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Abstract

Background: Approximately 50% of patients with chronic
spontaneous urticaria (CSU) experience symptoms that are
not fully controlled by antihistamines, indicating an unmet
clinical need. Objective: To evaluate the effects of the selec-
tive CRTh2 antagonist AZD1981 on symptoms and targeted
leukocytes in adults with persistent CSU despite treatment
with Hj-antihistamines. Methods: We performed a single-
center, randomized, placebo-controlled study involving
adult CSU subjects with symptoms despite daily antihista-
mines. The subjects underwent a 2-week placebo run-in and
4 weeks of double-blinded therapy with either AZD1981 40
mg TID or placebo, followed by a 2-week placebo washout.
The primary objective was to assess the effect of AZD1981 on
CSU signs and symptoms. Secondary objectives included the
effects of AZD1981 on prostaglandin D, (PGD,)-induced eo-
sinophil shape change, circulating leukocyte subsets, CRTh2

expression on blood leukocytes, and total blood leukocyte
histamine content. Results: Twenty-eight subjects were ran-
domized to AZD1981 or placebo, with 26 subjects complet-
ing the study. The urticaria activity scores declined during the
treatment phase in both groups, and they were significantly
reduced in the AZD1981 group at the end of washout.
AZD1981 treatment increased circulating eosinophils and
significantly impaired PGD,-mediated eosinophil shape
change. CRTh2 surface expression rose significantly on blood
basophils during active treatment. No serious adverse events
were observed. Conclusions: This is the first study to exam-
ine the efficacy of a CRTh2 antagonist in antihistamine-re-
fractory CSU. AZD1981 treatment was well tolerated, effec-
tively inhibited PGD,-mediated eosinophil shape change,
shifted numbers of circulating eosinophils, and reduced
weekly itch scores more than hives during treatment and
into washout. Further studies are needed to determine
whether inhibition of the PGD,/CRTh2 pathway will be an

effective treatment for CSU. ©2019S. Karger AG, Basel
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Introduction

Chronic spontaneous urticaria (CSU) is defined as
pruritus and hives occurring daily or almost daily for at
least 6 weeks without an underlying etiology [1]. Al-
though second-generation H;-antihistamines are a first-
line therapy for CSU, 30-50% of patients fail to achieve
symptom control with antihistamines alone [2-4]. Cyclo-
sporine, sulfasalazine, dapsone, Plaquenil, and mycophe-
nolate mofetil have been used in more severe cases of
CSU, but each has the potential for significant toxicities
that require frequent laboratory monitoring [4, 5]. Oma-
lizumab has been approved for antihistamine-refractory
CSU by the US Food and Drug Administration (FDA) at
150 or 300 mg every 4 weeks, and by the European Med-
icines Agency (EMA) at 300 mg every 4 weeks. The opti-
mal dose of omalizumab is 300 mg every 4 weeks [6, 7];
yet 47-66% of patients treated fail to achieve complete
symptom control (urticaria activity score over 7 days
[UAS7] = 0) at this dosage [4, 6-8]. The disadvantages of
omalizumab treatment include the high cost of a biologic
agent, the requirement for subcutaneous injection in a
physician’s office, and the need for an epinephrine auto-
injector prescription due to the risk of drug-related ana-
phylaxis of up to 0.2% [9, 10]. Thus, there remains a need
for safe, affordable, and convenient therapies for antihis-
tamine-refractory CSU.

While the pathogenesis of CSU remains unknown, bi-
opsies of CSU skin lesions reveal evidence of mast cell
degranulation and infiltration by CRTh2-bearing leuko-
cytes which include basophils, eosinophils, and Th2 lym-
phocytes [11]. The endogenous agonist for CRTh2 is
prostaglandin D, (PGD,) [12, 13], which is synthesized
and released by activated mast cells [14-18]. We recently
reported that CRTh2 levels were notably decreased on
blood basophils and eosinophils from CSU subjects as
compared to healthy controls [19]. This finding is consis-
tent with ongoing in vivo receptor-ligand engagement,
leading to CRTh2 receptor internalization [20, 21].

The cellular effects of CRTh2 activation include shape
change, chemotaxis, upregulation of CD11b, Th2 cytokine
production by Th2 cells and group 2 innate lymphoid cells
(ILC2s), eosinophil cationic protein (ECP) release by eo-
sinophils, and enhancement of allergen-induced basophil
histamine release [21-28]. Animal studies have shown that
PGD, propagates eosinophil mobilization from bone mar-
row [29] and mediates eosinophil infiltration into the air-
way and skin [30-33]. PGD, injection into healthy human
skin has been shown to trigger wheal and flare responses
[34, 35]. While the functional role of the CRTh2 activation
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in CSU is unknown, two single nucleotide polymorphisms
in the CRTh2 promoter region are associated with antihis-
tamine resistance in CSU [36].

