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Abstract: Olodaterol (BI 1744 CL) is a novel, once-daily long-acting [3,-agonist (LABA)
designed with the aim of improving [3,-adrenoreceptor selectivity and intrinsic activity. Phase III
pivotal trials have documented that olodaterol Respimat Soft Mist inhaler 5 g induces fast
onset of bronchodilation, comparable with formoterol at day 1. Moreover, significant lung func-
tion improvements have been documented up to 48 weeks in patients with moderate to very
severe chronic obstructive pulmonary disease (COPD). Olodaterol was generally well tolerated
and had an acceptable cardiovascular and respiratory adverse event profile. Regrettably, the
clinical development of olodaterol is however still too partial to draw any firm conclusions on
the positioning of this ultra-LABA as monotherapy in the management of COPD. Waiting for
further data on the impact of olodaterol on different patient-reported outcomes, which however
are widely available for indacaterol, and mainly for a head-to-head comparison between these
two ultra-LABAs and between olodaterol long-acting antimuscarinic antagonists other than
tiotropium, we believe it is correct to follow the clinical indications of indacaterol also for olo-
daterol. In any case, the parallel bronchodilating modes of action of olodaterol and tiotropium
make them an attractive combination in COPD. The results from the ongoing large TOviTO
Phase I1I trial program have documented the efficacy and safety of olodaterol/tiotropium fixed-
dose combination as maintenance therapy in patients with moderate to very severe COPD. In
particular, olodaterol/tiotropium fixed-dose combination provides a convincing alternative for
patients remaining symptomatic with olodaterol monotherapy.
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Introduction

Bronchodilators are central to the treatment of chronic obstructive pulmonary disease
(COPD) at all stages of the disease even when there is often limited reversibility of
airflow obstruction' because they can influence airflow limitation and, consequently,
diminish pulmonary hyperinflation, and improve emptying of the lung and exercise
performance. Unfortunately, there is still no sufficient evidence to use bronchodilator
treatment in asymptomatic COPD patients.?

Three classes of bronchodilators, namely [,-agonists, antimuscarinic agents,
and methylxanthines, are currently available. For both (3.-agonists and antimuscar-
inic agents, long-acting formulations are preferred over short-acting formulations.?
Generally, guidelines do not indicate which class of bronchodilators should be used as
the first choice,? likely because there is no solid clinical proof'to support one treatment
over another. Physicians often start treatment with an empiric choice, evaluating the
clinical response to therapy. However, there is evidence that long-acting [3,-agonists
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(LABAS) are more effective than long-acting antimuscarinic
antagonists (LAMAs) if symptoms or health-related qual-
ity of life (HRQoL) are considered the primary outcomes,
whereas the use of a LAMA seems preferable in frequent
exacerbators.’

Pharmacology, mode of action,

pharmacokinetics

Olodaterol (BI 1744 CL) is anovel once-daily LABA designed
with the aim of improving [3,-adrenoreceptor (AR) selectiv-
ity and intrinsic activity. The fact that the ,-AR selectivity
improves if the phenolic hydroxyl group of the 3 -agonist is
shifted from the para- to the meta-position with respect to the
ethanolamine substituent has long been known.® Terbutaline
is a noticeable selective [3,-agonist with a phenolic hydroxyl
group in the meta-position. Driven by this hypothesis, a series
of 6-hydroxy-4H-benzo[ 1,4]oxazin-3-ones was investigated.
One compound, (R)-4p (olodaterol) showed a long duration
of action (24 hours) in two preclinical in vivo models of
bronchoprotection and a superior safety margin compared
to formoterol.”

Olodaterol is structurally distinct from formoterol and
salmeterol and is enantiomeric pure. This is a critical prop-
erty. All B-agonists are racemates, or drugs composed of
two nonsuperimposable mirror image molecules in accor-
dance to their molecular configuration.® Generally, the (R)-
enantiomer is the active component and the (S)-enantiomer
is inactive in therapeutic concentrations.’ In vitro studies of
the racemic mixture and purified isomers support a role for
the (S)-enantiomer in inducing tachyphylaxis or receptor
desensitization.'” Accordingly, pure (R,R)-f3-agonists provide
bronchodilation at lower doses than the racemate, allowing
for fewer [3,-AR-mediated side effects.

