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ABSTRACT
Migraine is a debilitating disease that affects almost 15% of the
population worldwide and is the first cause of disability in people
under 50 years of age, yet its etiology and pathophysiology remain
incompletely understood. Recently, small molecules and therapeu-
tic antibodies that block the calcitonin gene-related peptide (CGRP)
signaling pathway have reduced migraine occurrence and aborted
acute attacks of migraine in clinical trials and provided prevention
in patients with episodic and chronic migraine. Heterogeneity is
present within each diagnosis and patient’s response to treat-
ment, suggesting migraine as a final common pathway poten-
tially activated by multiple mechanisms, e.g., not all migraine
attacks respond to or are prevented by anti-CGRPpharmacological
interventions. Consequently, other unique mechanisms central to
migraine pathogenesis may present new targets for drug develop-
ment. Pituitary adenylate cyclase-activating peptide (PACAP) is an

attractive novel target for treatment of migraines. We generated a
specific, high-affinity, neutralizing monoclonal antibody (ALD1910)
with reactivity to both PACAP38 and PACAP27. In vitro, ALD1910
effectively antagonizes PACAP38 signaling through the pituitary
adenylate cyclase-activating peptide type I receptor, vasoactive
intestinal peptide receptor 1, and vasoactive intestinal peptide
receptor 2. ALD1910 recognizes a nonlinear epitopewithin PACAP
and blocks its binding to the cell surface. To test ALD1910
antagonistic properties directed against endogenous PACAP,
we developed an umbellulone-induced rat model of neurogenic
vasodilation and parasympathetic lacrimation. In vivo, thismodel
demonstrates that the antagonistic activity of ALD1910 is dose-
dependent, retaining efficacy at doses as low as 0.3 mg/kg.
These results indicate that ALD1910 represents a potential
therapeutic antibody to address PACAP-mediated migraine.

Introduction
Migraine is a debilitating neurologic disease that affects

almost 15% of the population worldwide and is considered
by the World Health Organization to be the leading cause of
disability in the world for people under 50 (Steiner et al.,
2013, 2018). Migraine pathophysiology is complex, charac-
terized by a genetic/epigenetic predisposition and substan-
tial phenotypic heterogeneity (Durham, 2016; Goadsby et al.,
2017; Guo, 2017; Hoffmann et al., 2017). Despite its severity
and prevalence, migraine is still poorly understood, under-
scoring a clear unmet therapeutic need for many patients. The
gold standard of acute migraine therapy remains oral triptan
treatment; however, its use is limited by its propensity to

induce medication-overuse headache with frequent use and
rare but potentially serious cardiovascular and cerebrovascu-
lar adverse events (Loder, 2010; Russo, 2015; Obermann and
Holle, 2016; Lukacs et al., 2017).
Pioneered by the successful clinical development of thera-

peutic antibodies targeting the calcitonin gene-related peptide
(CGRP) signaling pathway, monoclonal antibodies have recently
emerged as a promising new drug class for migraine prevention
(Edvinsson, 2018; Edvinsson et al., 2018). Monoclonal antibodies
have several advantages over previous existing therapy, in-
cluding limited off-target effects, high efficacy, sustained dura-
bility with a long half-life allowing for monthly to quarterly
administration, improved adherence to treatment, and a good
tolerability profile (Edvinsson et al., 2018; Levin et al., 2018).
Thus, although the long-term safety profile outside a clinical
trial setting remains to be determined, anti-CGRPmonoclonal
antibodies are positioned to be optimal therapies for migraine

https://doi.org/10.1124/jpet.118.253443.
s This article has supplemental material available at jpet.aspetjournals.org.

ABBREVIATIONS: Ab, antibody; BSA, bovine serum albumin; CGRP, calcitonin gene-related peptide; CPP, cell-penetrating peptide; ELISA,
enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorter; HTRF, homogeneous time resolved fluorescence; IN, intranasally;
PACAP, pituitary adenylate cyclase-activating peptide; PAC1-R, pituitary adenylate cyclase-activating peptide type I receptor; SA-PE,
phycoerythrin-conjugated streptavidin; SPR, surface plasmon resonance; VIP, vasoactive intestinal peptide; VPAC1-R, vasoactive intestinal
peptide receptor 1; VPAC2-R, vasoactive intestinal peptide receptor 2; N-term, N-terminal; C-term, C-terminal; PBS, phosphate-buffered saline.
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prevention. Recent phase 3 clinical data have shown that several
different antibody therapies targeting the CGRP biology are
effective with acceptable tolerability and safety profiles, with
erenumab-aooe, galcanezumab-gnim, and fremanezumab-vfrm
receiving approval from the Food andDrugAdministration this
year [Khan et al., 2017; Edvinsson, 2018; Edvinsson et al., 2018;
Aimovig (erenumab-aooe) prescribing information, Amgen;
Emgality (galcanezumab-gnim) prescribing information, Eli
Lilly; Ajovy (fremanezumab-vfrm) prescribing information,
Teva]. However, in all trials to date, there have been significant
numbers of patients who did not respond to CGRP-targeted
treatment, highlighting the complexity and heterogeneity of
migraine biology as well as the need for additional alternative
treatments (Russo, 2015; Khan et al., 2017). Due to the lack of
clinical data at this time, it is unclear whether targeting
pituitary adenylate cyclase-activating peptide (PACAP) for
migraine prevention is complementary, synergistic, or distinct
from CGRP antagonism.
PACAP is a multifunctional neuropeptide that has been