AZD1981 is an oral, potent, selective, reversible an-
tagonist of CRTh2 [37]. Preclinical studies have shown
that AZD1981 blocks CRTh2-mediated shape change
in human eosinophils and basophils in vitro, inhibits
CRTh2-mediated chemotaxis of human Th2 cells and
eosinophils, and blocks PGD,-mediated eosinophil re-
lease from bone marrow in guinea pigs [37]. In clinical
trials, oral CRTh2 antagonists have reduced esophageal
eosinophils in eosinophilic esophagitis [38] and pro-
vided an improvement in airway function and protec-
tion against allergen-induced symptoms in patients
with allergic rhinoconjunctivitis and asthma [39-43].
Here we report the results of the first study to examine
the safety and efficacy of the selective oral CRTh2 an-
tagonist AZD1981 as add-on therapy to standard anti-
histamines in CSU.

Subjects and Methods

Study Design and Participants

This was a phase II, single-center, randomized, double-blind,
placebo-controlled, parallel group study which recruited patients
with CSU, aged 18-65 years, who remained symptomatic despite
treatment with standard doses of nonsedating H;-antihistamines
(for details on the inclusion and exclusion criteria, see the online
Supplementary Material section; for all online suppl. material, see
www.karger.com/doi/10.1159/000496162). This study involved a
1-week screening period (days -7 to 0), a 2-week single-blind pla-
cebo run-in (days 1-14), a 4-week randomized double-blind treat-
ment period (days 15-42), and a 2-week single-blind placebo
washout (days 43-56) (Fig. 1).

During the screening and placebo run-in periods, the subjects
were required to have an in-clinic physician-assessed UAS of >2
(range 0-6) and demonstrate a UAS7 of >8. The UAS is a validat-
ed measure of CSU disease activity which scores the intensity of
pruritus (0-3) and the number of hives (0-3) with a maximum
value of 6 [44]. The UAS7 is the sum of the daily average UAS (av-
erage of a.m. and p.m.) for 7 days with a maximum value of 42 [45].
The participants were required to show compliance with twice-
daily symptom recording in eDiaries throughout the study.

Subjects who met the screening and run-in criteria for symptom
activity were randomized on day 15 in a 1:1 ratio to receive either
AZD1981 40 mg TID or matched placebo administered orally as
10-mg tablets. This dosage was selected based on preclinical phar-
macokinetic and pharmacodynamic studies comparing BID to TID
dosing as well as safety considerations. Throughout the study, the
participants were required to maintain stable doses of their pre-
randomization H;-antihistamine treatment. They could take di-
phenhydramine 25 mg up to TID as a rescue medication. Subjects
who required therapies other than diphenhydramine (e.g., predni-
sone) to treat disease symptoms were removed from the study.
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All research team members were blinded to the treatment as-
signments — with the exception of the site pharmacists who dis-
pensed the study drug, but they did not interact with the partici-
pants. The pharmacists randomized the subjects in blocks of 4 to
maintain a balanced randomization.

Study Endpoints

The primary efficacy endpoint was the change in diary-based
clinical symptoms as measured by the UAS7 from baseline (pla-
cebo run-in, days 8-14) to the last week in the treatment period
(days 36-42).

Secondary endpoints included the following: the safety of
AZD1981; the pharmacodynamics of AZD1981 through an ex vivo

AZD1981 in CSU

eosinophil shape change assay; the pharmacokinetics of AZD1981
through a serum bioassay; and the quality of life benefit as mea-
sured by the Dermatology Life Quality Index (DLQI) question-
naires. Additional efficacy endpoints included the change from
baseline to the last week of treatment of the following: weekly itch
severity scores (ISS); the weekly score for the number of hives; the
weekly score for sleep interference; rescue medication use; and the
presence of angioedema. Safety analyses included adverse events
(AEs), severe AEs (SAEs), laboratory abnormalities, and physical
examination abnormalities.

Exploratory endpoints were as follows: the change in circulat-
ing leukocyte population numbers that are targeted by CRTh2,
such as blood basophils and eosinophil and lymphocyte numbers,
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by automated analysis; the change in basophil histamine release
and whole blood histamine content; and pruritus-free and hive-
free days during the treatment period. For details on the labora-
tory experiments, please see the Methods section in the online sup-
plementary materials.