Olodaterol has a near full-agonist profile at human (h)
B,-AR. In contrast with formoterol, olodaterol is only a
partial agonist at hf3 -AR and shows an increased functional
selectivity versus the 3 - and B,-ARs."" Olodaterol effectively
reversed contraction induced by different stimuli in isolated
human bronchi with non-significant differences in potency
and efficacy when compared with formoterol. Studies with
precision-cut lung slices obtained from rat lungs and human
lung tissue showed that olodaterol is comparable with for-
moterol and displayed significantly increased relaxation after
partial precontraction of human small airways in response
to carbachol.'? The binding, kinetic, and functional proper-
ties of olodaterol show that the drug forms a stable complex
with the B,-AR." More specifically, olodaterol has a biphasic
dissociation profile from human 3 -ARs, the fast component

with a half-life of 32 minutes and the slow component (about
30%—-40% of the total 3,-AR pool) showing a half-life of
dissociation of 17.8 hours, providing a rationale for a long
duration of action. In fact, in vivo antagonistic effects of
single doses of olodaterol and formoterol were measured
against ACh challenges in anesthetized guinea pigs and
dogs for up to 24 hours by using the Respimat Soft Mist
inhaler (SMI, Boehringer Ingelheim Pharmaceuticals, Inc.,
Ridgefield, CT, USA). In both models, olodaterol provided
bronchoprotection over 24 hours, whereas formoterol used at
an equally effective dose was unable to maintain efficacy over
24 hours. In both models, the onset of action of olodaterol
was as fast as that of formoterol.

With regard to the mechanistic rationale for the observed
long duration of action of olodaterol in vivo, it has been
documented that olodaterol has a moderate propensity to
accumulate in the lipid bilayer, and therefore the microkinetic
theory cannot be fully dismissed.!* However, a second aspect,
namely, the tight binding of olodaterol to the human f3,-AR
and formation of the ternary complex, was identified."

The pharmacokinetics of inhaled olodaterol are linear
across once-daily doses of 2—40 pg, although in most COPD
patients no plasma levels were detected following the 2 ug
dose and maximum concentration (C__ ) was reached within
10 minutes after administration.'* Olodaterol plasma con-
centrations declined quickly and represented 37%—56% of
C, .. at 6 hours on regular treatment following inhalation of
10 and 20 pg olodaterol.”® Trough plasma concentrations
were mostly below the limit of quantification (2.0 pg/mL)
following inhalation olodaterol 5 ug once daily and were
quantifiable in more than one-third of patients after olodaterol
5 ug twice daily and 10 pg once daily."> Systemic exposure
parameters of olodaterol, steady-state C_, and steady-state
area under the curve (AUC) from 0 to 1 hour increased pro-
portionally within the 5-20 ug dose range.'* The fraction of
dose excreted through the kidneys within the dosing interval
was similar across all dose groups.'

Efficacy studies

Phase Il studies

In an initial Phase II study, 36 patients with moderate to very
severe COPD were randomly assigned to inhale a single dose
of placebo or olodaterol 2, 5, 10, or 20 pg delivered as an
aqueous solution via Respimat SMI (Boehringer Ingelheim
Pharmaceuticals, Inc., Ingelheim, Germany).'* All doses of
olodaterol provided significantly greater bronchodilation
compared to placebo in 24-hour forced expiratory volume
in 1 second (FEV) postdose, but dose response was most
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pronounced with the two lower doses and started to plateau
with the two higher doses. Improvements in forced vital
capacity (FVC) closely reflected the FEV, results.

A second Phase II study with a randomized, double-blind,
four-way crossover design, in which 47 COPD patients
inhaled olodaterol once daily (5 or 10 pg) or twice daily
(2 or 5 pug two times a day) for 3 weeks, showed that olodat-
erol 5 and 10 pg administered once daily provided signifi-
cant and identical bronchodilation over a complete 24-hour
period.'® Olodaterol 5 pg administered once daily had a
better 24-hour profile compared with olodaterol 2 pg twice
daily and a similar degree of bronchodilation over 24 hours
compared with double the daily dose administered as either
a once-daily (10 pg) or twice-daily (5 pg) dosing regimen.
There was no evidence of carry-over effect with twice-daily
dosing compared to once-daily dosing, as assessed by efficacy
of twice-daily olodaterol 5 pg versus once-daily olodaterol
5 ng during the 0- to 12-hour period following the morning
dose. This study offered robust support for the development
of olodaterol 5 g once daily in COPD.

In another Phase II study, 405 patients with moderate to
very severe COPD were randomly assigned to 4 weeks of
double-blind treatment, in which they received an inhala-
tion solution containing one of four olodaterol doses (2, 5,
10, or 20 ug), or placebo, delivered by the Respimat SMI
(Boehringer Ingelheim Pharmaceuticals, Inc.).!” A clear
dose—response relationship was observed with respect to

Table | Phase Il pivotal studies

pulmonary function for the tested dose range with no fur-
ther increase in efficacy observed with 20 ug compared to
10 ug and improvements in FVC supported those observed
for FEV .

