). The overall lack of efficacy over the 3-month
treatment phase at Smg and 50 mg may be due to the
lower effects of galcanezumab on free CGRP. An
important consideration for the treatment of patients
with migraine is to provide early onset of effect. Our
analyses indicate that the reduction of free CGRP at
trough (1 month after first galcanezumab administra-
tion) was 0% at 5mg and only 12% at 50mg,

suggesting that these doses do not sustain appreciable
target binding throughout the initial dosing interval. As
such, initial doses greater than 120 mg may be prefer-
able for achieving and sustaining higher target
engagement.

In subsequent Phase 3 trials in patients with episodic
(76) or chronic (100) migraine, galcanezumab was
administered at doses of 240 mg monthly and 120 mg
monthly with an initial loading dose of 240 mg (240 mg/
120 mg). Both dose regimens had a similar and statis-
tically significant difference in the overall change from
baseline in the number of migraine headache days com-
pared to placebo during the overall 6-month treatment
period, the primary endpoint. Our modeling analysis
indicates that the average steady state decrease in free
CGRP at 120mg and 240 mg monthly was 61% and
76%, respectively, thus informing the degree of target
engagement that was associated with efficacy.
Furthermore, a 240-mg loading dose achieved a near-
maximum reduction of free CGRP (97%) within the
first day and continued to suppress free CGRP at
trough (1 month after first galcanezumab administra-
tion) by 64%. A 240-mg loading dose provides a 23%
greater decrease of free CGRP at trough compared to
120mg (41%; Table 2). These data show that the
240-mg loading dose achieves by 1 month the same
degree of target engagement that was observed at
steady state and associated with clinical efficacy.

Summary

The PK and PD properties of an antibody are complex
and differ from small molecule drugs. To understand
how antibodies can affect the extent and duration of



Kielbasa and Helton

1293

free ligand concentrations, the dose and PK of the anti-
body, and the kinetics of the ligand and the antibody—
ligand complex, are important factors to consider. The
PK/PD model developed for galcanezumab is a tool

that serves as a mechanistic explanation based on
free CGRP for galcanezumab therapeutic effects and
was used to help justify dose regimens in clinical effi-
cacy trials.

Article highlights

e The antibodies for the preventive treatment of migraine being developed and on the market are of the IgG

isotype, having consistency in structure, being mAb preparations, and either fully human or humanized.
Antibodies are administered parenterally because absorption by oral administration is limited by GI deg-
radation and inefficient diffusion or convection through the epithelium. Absorption of antibodies following
SC administration involves convection and subsequent uptake into the lymphatic system, usually leading to
a slower absorption and a delayed time to maximum antibody serum concentrations compared to small
molecules administered orally.

The majority of antibody elimination occurs via intracellular catabolism into peptides and amino acids
following endocytosis. The large size of an antibody (150kDa) prevents efficient filtration through the
glomerulus of the kidney and many organs can contribute to antibody catabolism; therefore, major influ-
ences on antibody PK are unlikely in patients with renal or hepatic impairment. Production of ADA may
increase or decrease the clearance of the antibody from the body or inhibit the ligand binding to the
antibody, thus affecting efficacy. Comparison of incidence of ADA across products may be misleading
because immunogenicity results are highly dependent on the assay methodology used.

Antibody drugs that bind soluble ligands make up a large proportion of antibody therapeutics. The premise
is that binding of ligand to the antibody reduces the free ligand that is available to interact with the receptor
and efficacy is driven by the magnitude and duration of the reduction in free ligand concentration.
A galcanezumab PK/PD model was developed to provide insights regarding the effects of galcanezumab
serum concentrations on total and free CGRP concentrations. The model provides evidence for a mechan-

istic linkage to galcanezumab therapeutic effects for the preventive treatment of migraine.
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