Data Analysis

The analysis of the primary endpoint (change in UAS7 from
baseline to week 4) was made using pairwise comparisons. The
UAS7 obtained 1 week prior to randomization was used as the
baseline score. The minimally important difference of the UAS7
for patients with CSU is estimated to be 9.5-10.5 [45]. The Wil-
coxon matched-pairs signed-rank test (Prism 7.00) was used for
intragroup comparisons between UAS7 values at baseline, the end
of treatment, and the end of placebo washout. The secondary end-
points were analyzed using pairwise comparisons between the two
study groups. Treatment comparisons of change from baseline to
week 6 in the weekly ISS and the number-of-hives score were made
using the Wilcoxon signed-rank test. For missing patient-entered
data (ISS and number of hives), the preceding recorded observa-
tion was carried forward. Patient characteristics were analyzed us-
ing the x? test and the two-sample ¢ test for categorical and con-
tinuous variables, respectively. Any AEs or SAEs were tabulated by
system organ class and preferred term, as well as by seriousness,
severity, and treatment relatedness, and reported by frequency.
p values £0.05 were considered significant.

Results

Subject Characteristics

A total of 38 subjects consented, and 28 subjects were
randomized to treatment with AZD1981 or placebo. Fol-
lowing randomization, 1 subject withdrew due to CSU
disease progression and 1 subject withdrew due to inabil-
ity to comply with study visits, leaving 26 subjects (93%)
who completed the study (online suppl. Fig. S1). The
baseline characteristics were similar across the treatment
groups (Table 1). All CSU subjects were taking approved
doses of H-receptor antagonists. No subjects were taking
leukotriene receptor antagonists, aspirin, or NSAIDs
(nonsteroidal anti-inflammatory drugs) during the study.

Patient-Reported Outcomes

During the course of the study, the UAS7 decreased
during the treatment phase in both the active and the pla-
cebo group, but they reached a significant reduction only
in the AZD1981 group at the end of washout (Fig. 2). Ac-
tive treatment had a greater effect on weekly ISS (35.9%
reduction) than on hives (20.5% reduction; not shown),
but only itch was significantly reduced at the end of wash-
out compared to baseline (p = 0.001 vs. p = 0.33).

This delayed effect raised the possibility of a carryover
effect, as has been seen in prior studies with CRTh2 an-
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Table 1. Characteristics of the subjects who completed the study

Active Placebo p
(n=14) (n=12) value

Age, years 41.85 (23-65) 45.17 (23-64) 0.54
Female 10 (71.4) 10 (83.3) 0.47
Race/ethnicity

Caucasian 6 (42.9) 4(33.3) 0.62

African American 4(28.6) 4(33.3) 0.79

Asian 3(21.4) 2(16.7) 0.61

Pacific Islander 0 1(8.3) 0.31

More than 1 race 1(7.1) 1(8.3) 0.91

Hispanic 0 0 -
Baseline symptom scores (days 8-14)

UAS7 20.61 22.79 0.83

Weekly itch scores 9.71 10.17 0.81

Weekly hives scores ~ 11.11 12.46 0.93
Aspirin/NSAID sensitivity!

Sensitive 6 (42.9) 3 (25) 0.34

Tolerant 6 (42.9) 9 (75) 0.10

Unknown 2 (14.3) 0(0) 0.17
Current atopy

Allergic rhinitis 5(35.7) 2 (16.7) 0.19

Asthma 3(21.4) 0 0.06

Atopic dermatitis 1(7.1) 2 (16.7) 0.45

Values are expressed as n (%) or median (range). p values are
based on a ¥ test for the categorical variables, and on a two-sample
t test for the continuous variables. UAS7, urticaria activity score
over 7 days. ! Aspirin/NSAID sensitivity was determined (by
patient interview) if a subject reported increased symptoms within
24 h of taking either an aspirin or NSAIDs, which led to avoidance.

tagonists [39]. The UAS7 also decreased in the placebo
group from baseline to the end of treatment, but this did
not reach statistical significance. There was no difference
in symptom response to AZD1981 based on aspirin/
NSAID sensitivity or tolerance, baseline laboratory as-
sessments (CRTh2 expression, blood eosinophil percent-
age, and eosinophil shape change response), baseline
UAS, or medication compliance. There was no significant
change in diphenhydramine use, DLQI, angioedema epi-
sodes, sleep disturbance, emergency room visits, or hive-
free days with AZD1981 treatment relative to placebo.
Compliance with eDiary entry was high (>90%)
throughout the study, and it was similar in the two groups.
Of the 14 subjects who completed the study in the
AZD1981 arm, 1 patient was excluded from the final data
analysis due to a dispensing error which resulted in the
patient receiving AZD1981 during the washout period.
No other dispensing errors occurred. One active patient
and 1 placebo patient were excluded from symptom anal-
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ysis due to malfunction or loss of the eDiary device. Pill
counts after each 2-week dispensation were performed by
the research pharmacists, and they revealed an overall
compliance level of 86.54 and 84.79% in the active and the
placebo group, respectively, during the 4-week, random-
ized treatment period.