implicated in migraine pathophysiology (reviewed by Schytz
et al., 2010b; Kaiser and Russo, 2013; Lukacs et al., 2017;
Vollesen and Ashina, 2017; Rubio-Beltrán et al., 2018). PACAP
is a member of the secretin/vasoactive intestinal peptide (VIP)/
growth hormone–releasing hormone family and exists in two
a-amidated active forms, one composed of 38 amino acids and a
second composed of 27 amino acids (PACAP38 and PACAP27,
respectively) (Miyata et al., 1990). Both peptides share the
same N-terminal 27–amino acid sequence and are produced
from the same precursor protein, prepro-PACAP (Moody et al.,
2011). Of the two, PACAP38, is the more prevalent form,
representing up to 90% of PACAP forms in mammalian
tissues (Arimura et al., 1991; Vaudry et al., 2009; Kaiser
and Russo, 2013). PACAP is widely distributed in the brain
and peripheral organs, such as the endocrine system, gonads,
sympathetic neurons, respiratory system, gastrointestinal tract,
cardiovascular system, andurogenital tracts (Vaudry et al., 2009;
Schytz et al., 2010b;Tajti et al., 2015). PACAP is expressed, along
with its receptors, throughout the nervous system, including
distinct areas suggestive of a role in migraine pathophysiol-
ogy, such as the trigeminovascular system, trigeminal gan-
glia, trigeminal nucleus caudalis, dorsal horn of the spinal
cord, brainstem, hypothalamus, pituitary, and otic and sphe-
nopalatine ganglions (Tajti et al., 1999, 2001; Uddman et al.,
1999, 2002; Csati et al., 2012a; Goadsby et al., 2017).
Amechanistic role for PACAP38 inmigraine is supported by

several clinical observations: 1) human provocation studies
showed that an infusion of PACAP38 in migraineurs without
aura triggers migraine-like attacks and sustained vasodila-
tion of extracranial arteries (Schytz et al., 2009; Amin et al.,
2014; Vollesen and Ashina, 2017); 2) PACAP38-induced mi-
graines are associated with photophobia, phonophobia, and
nausea and respond to triptans (Amin et al., 2012, 2014); 3)
plasma levels of PACAP38 are elevated during migraine
attacks (ictal) as compared with interictal levels in humans
(Tuka et al., 2013); and 4) in patients with migraine headache,
plasma PACAP levels decrease after sumatriptan treatment
correlating with headache amelioration (Zagami et al., 2014).
A monoclonal antibody targeting the PACAP pathway may

be beneficial for the prophylactic treatment of migraine (Kaiser
and Russo, 2013; Tajti et al., 2015; Vollesen and Ashina, 2017;
Rubio-Beltrán et al., 2018). In this communication, we report
ALD1910, a potent neutralizing monoclonal antibody targeting

PACAP, which blocks PACAP signaling through the pituitary
adenylate cyclase-activating peptide type I receptor (PAC1-R),
vasoactive intestinal peptide receptor 1 (VPAC1-R), and vasoac-
tive intestinal peptide receptor 2 (VPAC2-R) and inhibits endog-
enously released PACAP in vivo. Published literature supports a
role for PACAP as a cell-penetrating peptide, and as such can
readily cross the cellular plasma membrane in a receptor-
independent format (Doan et al., 2012a; Tchoumi Neree et al.,
2014; Neree et al., 2015). Unlike antibodies directed to the
N-terminal region of PACAP, we demonstrate that ALD1910
does not lead to accumulation of antibody-antigen complexes
on the cell surface. ALD1910 is being developed for migraine
prevention.

Materials and Methods
Cell Lines and Peptides. Rat pheochromocytoma PC12 cells en-

dogenously expressing rat PAC1-R were obtained from the Japanese
Collection of Research Bioresources Cell Bank (catalog number
JCRB0733; Osaka, Japan). Human neuroblastoma SH-SY5Y cells
endogenously expressing human PAC1-R were obtained from the
AmericanTypeCultureCollection (catalognumberCRL-2266;Manassas,
VA). CHO-K1 cells were obtained from the American Type Culture
Collection (catalog number CCL-61) and were stably transfected with
either humanVPAC1-R cDNA (NM_004624) or humanVPAC2-R cDNA
(NM_003382). PACAP38 and PACAP27 peptides were obtained from
American Peptide (catalog numbers 34-0-20 and 34-0-40; Vista, CA),
unless specified otherwise. VIP peptide was obtained from American
Peptide (catalog number 48-1-10). N-term and C-term biotinylated
PACAP38 peptides were obtained from AnaSpec (catalog numbers
23590 and 23648, respectively; Fremont, CA), N-term biotinylated
PACAP27 peptide was obtained from American Peptide (catalog number
370733), and N-term biotinylated VIP peptide was obtained from
AnaSpec (catalog number 23594).

Generation of ALD1910 Antibody. New Zealand white rabbits
were initially immunized with PACAP38 and keyhole limpet hemo-
cyanin in combination with complete Freund’s adjuvant. Subsequent
immunizations were repeated with a combination of PACAP38,
keyhole limpet hemocyanincross-linked PACAP38, and incomplete
Freund’s adjuvant until a robust polyclonal titer was achieved as
determined by enzyme-linked immunosorbent assay (ELISA) bind-
ing to biotinylated PACAP38. Antibodies against PACAP38 were
identified by ELISA antigen recognition of conditioned B cell culture
supernatants as previously described (Lightwood et al., 2006). To
identify specific anti-PACAP38 antibodies that do not recognize VIP,
PACAP38 reactive wells were further tested by ELISA for binding to
VIP. PACAP38 reactive supernatants were evaluated for potency as
measured by their ability to block cAMP accumulation in PACAP38-
stimulated PC12 cells (cAMP HTRF (homogeneous time resolved fluores-
cence) kit, catalog number 62AM4PEC; Cisbio, Bedford,MA). ALD1910
was humanized by grafting its rabbit CDRs (complementarity-
determining regions) into a human framework as previously de-
scribed (Riechmann et al., 1988).