The results of these Phase II studies (Table 1) provided
the rationale to further investigate 5 and 10 pg once-daily
doses of olodaterol in a Phase III clinical program.

Phase |ll pivotal trials
Four papers, each reporting two replicative studies, have
described the Phase I1I pivotal trials (Table 2).

In two replicate, randomized, double-blind, placebo-
controlled, parallel-group, Phase I1I pivotal trials, 1,266 patients
with moderate to very severe COPD were randomized to
receive olodaterol 5 or 10 g once daily or placebo; random-
ization was stratified based on concomitant tiotropium use
to ensure balanced assignment across treatment arms.!” The
treatment period was 48 weeks, with a final follow-up 2 weeks
later. However, primary efficacy evaluations were carried out
at 12 weeks, in line with US Food and Drug Administration
requirement. In both studies, olodaterol 5 and 10 g signifi-
cantly improved the FEV, AUC, ,response and trough FEV|
at week 12, with no statistically significant differences between
olodaterol 5 and 10 pg in either coprimary end points. These
improvements were also evident at weeks 24 and 48. Interest-
ingly, improvements in FEV, with olodaterol were evident
from 5 minutes after the first dose. Once again, improvements

Study Design No of patients Treatments Results
van Noord et al' Single-center, double-blind, 36 Olodaterol SMI 2, 5, All olodaterol doses superior to placebo for
placebo-controlled, five-way 10, or 20 ug trough FEV,, peak FEV| (0.121-0.213 L), and

crossover study

Maleki-Yazdi et al'® Multicenter, randomized, 405
double-blind, placebo-
controlled, parallel-group,

dose-finding study

Randomized, double-blind, 47
four-way, crossover, study

Joos et al'®

average FEV| both during the daytime (0-12 h;
ranging from 0.099 to 0.184 L) and nighttime
(12-24 h; ranging from 0.074 to 0.141 L)

All olodaterol doses superior to placebo for
trough FEV, versus placebo (2 g, 0.061 L;
5ug, 0.097 L; 10 pg, 0.123 L; 20 ug, 0.132 1)
The two highest doses (10 and 20 pg) formed

Olodaterol SMI 2,
5, 10, or 20 ug QD
for 4 weeks

the plateau of the dose-response curve
Olodaterol SMI 2 g
BID, 5 ug BID, 5 ug
QD, and 10 ug QD
for 3 weeks

All olodaterol doses significantly increased
FEV, baseline

FEV, time profiles nearly identical for
olodaterol 5 and 10 ug QD

Olodaterol 5 pug QD higher FEV, AUC,  and
similar AUC,, ,, versus 2 g BID

Olodaterol 5 ug QD higher FEV, AUC_, but
lower AUC,, , versus 5 ug BID
Bronchodilation over 24 hours similar for

olodaterol 5 g QD and BID

Abbreviations: QD, once daily; BID, twice daily; FEV‘, forced expiratory volume in | second; AUCMZ, area under the curve from 0 to 12 hours; AUC

curve from 12 to 24 hours; SMI, Soft Mist inhaler; h, hour.

12 Area under the
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Table 2 Phase Il pivotal studies

Study Design

No of patients

Treatments

Results

Ferguson et al"7 Two replicate, randomized,
double-blind, placebo-
controlled, parallel-group,

trials

Koch et al'® Two replicate, randomized,
double-blind, placebo-
controlled, parallel-group,

trials

Feldman et al"® Two replicate, multicenter,
randomized, double-blind,
double-dummy, placebo-
controlled, four-way

crossover studies

Lange et al® Two replicate, randomized,
double-blind, four-way
crossover, active- and

placebo-controlled trials

1,266 (624+642)

1,838 (904-+934)

199 (99+100)

230 (108+122)

Olodaterol SMI 5
or 10 ug QD for
48 weeks

Olodaterol SMI 5

and 10 ug QD and
formoterol 12 ug BID
for 48 weeks

Olodaterol SMI 5 and
10 ug QD and
formoterol 12 ug
BID for 6 weeks in
addition to usual-
care background
maintenance therapy

Olodaterol SMI 5

and 10 pug QD and
tiotropium 18 ug QD
via the HandiHaler for
6 weeks

Significant improvement in FEV, AUC_ ; and
trough FEV, at week 12 (5 ug, 0.172 and 0.176 L;
10 ug, 0.091 and 0.101 L)and week 48 (5 ug,
0.173 and 0.169 L; 10 g, 0.092 and 0.091 L)
Daytime rescue medication use reduced for
both olodaterol doses (5 g, —0.46; 10 ug, —0.57
actuations/day)