Effects on Eosinophil Shape Change

Eosinophil shape change after PGD, stimulation is
shown as a mean increase in forward scatter above vehicle
for subjects at randomization, the end of treatment, and
the end of washout (Fig. 3). At baseline, the in vitro addi-
tion of AZD1981 significantly impaired PGD,-mediated
eosinophil shape change at a 0.1-uM dose (not shown)

AZD1981 in CSU

and a 1-puM dose as calculated by area under the curve
(AUC) (online suppl. Table S1). In vitro incubation with
1 uM AZD1981 significantly decreased the AUC of the
PGD,-mediated eosinophil shape at baseline (prior to
randomization) in both the active and the placebo arm
(p = 0.0005 and p = 0.002, respectively).

At the end of the treatment period, ex vivo PGD,-in-
duced eosinophil shape change was significantly inhibit-
ed in the AZD1981-treated group but not in the placebo
group (Fig. 3). Treatment with oral AZD1981 showed
similar impairment in PGD,-mediated eosinophil shape
change to in vitro inhibition with 1 pm AZD1981 per-
formed at baseline. Furthermore, peak serum drug levels
achieved at the end of AZD1981 therapy fell within or
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above this range (online suppl. Table S2). This inhibitory
effect of AZD1981 therapy trended toward baseline at the
end of washout. In the placebo group, there were no sig-
nificant changes observed at the end of treatment and
washout relative to baseline (online suppl. Table S1B).

Effects on CRTh2* Leukocyte Percentages in Blood

The functional inhibition of eosinophil shape change
observed at the end of AZD1981 treatment (Fig. 3a) oc-
curred in parallel with a rise in circulating eosinophils at
the end of treatment (Fig. 4a) that did not reach statistical
significance (from 2.49 + 0.37 to 3.5 = 0.70%, p = 0.08).
This rise in circulating eosinophils appeared to reverse at
the end of washout (2.9 + 0.46%, p = 0.40), supporting a
transient impairment in eosinophil trafficking to the skin.
Shifts in the percentage of blood basophils did not follow
a similar pattern as eosinophils in the AZD1981 group,
but assessments were limited by the presence of notable
basopenia among subjects (Fig. 4b). No changes in these
parameters were seen in the placebo group.

Effects on Basophil Surface Markers and Function
At the end of AZD1981 therapy, levels of CRTh2 sur-
face expression rose significantly on blood basophils (p =
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0.03) (Fig. 5a) and trended towards baseline at the end of
washout (p = 0.13). Similar changes in basophil CRTh2
expression were not seen in the placebo group (Fig. 5b)
or on blood eosinophils (Fig. 5¢, d). We did not observe
changes in the expression levels of other basophil che-
moattractant surface receptors, including CCR1, CCR3,
or CCR5 (not shown). There was also no significant
change in CD11b expression on basophils or eosinophils,
or in CD203c expression on basophils, which are known
to be enhanced after in vitro exposure to PGD, [24]. We
did not observe significant changes in total blood leuko-
cyte histamine content, which is a reflection of the pres-
ence of blood basophils, or of changes in basophil hista-
mine release (online suppl. Fig. S2). Both of these mea-
sures for blood basophils were limited by the small
numbers of subjects in this study.

Safety and Tolerability

During the treatment and follow-up periods, no sig-
nificant safety AEs or complete blood count or liver func-
tion test abnormalities occurred. A total of 9 patients
(64.2%) in the AZD1981 group experienced at least 1 AE,
compared with 8 patients (66.6%) in the placebo group
(Table 2). The majority of AEs were mild and did not lead
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to any patients withdrawing from the study. The most
frequently reported AE among the subjects was infection
(5 in the active group and 5 in the placebo group).

Discussion and Conclusion

This is the first study to examine the safety and effi-
cacy of a CRTh2 antagonist in CSU. For this study, we
allowed the use of antihistamines, as a major goal of this
our study was to evaluate the use of AZD1981 as an add-
on therapy in antihistamine-refractory CSU patients. As
such, we required all subjects to take a standard dose of
H;-antihistamines throughout the study. Regardless, all
patients continued to have moderate disease despite anti-
histamine use, and we excluded subjects whose symp-
toms were controlled on antihistamines.

With AZD1981 treatment, the UAS7 decreased during
the treatment phase, but it reached a significant decline
from baseline at the end of drug washout. During the
same time period, AZD1981-treated subjects experienced
a 35.9% decline in itch component scores. This suggests
the possibility of a carryover effect, as has been seen in
other diseases targeted by a CRTh2 antagonist [39]. In the
placebo group, decreases were observed in UAS7 and itch
scores from baseline to the end of treatment which did
not reach statistical significance. These findings were
confirmed using one-way ANOVA, with significant dif-
ferences (p < 0.01) being seen only in the active group for
UAS?7 and itch. Active treatment had a greater effect on
weekly ISS than on hive scoring (Fig. 2). However, this
study failed to meet the primary endpoint (UAS7 de-
crease 29.5). There was no significant change in DLQI,
sleep interference, or in-clinic UAS as a result of this brief
4-week treatment period. Rescue medications were rarely
taken by our subjects, and there was no significant impact
of AZD1981 treatment on rescue medication use.