ALD1910 Binding Kinetics. ALD1910 binding affinity for
PACAP38 and PACAP27 was estimated using surface plasmon reso-
nance (SPR) on a ProteOnXPR36 (Bio-Rad, Hercules, CA) as previously
described (Bravman et al., 2006). ALD1910 antibody was immobilized
via amine coupling. PACAP38 was diluted in PBST (PBS with Tween)
buffer (catalog number P1192; Teknova, Hollister, CA) supplemented
with 0.2Marginine (catalog number 2067-06; J.T. Baker) and 0.2mg/ml
bovine serum albumin (BSA, catalog number 001-00-162; Jackson
ImmunoResearch Laboratories, West Grove, PA), pH 7. Increasing
PACAP38 concentrations (ranging from 1.23 to 100 nM) were used, and
kinetic data were analyzed using ProteOn Manager Software (version
3.1.0.6; Bio-Rad) and fitted using a 1:1 Langmuir binding model. To
determine binding affinity forVIP, peptide concentrations 12.3 nMup to
1000 nM were used.
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Inhibition of PACAP38- or PACAP27-Induced Signaling via
PAC1-R. ALD1910 antibody serial dilutions starting at 33 nM were
incubated with either PACAP38 or PACAP27 (final concentrations
were 100 pM and 1 nM, respectively, for PC12 cells; 400 pM and 1 nM,
respectively, for SH-SY5Y cells) for 1 hour at 37°C. PAC1-R–expressing
cells (PC12 or SH-SY5Y)werewashed and resuspended at 1� 106 cells/ml
in cell culture medium. Cells (20 ml) and antigen/antibody complex
(20ml)were transferred to anHTRFplate (catalognumber 3693;Corning,
Corning, NY) and shaken at room temperature for 30minutes. Following
the incubation, 20 ml of Europium (Eu31) donor cryptate–labeled mono-
clonal antibody anti-cAMPand 20ml of acceptor d2–labeled cAMP in lysis
buffer were added according to themanufacturer’s instructions (cAMP
HTRF kit, catalog number 62 AM4PEC; Cisbio), and the plate was
incubated for 1 hour while shaking. Following incubation, plates
were read (excitation 330 nm, emission 620/665 nm), and the 620:665
emission ratio was graphed.

Inhibition of PACAP38-Induced Signaling via VPAC1-R and
VPAC2-R. ALD1910 was serially diluted and incubated with either
5 nMPACAP38 (VPAC1-R) or 1 nMPACAP38 (VPAC2-R) for 1 hour at
37°C. VPAC1-R- or VPAC2-R–expressing CHO-K1 cells were detached,
washed, and resuspended to a final concentration of 1� 106 cells per ml
in culturemedium [F-12Kmedium, 10% fetal bovine serum, 1.25mg/ml
G418 (catalog number LS10131027; Gibco, Carlsbad, CA)]. Cells (20 ml)
and antigen/antibody complex (20 ml) were transferred to an HTRF
plate (catalog number 3693; Corning) and shaken at room temper-
ature for 30 minutes. Following the incubation, 20 ml of Eu31 donor
cryptate–labeled monoclonal antibody anti-cAMP and 20 ml of acceptor
d2–labeled cAMP in lysis buffer were added according to the manufac-
turer’s instructions (cAMP HTRF kit, catalog number 62 AM4PEC;
Cisbio), and the platewas incubated for 1 hourwhile shaking. Following
incubation, plates were read (excitation 330 nm, emission 620/665 nm),
and the 620:665 emission ratio was determined.

Inhibition of PACAP Binding to Human PAC1-R. ALD1910
antibody at an initial concentration of 30 nM was serially diluted in
incubation buffer [50 mM Hepes (pH 7.4), 1 mM CaCl2, 5 mM MgCl2,
0.2%BSA] and preincubated at 25°C for 30minutes with 0.1 nM [125I]-
labeled PACAP27 in incubation buffer. The antibody:[125I]-labeled
PACAP27 mixture was then mixed with 0.5 mg of cell membranes
derived from Chem-1 cells expressing human recombinant PAC1-R
long isoform (GeneBank NM_001118) in incubation buffer. The mixture
was then incubated for 1 hour at 25°C. Following incubation, the samples
were filtered and washed, and the filters were counted. Nonspecific
binding to the cell membranes was estimated using 0.1 mMPACAP27.
IC50 values were determined by a nonlinear, least-squares regression
analysis usingMathIQ (IDBusiness Solutions Ltd., Guildford,UK). Ki

values were calculated using the equation of Cheng and Prusoff (1973)
using the observed IC50 for the tested compounds, the concentration of
radioligand used in the assay, and the historical values for the KD of
the ligand (obtained experimentally).

ALD1910 Epitope Determination. PACAP38 peptides were
synthesized with a single point mutation in each position, replacing
the native amino acidwith an alanine (Ala). In positions 18, 24, and 25,
the native Ala was replaced with valine (Val). Binding of ALD1910 to
PACAP38 and each mutant peptide was measured using SPR on a
ProteOn XPR36. ALD1910 antibody was immobilized onto a ProteOn
GLC sensor chip (Bio-Rad Laboratories) at 25°C. The chip surface was
allowed to re-equilibrate using 1� HBS-EP1 (Hepes-buffered saline-
EDTA Polysorbate) with the following additives: 0.2 M arginine HCl
(to reduce nonspecific binding), 0.2 mg/ml BSA (as carrier), and 0.005%
sodium azide (preservative). Stock solutions of PACAP38 peptide or
alanine/valinemutant peptides (100 nM) were used to query individual
spots on the chip surfacewith flow rates of 100ml/min� 120 seconds and
allowed to dissociate for 600 seconds. Chip surfaces were regenerated
between analytes by the addition of 0.85% phosphoric acid alternating
with 50 mM EDTA in 0.5% SDS.

PACAP38 and PACAP27 Binding to Cell Surface. All cell incu-
bationswereperformedon ice.N-termbiotinylatedPACAP38orPACAP27
(final 100 nM) was preincubated with PE (phycoerythrin)-conjugated

streptavidin (SA-PE, 1:200 dilution, catalog number 016-110-084; Jackson
ImmunoResearch) in fluorescence-activated cell sorter (FACS) buffer
(2% fetal bovine serum inDPBS (Dulbecco’s PBS)modifiedwith calcium
and magnesium, catalog number SH30028.03; HyClone, Logan, UT).
CHO-K1 cells were harvested (scraped), counted, and resuspended at
1.5 � 105 cells/ml in FACS buffer. Cells (100 ml) were incubated with
100 ml of the peptide:SA-PE mixture on ice for 45 minutes in the dark,
followed by two washes and resuspension in 200 ml of FACS buffer
containing propidium iodide (catalog number 51-66211E; BD Biosciences,
San Jose, CA) and analyzed by flow cytometry using theBDAccuri C6 flow
cytometer instrument (BD Biosciences). Propidium iodide–negative cells
were selected for analysis. For antibody inhibition of PACAP38 binding
studies, aC-termbiotinylatedPACAP38peptidewas used. Serially diluted
ALD1910 or N-term–specific anti-PACAP38 antibody was added to the
peptide:SA-PE preincubation mixture prior to incubation with the cells.