Nighttime rescue medication use reduced for
both olodaterol doses (5 g, —0.50; 10 pg, —0.78
actuations/day)

PGR scores, statistically significantly improved
versus placebo with both olodaterol doses

In both trials at week 24, significant
improvement in FEV, AUC_, (5 ug, 0.151 and
0.129 L; 10 pg, 0.165 and 0.154 L; formoterol,
0.177 and 0.150 L) and trough FEV (5 g,

0.078 and 0.053 L; 10 pg, 0.085 and 0.069 L;
formoterol, 0.054 and 0.042 L) versus placebo
No statistically significant differences in TDI
focal score for any of the active therapies versus
placebo at week 24

Improvement in SGRQ total score for 5 g
(—2.8) and 10 pg (—3.4), but not formoterol
(=1.2) compared to placebo at week 24
Significant reductions in weekly mean daytime
and nighttime rescue medication compared to
placebo throughout the 48-week treatment
period

No differences between 5 and 10 g for the
FEV, AUC ,and FEV, AUC, .
No differences between 5 and 10 pg compared
to formoterol for the FEV| AUC_ . response
and FEV, AUC , .,
greater than 5 and 10 ug

response

response for formoterol

No differences in peak FEV, responses between
5 and 10 pg, but peak FEV, response for both 5
and 10 ug lower than formoterol (—0.036 and
—0.034 L, respectively)

In both trials at week 6, significant improvement
in FEV, AUC_ , (5 ug, 0.206 and 0.214 L; 10 ug,
0.215 and 0.245 L; tiotropium, 0.182 and

0.235 L), FEV, AUC_ , (5 ug, 0.185and 0.197 L;
10 ug, 0.207 and 0.197 L; tiotropium, 0.173 and
0.221 L), FEV, AUC,, ,, (5 ug, 0.131 and 0.153 L;
10 ug, 0.178 and 0.170 L; tiotropium, 0.123

and 0.164 L), and trough FEV, (5 g, 0.133 and
0.134 L; 10 ug, 0.147 and 0.143 L; tiotropium,
0.097 and 0.158 L) versus placebo

Abbreviations: QD, once daily; BID, twice daily; FEV‘, forced expiratory volume in | second; AUCH, area under the curve from 0 to 3 hours; PGR, Patient Global Rating;
TDI, transition dyspnea index; SGRQ, St George’s Respiratory Questionnaire; SMI, Soft Mist inhaler.

once-daily treatment with olodaterol 5 and 10 ug delivered

in FVC supported those observed for FEV,. Over 48 weeks,
use of rescue medication was also significantly reduced and
improvements in Patient Global Rating were maintained.
Two further replicate, Phase III, multicenter, random-
ized, double-blind, double-dummy, placebo-controlled,
parallel-group pivotal studies evaluated the efficacy of

via Respimat SMI (Boehringer Ingelheim Pharmaceuticals,
Inc.) compared to placebo and formoterol 12 pg twice daily
in 1,838 patients with moderate to very severe COPD over
48 weeks.'® After 24 weeks, olodaterol significantly improved
FEV, AUC_ ,, andtrough FEV  versus placebo in both studies,
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as did formoterol. The efficacy of once-daily olodaterol
5 and 10 pg was maintained over a 48-week period. Improve-
ments in lung function translated into symptomatic benefits
in patients. St George’s Respiratory Questionnaire (SGRQ)
total score was significantly improved with olodaterol, but not
formoterol, versus placebo.

Two other replicate, multicenter, randomized, double-
blind, double-dummy, placebo-controlled, four-way cross-
over studies evaluated the 24-hour FEV | profile of olodaterol
5 and 10 pg once daily compared to placebo and formoterol
12 pg twice daily administered for 6 weeks in addition to
usual-care background maintenance therapy in patients
with moderate to very severe COPD." With both olodaterol
doses, FEV | increased to near-maximal 30 minutes postmorn-
ing dose, which was maintained over 24 hours. FEV | also
increased within 30 minutes postmorning dose of formoterol,
was comparable to both doses of olodaterol 03 hours post-
dose, and was maintained over 12 hours but was lower than
the FEV | responses observed with both doses of olodaterol
4-12 hours postdose. The second formoterol dose resulted
in a further increase, sustained for an additional 12 hours.
FEV, AUC_ ,and AUC , ,,
olodaterol doses and twice-daily formoterol were significantly

responses with both once-daily

greater than placebo at 6 weeks. However, the adjusted mean
FEV AUC,, ,
significantly greater than olodaterol 5 and 10 g once daily.
For both FEV, AUC, ,,and AUC,, ,,
of olodaterol were similar. No statistically significant dif-
ferences in FEV AUC_,,
all three active comparators. FVC responses mirrored the
FEV, results.