Consistent with the in vitro effects of AZD1981 on eo-
sinophil migration, we found marked inhibition of ex vivo
eosinophil PGD,-induced shape change in CSU subjects
on active therapy (Fig. 3) along with a transient rise in cir-
culating eosinophils (Fig. 4). Both changes trended to-
wards baseline during drug washout, suggesting a drug-
induced effect on eosinophils. This suggests that PGD,
may be a central pathway for eosinophil migration to the
skin. Surprisingly, these changes did not correspond with
asignificant change in CRTh2 surface expression on blood
eosinophils. Although in vitro PGD, binding to CRTh2
leads to receptor internalization [20, 21], our results sug-
gest that the decrease in eosinophil CRTh2 observed in

AZD1981 in CSU

Table 2. Reported adverse events

Active Placebo p

(n=14) (n=12) value
Headache 0 2(16.6) 0.10
Musculoskeletal 3(21.4) 1(8.3) 0.36
Infection 5(35.7) 5 (41.7) 0.76
Sleep impairment 1(7.1) 1(8.3) 0.91
Respiratory disorders

(noninfectious) 0 0 -

Gastrointestinal disorders 5(35.7) 2(16.6) 0.34
Blood disorders 0 0 -
Eye and vision disorders 0 1(8.3) 0.27
Cardiovascular disorders 1(7.1) 1(8.3) 0.91
Renal disorders 0 0 -
Reproductive disorders 0 0 -
Skin or hair disorders 0 2 (16.6) 0.10
Immunologic disorders 0 0 -

Values are expressed as n (%). p values are based on the x* test
for the categorical variables.

CSU subjects compared to healthy controls [19] may not
solely reflect CRTh2 receptor activation by PGD,. For in-
stance, in vitro IL-5 stimulation significantly reduces hu-
man eosinophil CRTh2 expression [20], and it was shown
that IL-5 m-RNA and protein expression are increased in
chronic urticaria lesions [11, 46].

Although eosinophils are a consistent infiltrating cell in
urticarial skin biopsies [11, 47], their role in CSU disease
is unknown. The changes seen in eosinophil shape change
and circulating eosinophils with CRTh2 antagonism sug-
gest a role for mast cell-derived PGD, in the migration of
eosinophils into skin lesions in CSU and contribution to
itch. While eosinopenia is not a feature of CSU, there are
data to suggest overall lower eosinophil counts in CSU pa-
tients than in healthy controls [48]. In contrast to this
study, CRTh2 antagonism in subjects with persistent eo-
sinophilic asthma led to reductions in sputum and tissue
eosinophils and in asthma symptoms but did not shift pe-
ripheral eosinophil counts [43]. Thus, the effects of PGD,
may be disease and tissue compartment specific.

In support of impairment of PGD, actions on basophils,
levels of CRTh2 surface expression rose significantly on
blood basophils at the end of AZD1981 therapy (Fig. 5a).
Unlike what is observed in eosinophils, this finding in ba-
sophils supports the hypothesis that the reduced levels of
basophil CRTh2 expression previously noted in active CSU
subjects are due to ongoing PGD,-mediated receptor
downregulation [19]. We were limited in the performance
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of additional functional assays of basophil CRTh2 inhibi-
tion such as basophil shape change due to the basopenia
associated with CSU. However, the effects of AZD1981 on
basophil receptor expression were specific to CRTh2, as we
did not observe changes in the expression levels of other
basophil chemoattractant surface receptors that may also
have roles in basophil skin recruitment.

Interval improvement in clinical symptoms in CSU
patients is reported to occur with rising blood basophil
numbers [49]. After 4 weeks of AZD1981 treatment, we
did not find significant changes in the percentage of ba-
sophils or a rise in total blood leukocyte histamine con-
tent. Given the wide variance of the latter measure in CSU
disease, we were underpowered to detect increases in ba-
sophil number based on past experience [50]. In addition,
the lack of change in other basophil chemoattractant re-
ceptors may also explain the lack of change in measures
of circulating basophils.