PACAP38-Mediated Antibody Binding to the Cell Surface.
All cell incubations were performed on ice. PACAP38 (100 nM final)
was preincubated with serially diluted ALD1910 or N-term–specific
anti-PACAP38 antibody and donkey anti-human Fc antibody–conjugated
fluorescein isothiocyanate (1:33 dilution, catalog number 709-096-098;
Jackson ImmunoResearch) in FACS buffer at room temperature for
30 minutes. CHO-K1 cells were harvested, counted, and resuspended
at 1.5� 105 cells/ml inFACSbuffer.ResuspendedCHO-K1 cells (100ml)
were incubated with 100 ml of the peptide:antibody:anti-human
Fc antibody mixture on ice for 45 minutes in the dark, followed by
two washes and resuspension in 200 ml of FACS buffer containing
propidium iodide (catalog number 51-66211E; BD Biosciences) and
analyzed by flow cytometry using the BD Accuri C6 flow cytometer
instrument (BD Biosciences). Propidium iodide–negative cells were
selected for analysis.

In Vivo Umbellulone-Induced Increased Facial Temperature
and Lacrimation Model. Studies were conducted at Bolder BioPATH
(Boulder, CO) according to protocols approved by their Institutional
Animal Care and Use Committee. Adult male Sprague-Dawley rats
(Envigo Inc., Indianapolis, IN) were cared for, and all procedures
complied with the Animal Welfare Act, the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by the US
National Institutes of Health, and were approved by the institu-
tion’s Animal Care andUse Committee. Animals were housed three
to five per cage in shoebox polycarbonate cages with wire tops,
wood-chip bedding, and suspended food and water bottles. Animal
care including room, cage, and equipment sanitation conformed
with the National Research Council guide for the care and use of
laboratory animals and the institution’s applicable standard oper-
ating procedures. Animals were acclimated for 9 days prior to being
placed in the study. An attending veterinarian was on site or on call
during the live phase of the study. During the acclimation and study
periods, animals were housed in a laboratory environment with
temperatures ranging 67–76°F and a relative humidity of 30%–70%.
Automatic timers provided 12 hours of light and 12 hours of dark.
Animals were allowed access ad libitum to Harlan Teklad Rodent
Chow and fresh municipal tap water. On study day 0, animals in
each group were weighed and randomized into treatment groups by
body weight. Animals were then anesthetized with inhaled isoflur-
ane (catalog number 502017; VetOne, Boise, ID), and 0.2 mmol/kg of
umbellulone (catalog number SML0782-25MG; Sigma-Aldrich, St.
Louis, MO) or vehicle (0.5% dimethylsulfoxide in PBS) in a 50-ml
volume were administered intranasally (IN) per rat into the right
nostril over a 5-second period. At predose and 5 minutes post IN
dosing, nose and right foot temperatureswere takenwith aThermoworks
(American Fork, UT) TW2 IR thermometer with emissivity set to 0.97.
The thermometer was held 2.5 cm from the nose or footpad for the
reading. Sixty minutes post IN dosing, animals were anesthetized,
and a modified (by cutting 2 mm off width from the supplied 5-mm-
wide test strip, resulting in a test strip 3 mm wide) Schirmer’s test
strip (catalog number 063059; Merck Animal Health, Madison, NJ)
was placed on the medial side of the right lower eyelid for a period of
5 minutes. After 5 minutes, the test strip was read for tear production
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using the preprinted millimeter hash marks on the strip. Adminis-
tration of compounds was as follows: HC-030031 (catalog number
H4415; Sigma-Aldrich) was administered at 100 mg/kg intragastri-
cally 1 hour prior to umbellulone exposure; hexamethonium chloride
(catalog numberH2138; Sigma-Aldrich)was administered at 20mg/kg
intravenously 5 minutes prior to umbellulone exposure; and suma-
triptan (catalog number 3586; Tocris, Minneapolis, MN) was admin-
istered at 1mg/kg intravenously 1 hour prior to umbellulone exposure.
Antibodies (ALD1910, isotype control, anti-CGRP, and anti-PAC1-R
antibodies) were administered at 20 mg/kg intravenously 24 hours
prior to umbellulone exposure. For the dose-response study, ALD1910
was administered at 30, 3, 0.3, 0.03, and 0.003 mg/kg intravenously
24 hours prior to umbellulone exposure. Sixty minutes after umbel-
lulone exposure, blood was collected from the abdominal aorta and
processed for serum to assess antibody levels. ALD1910 and isotype
antibody (Ab) concentrations in rat serumweremeasured usingMeso
Scale Discovery technology (Meso Scale Diagnostics, Rockville, MD)
with a quantification range of 81.9 ng/ml (lower limit of quantification)
to 50,000 ng/ml. Quality controls were made by spiking ALD1910 or
isotype control Ab into 100% rat serum. Calibration standards were
freshly prepared on the day of the assay by spiking ALD1910 or
isotype Ab into 1% rat serum. All in vivo evaluations were performed
in a blinded manner, except for the dose-response study.

Results
ALD1910 Identification, Specificity, and Binding

Kinetics. A large collection of PACAP38andPACAP27 reactive
antibodies were identified from B cell cultures of PACAP38-
immunized rabbits. A subset of this collection was demon-
strated to inhibit PACAP38- andPACAP27-induced signaling,
and one of these antibodies, ALD1910, was humanized and
further characterized. ALD1910 bindswith high affinity to both
PACAP38 and PACAP27 (KD 5 22 and 59 pM, respectively),
exhibiting a fast on-rate and a slow off-rate (Table 1). The
sequence of PACAP38 is identical in human, rat, and mouse
(Harmar et al., 2012); therefore, it is expected that ALD1910
will cross-react with PACAP across these species. The PACAP27
amino acid sequence is closely related (68% identity) to that of
VIP (Vaudry et al., 2009). ALD1910 has a much lower affinity
for VIP (.4000-fold, KD 5 91 nM for VIP) than for PACAP38
(Table 1) and does not block VIP-induced cAMP signaling via
either VPAC1-R or VPAC2-R when used up to 1000-fold molar
excess (data not shown).
ALD1910 Inhibits PACAP38 and PACAP27 Activity

In Vitro. PACAP38 and PACAP27 receptor binding initiates
signaling, inducing cAMP accumulation in both the human
neuroblastoma SH-SY5Y and the rat pheochromocytoma PC12
cell lines via the PAC1-R (Spengler et al., 1993; Colbert et al.,
1994; Pisegna and Wank, 1996; Onoue et al., 2002; Lutz et al.,
2006). ALD1910 potently inhibits PACAP38- and PACAP27-
induced cAMPaccumulation inSH-SY5Ycells, with IC50 values
of 99 and 252 pM, respectively (400 pM PACAP38, 1 nM

PACAP27; Fig. 1, A and B). In PC12 cells, ALD1910 inhibits
PACAP38- and PACAP27-induced cAMP accumulation with
IC50 values of 53 and 265 pM, respectively (100 pM PACAP38,
1 nM PACAP27; Fig. 1, C and D).
PACAP can signal through VPAC1-R and VPAC2-R (Vaudry

et al., 2009; Harmar et al., 2012). ALD1910 fully inhibits, in a
dose-dependent manner, PACAP38-induced cAMP accumu-
lation mediated via human VPAC1-R and VPAC2-R stably
expressed on CHO-K1 cells with an IC50 of 2.05 nM (5 nM
PACAP38; Fig. 1E) and an IC50 of 0.27 nM (1 nM PACAP38;
Fig. 1F), respectively.
ALD1910 Binds PACAP via a Nonlinear Epitope and

Inhibits PACAP Binding to PAC1-R. To determine the
epitope on PACAP38 recognized by ALD1910, alanine scan-
ning mutagenesis was used. Where alanine was the wild-type
amino acid present, this residue position was mutagenized to
valine. Binding of ALD1910 to either wild-type PACAP38 or
each mutant peptide was assessed using SPR. The alanine
scanning strategy identified PACAP amino acid positions
19, 22, 23, or 27 as key features for ALD1910 recognition
where binding is significantly affected (Fig. 2), suggesting a
nonlinear epitope recognized by ALD1910 on PACAP38. To
demonstrate that ALD1910 inhibits binding of PACAP to
the PAC1-R, we used [125I]-labeled PACAP27 and human
PAC1-R stably expressed on Chem-1 cell membrane prepara-
tions. Preincubation of ALD1910 with [125I]-labeled PACAP
led to a dose-dependent inhibition of PACAP binding to its
receptor on cell membrane preparations, with a Ki of 0.14 nM.
Unlabeled peptide PACAP27, used as a positive control in the
assay, displayed a Ki value of 0.48 nM (Fig. 3).
ALD1910 Prevents PACAP38 Binding to the Cell

Surface. Both PACAP38 and PACAP27 have been described
as cell-penetrating peptides. PACAP38 is reported to be signif-
icantly (approximately 5-fold) more efficient than PACAP27 in
delivering extracellular cargo into the cytosol (Doan et al., 2012a;
Neree et al., 2015).CHO-K1cells donot expressPACAPreceptors,
and the transport of molecules across themembrane by PACAP
as a cell-penetrating peptide is receptor-independent (Doan
et al., 2012a,b). The lack of PACAP receptors on CHO-K1 cells
was corroborated via functional activity; no cAMP accumula-
tion was measurable upon incubation of this cell line with
PACAP38 (data not shown). Our target therapeutic entity
profile favored an antibody which, when binding to PACAP,
would not itself associate with the cell membrane or be
transported into the cell. To test and explore this property,
we established a highly sensitive in vitro system to monitor
cell membrane association of PACAP:antibody complexes
using CHO-K1 cells. We established conditions which enabled
us to monitor the binding of PACAP38 to the cell surface of
CHO-K1 cells using flow cytometry (Supplemental Fig. 1, A
and B). The conditions used were optimized to monitor associ-
ation of PACAP38 with CHO-K1 cells down to low nanomolar
concentrations, whereas under the same conditions, PACAP27
(at micromolar concentrations) was not associated with the
cells. We then tested if PACAP38 would tether ALD1910 to
the cell surface. ALD1910 prevented binding of PACAP38 to
the cell surface (Fig. 4A), whereas a separate N-term–directed
anti-PACAP38 antibody did not (Fig. 4B). We were further
able to detect the PACAP38:N-term–directed anti-PACAP38
antibody on the cell surface using an anti-Fc antibody for
detection; the PACAP38:ALD1910 complex was not detected
(Fig. 4C).

TABLE 1
ALD1910 binds PACAP38 and PACAP27 with high affinity and
selectivity

Peptide ka kd kD

M21s21 s21 M

PACAP38 4.5E+05 1.0E205 2.2E211
PACAP27 1.7E+05 1.0E205 5.9E211
VIP 1.4E+05 1.3E202 9.1E208

ka, association constant; kd, dissociation constant; KD, equilibrium constant.
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ALD1910 Antagonist Activity In Vivo. To determine
the ability of ALD1910 to inhibit endogenously released
PACAP, we developed an animal model of TRPA1-induced
neurogenic vasodilation and parasympathetic lacrimation
using umbellulone based on prior reports (Gottselig and
Messlinger, 2004; Nassini et al., 2012). In brief, umbellulone
was applied to the nasalmucosa of Sprague-Dawley rats, leading
to increased lacrimation and increased facial temperature [used
as surrogate for vasodilation (Højland et al., 2015)] compared
with vehicle control (P 5 0.014 and P 5 0.0057, respectively)
(Fig. 5, A and B). Pretreatment with a TRPA1-specific small-
molecule antagonist, HC-030031 (McNamara et al., 2007),
abolished the effect of umbellulone on facial temperature
increase, confirming umbellulone activation of TRPA1 receptor,
as previously reported (Edelmayer et al., 2012; Nassini et al.,
2012) (Supplemental Fig. 2). In contrast, HC-030031 did not
have any effect on lacrimationmonitored 2 hours post HC-030031
administration (data not shown). Administration of hexametho-
nium chloride, a blocker of synaptic transmission in autonomic
ganglia (Goadsby, 1991;GottseligandMesslinger, 2004), inhibited
umbellulone-driven lacrimation (P5 0.017) but had little/no effect
on increased facial temperature (Fig. 5, C and D). Finally,