The reason for the decrease in itch with AZD1981
therapy is currently unknown. Intradermal PGD, injec-
tions trigger wheal and flare responses but do not pro-
duce immediate itching [35]. We did not alter basophil
histamine release mediated through the IgE receptor or
spontaneous histamine release, consistent with past stud-
ies that showed that PGD, enhances antigen-mediated
basophil histamine release but not that from polyclonal
IgE receptor crosslinking [51]. Therefore, the improve-
ments in CSU subjects’ itch in our AZD1981 trial may be
through indirect actions on mast cells and/or basophils.

The late onset of itch reduction in the AZD1981 re-
cipients could be the result of a reduction in eosinophil
recruitment to the skin and/or eosinophil-derived gran-
ule proteins (EDGPs) that contribute to itch pathways.
Previous studies have shown that PGD, activation of eo-
sinophils triggers ECP release [22]. Thus, it is possible
that PGD, may trigger the release of other EDGPs. Prior
studies have revealed evidence of eosinophil activation in
CSU, specifically the presence of extracellular major basic
protein (MBP) and ECP in CSU skin lesions and elevated
levels of ECP and MBP in the serum of CSU patients de-
spite normal peripheral eosinophil counts [52, 53]. MBP
produces an immediate erythematous wheal when inject-
ed intradermally in humans and guinea pigs [54, 55]. Eo-
sinophil MBP and eosinophil peroxidase were recently
shown to trigger histamine release from skin-derived
mast cells via MrgX2 receptors, which are increased in
CSU skin mast cells compared to those of healthy controls
[56]. Thus, there is a need for additional studies to fully
understand the consequences of CRTh2 activation on eo-
sinophil EDGP release.

28 Int Arch Allergy Immunol 2019;179:21-30
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Among the limitations of this study are the small num-
ber of subjects, the short duration of therapy and washout
periods, and the lack of skin tissue biopsies to correlate with
the peripheral blood leukocyte findings. In addition, the
optimal dose of AZD1981 in CSU is unknown, and we
were limited to the use of a single dose (40 mg TID) in this
study. AZD1981 was previously studied in allergic asthma
at doses ranging from 10 to 400 mg BID but failed to pro-
duce a clinically relevant improvement in lung function in
patients with allergic asthma on inhaled corticosteroid and
long-acting B,-agonist therapy [57]. Our dose was selected
based on preclinical pharmacokinetic and pharmacody-
namic studies comparing BID to TID dosing and safety
considerations. While it is possible that the use of a higher
dose may have achieved the primary endpoint, a higher
frequency of liver function abnormalities had previously
been noted with higher doses (400 mg BID) [57]. Despite
this, we did observe a delayed yet modest reduction in dis-
ease activity (particularly in itch), an impairment in eo-
sinophil shape change and potentially migration, and a rise
in basophil CRTh2 expression, which would suggest that
this pathway was inhibited by AZD1981.

In summary, this is the first study to examine the safe-
ty and efficacy of a CRTh2 antagonist in antihistamine-
refractory CSU. Our findings for AZD1981 support the
hypothesis that the CRTh2 pathway contributes to the
formation of CSU skin lesions and symptoms, particu-
larly for eosinophils. AZD1981 was well tolerated, with
no significant safety issues. AZD1981 appeared to have a
delayed positive effect on itch more so than on wheals,
although the study failed to meet the primary endpoint in
UAS7 reduction at the dose studied. Given these findings,
further studies are needed with longer treatment periods
and higher dose ranges to determine whether inhibition
of the PGD,/CRTh2 pathway will be an effective treat-
ment for CSU.
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Methods

Inclusion Criteria

Adults between 18 and 65 years with active CSU for 6 months or longer and who remained on
symptomatic on a daily Hi-antihistamine at the current FDA-approved dose for at least 7 days prior to
the screening visit were eligible. CSU was defined by the occurrence of hives for 3 days or more per
week for at least 6 weeks without an underlying etiology or consistent physical trigger. All subjects were
required to have normal liver function tests at baseline. Females were required to be surgically sterile
or postmenopausal or use a highly effective form of birth control throughout the duration of the study
such as an oral contraceptive (estrogen or implanted progesterone), or double barrier method
contraception condom with spermatocide or copper banded intrauterine device. Females in certain
categories (not sexually active as a lifestyle choice, vasectomized partner, tubal occlusion) were
admitted at the discretion of the investigator on a case-by-case basis.

Exclusion Criteria

Exclusion criteria were as follows: use of oral or systemic corticosteroids, hydroxychloroquine,
sulfasalazine, dapsone, methotrexate, cyclophosphamide, intravenous immunoglobulin,
plasmapheresis, omalizumab or other monoclonal antibody therapies, cyclophosphamide, or any
investigational drugs within 30 days of screening; active atopic dermatitis or other skin disease
associated with pruritus which would require treatment with topical corticosteroids during the study;
contraindications to diphenhydramine; use of doxepin daily or every other day during the study or 2
weeks prior to screening; history of drug or alcohol abuse (within 3 years); women who are pregnant
(as determined by urinary human chorionic gonadotropin), breast-feeding, or of childbearing potential
and not using acceptable contraception; or inability to comply with study and follow-up procedures. Ha-
antihistamines and LTRAs were not allowed during the study unless patients were taking these
medications for other conditions such as gastroesophageal reflux or asthma.

Symptom Assessments

Subject-reported outcomes were recorded in the Urticaria Patient Daily Diary using an electronic hand-
held device (eDiary) for the duration of the study. Subjects recorded itch severity scores (0, none; 1,
mild; 2, moderate; and 3, severe) and number of hives (0, none; 1, 1-6 hives; 2, 7-12 hives; and 3, > 12
hives) every morning and evening, which were averaged for the daily UAS and UAS7. Using this eDiary,
subjects also recorded their sleep and daily activity interference (scored 0 = none to 3 = substantial),
rescue medication use (number of tablets of 25 mg of diphenhydramine over 24 hours), presence of
angioedema (yes or no), angioedema management, and contact with a health care provider for
symptoms related to their CSU. Compliance with the eDiary was assessed throughout the study. During
visits, patients completed the Dermatology Life Quality Index (DLQI) questionnaire at randomization
(day 15) and end of double-blind treatment (day 42) as an assessment of the impact of their dermatology
symptoms on their feelings, daily activities, leisure, work/school, personal relationships, and treatment.
The 10 items of the DLQI are rated to produce a total score of 0 to 30, with higher scores indicating a
reduced quality of life [E1].

Eosinophil and Basophil Surface Receptor Expression

Cell surface chemokine and CRTh2 receptor expression was assessed at baseline (day 15), end of
treatment (day 42), and end of washout (day 56). Whole blood samples were collected in heparin
2



Vacutainer tubes (BD Bioscience) and washed in calcium free buffer, and examined with the appropriate
IgG controls, CD123, or receptor antibodies as follows: CD203c ,CRTh2, and CCR1 (Miltenyi Biotec);
CCR2 and CXCR1 (Novus Biologicals); CCR3, APC CCR3, CCR5, and TSLPR (eBioscience); CD11b
(BD Bioscience); and CD16 (Beckman Coulter). Erythrocytes were lysed using a whole blood lysing
reagent kit (Beckman Coulter) and leukocytes were suspended in 1% paraformaldehyde. Samples were
run on a BD FACSCalibur flow cytometer. Basophils were gated on forward/side scatter, CD123
positivity, and BDCA-2 negativity. Eosinophils were gated on forward/side scatter, CCR3 positivity, and
CD16 negativity.

Eosinophil Shape Change

Eosinophil shape change was assessed prior to randomization, end of treatment (day 42), and end of
washout (day 56). Aliquots of whole blood were incubated for 15 minutes at 37°C with increasing doses
of PGD, (P5172, Sigma-Aldrich, 10® to 10° M) or DMSO (vehicle), fixed, and analyzed by flow
cytometry. Eosinophils were gated on forward/side scatter, CCR3", and CD16 cell populations. Cell
movement was assessed using forward/side scatter with net cellular movement recorded (value at
PGD. concentration minus value with buffer alone). Erythrocytes were lysed using a whole blood lysing
reagent kit and leukocytes were suspended in 1% paraformaldehyde. Samples were run on a BD
FACSCalibur flow cytometer.

Basophil Isolation and Histamine Release

Basophil studies were performed as described [E2] at baseline (day 14), end of treatment (day 42), and
end of washout (day 56). Venous blood was drawn into syringes containing 5 mM EDTA and basophils
enriched by Percoll density-gradient sedimentation. Basophil histamine release (HR) was stimulated
using polyclonal goat anti-human IgE (0.01-1 pg/mL, The Johns Hopkins University Dermatology,
Allergy and Clinical Immunology (DACI) Reference Laboratory, Baltimore, MD) and fMLP (1 pmol,
Sigma-Aldrich) in calcium- containing buffers in duplicate samples for 45 minutes at 37°C. Spontaneous
HR was measured in the supernatant of unstimulated cells in buffer for 45 minutes. An equivalent aliquot
of unstimulated cells were lysed in perchloric acid to determine the total leukocyte histamine content
derived from 1 mL of blood. This value reflects the numbers of blood basophils present in the circulation.
Stimulated HR was measured in cell-free supernatants using an automated fluorimetric assay, and
reported as a percentage of the total lysate after subtraction of the spontaneous HR.

Pharmacodynamics Studies

Serum drug levels were obtained throughout the study (Covance). The trough concentration was
measured approximately 8-10 hours after the last dose of AZD1981 during the midpoint of treatment
(day 28). A peak level was obtained at the end of treatment (day 42).