sumatriptan, a 5-HT1B/1D agonist, administered at 1mg/kg i.v.
inhibited umbellulone-driven lacrimation (P 5 0.0009) and
facial temperature increase (P 5 0.0022) (Fig. 5, C and D).
Nassini et al. (2012) reported that IN administration of

umbellulone leads to increased meningeal blood flow which is
inhibited by the CGRP receptor antagonist BIBN4096BS. We
tested if CGRP also mediates the umbellulone-induced facial
temperature and lacrimation. Administration of an anti-CGRP
antibody decreased both umbellulone-induced facial tempera-
ture (P , 0.0001) and lacrimation (P , 0.05) (Fig. 6, A and B).
We used this system to query whether PACAP also mediates
either the increased facial temperature or lacrimation after IN
umbellulone. Animals were treated with ALD1910 24 hours
prior to umbellulone challenge to allow efficient biodistribution
of the antibody in tissues and to ensure adequate exposure
(Dostalek et al., 2013). The half-life of ALD1910 in rats is 1886
32 hours (data not shown). Inhibition of PACAP biology using
either ALD1910 or an anti-PAC1-R monoclonal antibody led
to an inhibition of both umbellulone-induced facial tempera-
ture (P, 0.0001) and lacrimation (P, 0.05) (Fig. 6, A and B).
This demonstrates that PACAP, similar to CGRP, is in-
volved in umbellulone-induced neurogenic vasodilation and

Fig. 1. ALD1910 inhibits PACAP-induced signaling. Hu-
man neuroblastoma SH-SY5Y cells were stimulated with
400 pM PACAP38 (A) or with 1 nM PACAP27 (B) in the
presence of increasing concentrations of ALD1910. Rat
pheochromocytoma PC12 cells were stimulated with
100 pM PACAP38 (C) or with 1 nM PACAP27 (D) in the
presence of increasing concentrations of ALD1910. CHO-K1
cells stably expressing human VPAC1-R were stimulated
with 5 nM PACAP38 (E), and CHO-K1 cells stably
expressing human VPAC2-R were stimulated with 1 nM
PACAP38 (F) in the presence of increasing concentrations
of ALD1910. Intracellular cAMP accumulation was mea-
sured using a competitive HTRF assay. Figures are
representative curves from one of the experiments run in
duplicate; error bars represent the S.D.
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parasympathetic lacrimation. The inhibition of endogenously
released PACAP in rats by ALD1910 is dose-dependent, retain-
ing efficacy at doses as low as 0.3 mg/kg (Fig. 6C). The ALD1910
exposure levels, reported as mean serum concentrations from
samples taken 60 minutes post umbellulone challenge, are
plotted on the right-hand-side y-axis of the temperature dose-
response figure (Fig. 6C).

Discussion
PACAP38 has emerged as a potentially important signal-

ing molecule in the pathophysiology of migraine (reviewed by
Schytz et al., 2010a; Kaiser and Russo, 2013; Tajti et al., 2015;
Vollesen and Ashina, 2017; Rubio-Beltrán et al., 2018). While
it is currently unclear whether PACAP38 and CGRP mediate
overlapping or complementary pathways, there are several
reports that indicate that PACAP38 may represent a unique
and distinct pathway of migraine. Indeed, human provocation
studies have shown that PACAP38 infusion induces unique
delayedmigraine-like attacks associatedwith prolonged facial
flushing (Ashina et al., 2017). In contrast, the onset of CGRP-
induced migraine-like attacks is almost immediate. Another
distinction is that PACAP38-induced migraine attacks include
premonitory symptoms in almost 50% of induced migraine-like
episodes (Guo et al., 2016).
A variety of factors (both endogenous and exogenous) have the

potential to initiate migraine, includingmast cell degranulation,

especially when associated with allergic diseases such as
allergic rhinitis and asthma (Levy et al., 2006; Jansen-Olesen
and Hougaard Pedersen, 2018). Mast cells are proximal to men-
ingeal blood vessels and pain fibers, and they release pronoci-
ceptive molecules upon degranulation. Unlike infusion of CGRP,
PACAP38 infusion correlates not only with a migraine-like
headache but also with long-lasting flushing, which has been
suggested to bemediated via degranulation of mast cells (Schytz
et al., 2009; Seeliger et al., 2010; Bhatt et al., 2014). In vitro
evidence supports PACAP38 secretion by activated humanmast
cells and potentiation of mast cell degranulation (Okragly et al.,
2018). Furthermore, usinga rodent closed-cranialwindowmodel,
Bhatt et al. (2014) and Jansen-Olesen and Hougaard Pedersen
(2018) have shown that PACAP38-mediated, but not CGRP-
mediated, vasodilation of the middle meningeal artery is mast
cell–dependent. PACAP38, unlikeVIPandPACAP27, is a potent
degranulator of rat dural and peritoneal mast cells; this effect is
thought to be mediated via phospholipase C coupled to a yet
unidentified receptor (Baun et al., 2012). Activated mast cells
within the dura release histamine, prostaglandins, and
proinflammatorymediatorswhich can further activatemeningeal
nociceptors and exacerbate migraine (reviewed by Theoharides
et al., 2005; Tajti et al., 2015; Jansen-Olesen and Hougaard
Pedersen, 2018; Mason and Russo, 2018).
In addition to mast cell degranulation, a large body of pre-

clinical data support a role for PACAP38 in other areas of
migraine pathophysiology, such as vasodilation, trigeminal
neuronal activation/sensitization, and photophobia (Boni et al.,
2009; Markovics et al., 2012; Syed et al., 2012; Jansen-Olesen
et al., 2014; Akerman andGoadsby, 2015). Furthermore, plasma
PACAP38 levels are found to be elevated in preclinical models
of trigeminovascular stimulation, mirroring increased ictal
plasma levels observed inmigraine patients (Tuka et al., 2012,
2013; Zagami et al., 2014).
Consistent with a role in migraine, PACAP and all three

receptors are expressed in anatomic structures within the
trigeminovascular system relevant to migraine pathogenesis:
dorsal root ganglia, trigeminal ganglion, trigeminal nucleus
caudalis, dural nerve fibers and blood vessels, brainstem struc-
tures (such as the periaqueductal gray), and ottic and spheno-
palatine ganglia (Uddman et al., 1993, 1999, 2002; Mulder
et al., 1994; Tajti et al., 1999, 2001; Fahrenkrug et al., 2000;

Fig. 2. ALD1910 PACAP binding epitope determination. Binding of
ALD1910 and each mutant peptide was detected using SPR. (A) Sensor-
grams for amino acids within PACAP38 not involved in ALD1910 binding.
(B) Sensorgrams for amino acids within PACAP38 involved in ALD1910
binding. RU (Response Units).

Fig. 3. ALD1910 inhibits binding of [125I]-labeled PACAP27 to human
PAC1-R expressed on Chem-1 cell membrane preparations. ALD1910 was
incubated with labeled [125I]-PACAP27 prior to incubation with cell mem-
brane preparations. Unlabeled PACAP27 was used as positive control. Each
concentration was tested in duplicate; error bars represent the S.D.
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Csati et al., 2012a; Frederiksen et al., 2018) (reviewed by Tajti
et al., 2015; Jansen-Olesen and Hougaard Pedersen, 2018).
CGRP-containing sensory fibers originating from the trigeminal
ganglion project to the sphenopalatine ganglion, where CGRP
receptors and PACAP and its receptors are expressed; this
suggests interaction between sensory and parasympathetic

systems. PACAP-containing, but not VIP-containing, neurons
are found in the trigeminal ganglion and trigeminal nucleus
caudalis (Csati et al., 2012a,b). A noteworthy colocalization of
PACAPwith CGRP in neurons within the trigeminal ganglion
has been observed (Eftekhari et al., 2015). The trigeminal
ganglion, thought to be the “tuner” with regard to migraine

Fig. 4. ALD1910 blocks binding of PACAP38 to cell surface. CHO-K1 cells were stained with a preincubated mix of C-term biotinylated PACAP38
(100 nM) and increasing concentrations of ALD1910 Ab (black line, 62.5 nM; brown line, 31.3 nM; red line, 15.6 nM; blue line, no antibody) (A) or an
N-term–directed anti-PACAP antibody (B), and a constant amount of streptavidin-PE (magenta line) prior to FACS analysis. (C) To detect antibody:
PACAP38 complexes bound to CHO-K1 cell surface, CHO-K1 cells were stained with a preincubated mix of PACAP38 (100 nM) and 2.5-fold excess of
binding sites (125 nM) of ALD1910 Ab (red line), or an N-term–directed anti-PACAP antibody (green line) and a constant amount of fluorescein
isothiocyanate-labeled donkey anti-human Fc antibody (black line) prior to FACS analysis.

Fig. 5. Characterization of the umbellulone-induced facial
temperature and lacrimation model. Intranasal adminis-
tration of umbellulone, but not vehicle, induced a localized
increase in facial (nose) temperature (A) and an increase in
lacrimation (B); eight animals per group (Mann-Whitney
test). Effect of hexamethonium and sumatriptan in the
umbellulone-induced increase in facial temperature (C) and
lacrimation (D); 12 animals per group, two independent
studies (Mann-Whitney test). *P, 0.05; **P, 0.01; ***P,
0.001; ****P , 0.0001. DMSO, dimethylsulfoxide.
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pathophysiology, along with the sphenopalatine ganglion are
located outside the blood-brain barrier and thus are accessible
to antibody therapeutics (Eftekhari et al., 2015; Frederiksen
et al., 2018).
In light of these data, it is reasonable to postulate that blocking

PACAP38 signaling may be beneficial in the preventive treat-
ment of migraine either in combination with existing therapies
or as monotherapy. In fact, a therapeutic monoclonal antibody
againstPAC1-R is currently in phase II clinical trials inmigraine
prevention (ClinicalTrials.gov identifier: NCT03238781). Based
on the aforementioned preclinical data, alongside peripheral
human provocation studies (Amin et al., 2014; Vollesen and
Ashina, 2017) and clinical studies correlating ictal PACAP
levels in patients (Tuka et al., 2013; Zagami et al., 2014), we
discovered and engineered ALD1910, a potent neutralizing
anti-PACAP therapeutic monoclonal antibody for development
as a preventive treatment of migraine.
Both PACAP38 and PACAP27 forms share the N-terminal

1–27 region, which is responsible for the biologic activity of
the peptide (Miyata et al., 1990). PACAP38 constitutes the
predominant form; however, both forms of PACAP are
widely distributed throughout the body, and the propor-
tions vary between different organs (Arimura et al., 1991;
Vaudry et al., 2009). The relative importance of PACAP27
versus PACAP38 inmigraine pathophysiology is still unknown;
thus, we designed ALD1910 to antagonize both PACAP38 and
PACAP27 pharmacology.
PACAP is closely related to VIP, which has pleiotropic

physiologic functions, but its infusion did not provokemigraine-
like attacks in volunteers with migraine; rather, it has been
reported to lead only to a mild headache (Hansen et al., 2006;
Rahmann et al., 2008; Amin et al., 2012; Harmar et al., 2012).
ALD1910 was selected for further development in part due to its
specificity for PACAP and the advantage of a targeted interven-
tion. As such, ALD1910 is 4000-fold more selective for PACAP
versus VIP, and it is ineffective at blocking VIP-induced cAMP
signaling via either VPAC1-R or VPAC2-R (data not shown).
PAC1-R is selectively activated by PACAP, in contrast to