Safety Data

The safety of AZD1981 was be assessed using the following outcome measures: incidence and severity
of treatment-emergent adverse events and serious adverse events, clinical laboratory measures, and
vital signs. In particular we measured CBCs with differential at baseline, week 6, and week 8 and liver
function tests were measured at baseline, week 4, week 6, and week 8 based on past trial experience
of dose-related toxicity [E3]. Vital signs and a physical examination were obtained at each visit, and a
focused review of systems was performed at each visit.



Study Endpoints

The primary efficacy endpoint was the change in diary-based clinical symptoms as measured by the
UAS7 from baseline (placebo run-in, days 8 to 14) to the last week (days 36 to 42) in the treatment
period. Secondary endpoints included the following: the safety of AZD1981; the pharmacodynamics of
AZD1981 through an ex-vivo eosinophil shape change assay; the pharmacokinetics of AZD1981
through a serum bioassay; and quality of life benefit as measured by DLQI. Safety analyses included
AEs, SAEs, laboratory abnormalities, and physical examination abnormalities. Exploratory endpoints
included the following: the change in circulating leukocyte population nhumbers that are targeted by
CRTh2 such as blood basophils, eosinophil and lymphocyte numbers by automated analysis; basophil
HR and whole blood histamine content; and pruritus-free and hive-free days (based on eDiary) during
treatment period.

Results

Basophil Histamine Content and Release

Basopenia and suppressed basophil HR through the IgE receptor have been established in CSU. Total
leukocyte histamine content, a reflection of blood basophil presence, was stable in subjects at the end
of treatment compared to baseline (Fig. S2A). There was no significant change in spontaneous HR in
AZD1981-treated or placebo-treated subjects (Fig. S2B). Prior work has shown that CSU patients can
be classified as “CSU Non-Responders” (CSU-NR) and “CSU Responders” (CSU-R) based on their
basophil HR profiles. At baseline, CSU-R patients possess an anti-IgE induced HR profile similar to
normal subjects while CSU-NR patients have diminished anti-IgE induced HR [E2, E4]. There was no
significant change in anti-IgE HR with AZD1981 treatment (Fig. S2C and S2D) or in fMLP-stimulated
HR (not shown), regardless of subgroup analysis based on HR release profile.

Serum Drug Levels

In vivo levels of AZD1981 approximated the expected range of 0.1- 1 uM as directly measured at the
midpoint and/or end of active treatment (Table S2).
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FIGURE S1. Consort flow diagram showing details of subject enroliment and randomization into treatment

groups.
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FIGURE S2. The effect of AZD1981 on histamine content and release. (A) Total leukocyte histamine content
and (B) spontaneous histamine release are shown. Changes in anti-lgE mediated histamine release are
depicted based on basophil histamine release profiles. Anti-IgE stimulated histamine release is shown for (C)
CSU anti-IgE responders and (D) CSU anti-IgE non-responders at baseline, end of treatment, and washout.
Values are shown as mean + SEM
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TABLE S1A. Area under the curve for PGD2-mediated eosinophil shape change in AZD1981-treated subjects (n=13).

Timepoint Mean AUC Timepoint Comparison P value
1 - Baseline 1521.317 + 138.146 1vs3 .02
2 - Baseline + 1 uM AZD1981 1441.034 + 142.960 lvs2 .0005
3 - End of Treatment (AZD1981) 1435.540 + 137.752 3vs4 .04
4 - End of Washout 1508.367 + 116.085 lvs4 07

Mean is reported with standard deviation
One patient was excluded due to a dispensing error during the washout period.

TABLE S1B. Area under the curve for PGD2-mediated eosinophil shape change in placebo-treated subjects (n=10).

Timepoint Mean AUC Timepoint Comparison P value
1 - Baseline 1472.867 + 184.401 1vs3 .37
2 - Baseline + 1 uM AZD1981 1393.638 + 173.223 lvs?2 .002
3 - End of Treatment (Placebo) 1456.602 + 157.485 3vs4 .27
4 - End of Washout 1406.221 + 108.539 lvs4 .76

Mean is reported with standard deviation.
Two subjects were excluded due to lack of end of washout data secondary to flow cytometer malfunction and
unscheduled visit.



TABLE S2. Plasma concentrations of AZD1981 in active subjects

Subject no. Trough (umol/L) Peak (pmol/L)
1 .056 .096
2 1.33 3.20
3 .067 .592
4 .071 .126
5 .253 .626
6 .910 2.24
7 .944 2.42
8 .238 2.21
9 .016 1.52
10 .220 2.44
11 .594 1.13
12 141 2.37
13 .056 .568
14 .164 .354

Mean + SD .361 +.4004 1.42 +£1.004
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