VPAC1-R andVPAC2-R, which are responsive to bothVIP and

PACAP peptides. The inability of VIP to induce migraine-like
attacks despite inducing marked vasodilation in human prov-
ocation studies suggests a role for PAC1-R inmigraine (reviewed
by Kaiser and Russo, 2013; Goadsby et al., 2017; Vollesen and
Ashina, 2017). However, an endogenous localized release of
PACAP during a migraine attack may allow for additional
contributions from both VPAC1-R and/or VPAC2-R. In this
respect, it is noteworthy that all three PACAP receptors
(PAC1-R, VPAC1-R, and VPAC2-R) are expressed in key
areas of migraine biology, such as the trigeminal ganglion,
the trigeminocervical complex, and dural blood vessels
(Akerman and Goadsby, 2015). ALD1910 blocks PACAP38-
and PACAP27-induced signaling via all three receptors.
While both forms of PACAP are equivalent stimulators of
adenylate cyclase, differential activation of pERK (phospho-
ERK) or phospholipase C by PACAP38 has been reported
through different PAC1-R splice isoforms and the cell types
(Miyata et al., 1990; Pantaloni et al., 1996; Walker et al.,
2014). ALD1910 blocks binding of PACAP to its receptor,
resulting in not only inhibition of accumulation of cAMP but
also blocking of signaling via inositol phosphate and phospho-Erk
pathways (data not shown).
ALD1910 inhibits PAC1-R signaling by preventing the

ligand-receptor interaction, as ALD1910 potently and com-
petitively inhibits the binding of [125I]-PACAP27 to human
PAC1-R–expressing cell membranes. The ALD1910 epitope
(residues 19, 22, 23, and 27, as determined by alanine scan
mutagenesis) encompasses the critical region involved in
receptor binding (Sun et al., 2007; Kumar et al., 2011).
Cell-penetrating peptides (CPPs), also called protein trans-

duction domains, denote small peptides capable of enabling
the transport of molecular cargo across plasma membranes,
including large proteins such as antibodies and antibody
fragments, by a mechanism not fully understood (Heng and
Cao, 2005; Duchardt et al., 2007; Marschall et al., 2011;
Ramsey and Flynn, 2015; Dinca et al., 2016). PACAP has been
described as a cationic CPP able to transport cargo into the
cytosol in a receptor-independent manner more efficiently than
the well characterized HIV-Tat CPP (Doan et al., 2012a).

Fig. 6. ALD1910 inhibits endogenously released PACAP. ALD1910, anti-PAC1-R antibody, and anti-CGRP antibody inhibit umbellulone-induced
temperature increase (A) and lacrimation (B). The antagonistic activity of ALD1910 in the umbellulone-induced temperature model is dose-dependent.
(C) ALD1910 was administered at 30, 3, 0.3, 0.03, and 0.003 mg/kg 24 hours prior to umbellulone exposure. The left y-axis shows the facial temperature
change (°F) 6 S.E.M. measured 5 minutes post umbellulone exposure relative to baseline. The right y-axis shows the mean serum concentration (in
nanograms per milliliter) 60 minutes after umbellulone exposure. The serum concentration value for the 0.003 mg/kg dose was below the limit of
detection and thus not represented here; 12 animals per group (Dunnett’s multiple comparisons test vs. isotype antibody). *P, 0.05; **P, 0.01; ****P,
0.0001 vs. isotype Ab (A–C).
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PACAP CPP properties rely on the cationic properties of the
PACAP peptide and its ability to associate with cell surface
proteoglycans (Tchoumi Neree et al., 2014; Neree et al., 2015).
We focused on identifying anti-PACAP antibodies which
would completely inhibit the association of PACAP with the
cell surface. Multiple literature reports discuss incomplete
target neutralization by antibodies that, while able to inhibit
target-receptor interactions, still allowed target–cell surface
glycosaminoglycan interactions which resulted in partial an-
tagonism (Burgess et al., 2006; Greenall et al., 2016). We have
established that ALD1910 blocks all cell association of PACAP
either through its receptor or through reported proteoglycan
interactions. This is in contrast to an N-terminal–directed
antibody.
Migraine is a complex neurologic disease characterized by

debilitating headache, as well as associated symptoms includ-
ing nausea, photophobia, and phonophobia (Goadsby et al.,
2017). In addition, patients with migraine as well as patients
with cluster headache often experience cranial autonomic
disturbances, such as lacrimation, conjunctival injection, nasal
congestion/rhinorrhea, and forehead/facial sweating (Barbanti
et al., 2002, 2016). These autonomic symptoms are thought to
be caused by activation of the trigemino-parasympathetic reflex
due to hyperexcitability of the trigeminal afferents (Barbanti
et al., 2002; Khan et al., 2014). Animal models of trigemino-
parasympathetic reflex can be reproduced by noxious electrical
or chemical stimulation of the facial mucosa that elicits vasodi-
lation of the cranial vessels or the orofacial area and provokes
lacrimation (Goadsby, 1991; Mizuta et al., 2002; Gottselig and
Messlinger, 2004;Akerman et al., 2012; AkermanandGoadsby,
2015). Exposure to the scent of the California bay laurel
Umbellularia californica, also known as the “headache tree,”
can cause severe headaches and cluster headache attacks in
humans (Benemei et al., 2010; Nassini et al., 2012). In animal
models, the active ingredient, umbellulone, has been dem-
onstrated to activate the trigeminovascular system via the
TRPA1 receptor, leading to meningeal vasodilation and facial
allodynia (Kunkler et al., 2011; Edelmayer et al., 2012; Nassini
et al., 2012). We used application of umbellulone to the nasal
mucosa of rats alongwithmonitoring lacrimationand increased
facial temperature as a surrogate for vasodilation. Confirm-
ing previous reports, we showed that umbellulone activity is
mediated via the TRPA1 receptor, and CGRP as pretreatment
via the TRPA1 inhibitorHC-030031 or an anti-CGRP antibody
prevents the increase in facial temperature. We demonstrated
that PACAP and the PAC1-R axis also mediate umbellulone-
driven neurogenic vasodilation and parasympathetic activation.
This finding was validated by the inhibition of umbellulone
action with either an anti-PACAP antibody (ALD1910) or an
anti-PAC1-R antibody. ALD1910 shows dose-dependent in vivo
antagonistic activity in this model, retaining efficacy at doses
as low as 0.3 mg/kg.
ALD1910 is a potent neutralizingmonoclonal antibody with

high affinity and selectivity for PACAP. ALD1910 effectively
antagonizes PACAP signaling, is pharmacologically active
in vivo, and represents an attractive therapeutic agent for the
preventive treatment of migraine.
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