Two replicate studies were designed to evaluate the 24-hour
FEV, profile of olodaterol (5 and 10 p1g) once daily (via the
Respimat SMI, Boehringer Ingelheim Pharmaceuticals, Inc.)

response for formoterol 12 pg twice daily was
responses, both doses

responses were reported between

in comparison to placebo and to tiotropium once daily (via
the HandiHaler, Boehringer Ingelheim Pharmaceuticals,
Inc.) over 6 weeks in 230 patients with stable moderate to
very severe COPD.?° The data confirmed the 24-hour lung-
function efficacy profile of olodaterol 5 and 10 pg once-daily,
with FEV | responses over 24 hours that were comparable
to tiotropium. FEV responses were comparable between
olodaterol 5 and 10 pg once-daily and support the selection
of the 5 g dose for later use in clinical practice.

Safety and tolerability

A prespecified pooled safety analysis of olodaterol 5 and 10
g from the large database of patients in the combined Phase
111 48-week olodaterol studies, which formed the basis of the
safety assessment for olodaterol registration, included 3,104

patients.?' Eight hundred and seventy six of them received
olodaterol 5 ug, 883 received olodaterol 10 ug, 885 received
placebos, and 460 received formoterol 12 g twice daily.
Incidence of adverse events was generally balanced across
groups. Also total serious adverse events were balanced
across treatment groups. The most frequent adverse events
were in the respiratory, thoracic, and mediastinal disorders
categories, with a similar incidence across treatment groups.
Cardiovascular adverse events, including major adverse car-
diac events, were reported less frequently, with comparable
incidences across groups. Numerically lower values were
observed in the olodaterol-treated population.

Place in therapy

Nonadherence to medication plans is a major obstacle
to successful management of COPD.? Deplorably, adherence
to COPD prescribed therapy is poor.? In general, patients who
are prescribed complex medication regimens or are exposed to
frequent change of schedule may show episodes of unpredict-
able nonadherence.?* An important step in simplifying COPD
treatment and improving adherence to prescribed therapy
is that of dosing a medication at the lowest dose frequency
necessary to maintain disease control. It has been suggested
that the incorporation of once-daily dose administration might
be an important strategy to improve adherence® and, in any
case it is a regimen preferred by most patients.?

In the literature, there is extensive documentation on the
effectiveness of LABAS in the treatment of stable COPD.?’
This is the main reason why the pharmaceutical industry has
had, and still has, a strong interest to develop LABAs with
improved duration of action over salmeterol and formoterol.
This is not surprising because the documented role of LABAs
in the treatment of stable COPD together with the obvious
need for a dosing approach that may increase adherence to
prescribed treatment indicates a clear medical requirement
that, if satisfied, offers great market opportunities.?

Over the past decade, several newer ,-agonists with
longer pharmacodynamic half-lives have been discovered
and called ultra-LABAs.?*3! Indacaterol is the archetype
of this new group of B -agonists and is the first LABA
approved for the treatment of COPD that allows for once-
daily administration.’ In addition to indacaterol, two other
ultra-LABAs, vilanterol and olodaterol, have already been
launched in several countries, although vilanterol is not
currently approved for marketing as a monotherapy and
is combined with umeclidinium, a LAMA, or fluticasone
furoate, an inhaled corticosteroid.

Having entered into the market as the second, olodaterol
should be compared with indacaterol. Regrettably, still
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there is no head-to-head comparison between these two
ultra-LABAs. Nonetheless, an indirect treatment comparison
by systematic review and synthesis of the available clinical
evidence showed that olodaterol 5 pg and indacaterol 75 or
150 pug seemed to be equally effective in the treatment of
patients with COPD, based on the analyses of change from
baseline in trough FEV |, when compared under similar trial
conditions.’* However, Donohue** strongly criticized the
findings of this systematic review because of missing data, the
difference in the concomitant medication allowed between
the trials of olodaterol and indacaterol, and the differences
in COPD severity in the patient populations of the trials of
the two LABAs. In any case, as highlighted by Chaplin,*
two fundamental characteristics differentiate olodaterol from
indacaterol. Unlike indacaterol, olodaterol has only a single
dose irrespective of COPD severity. Olodaterol is admin-
istered as a solution whereas indacaterol as a dry powder;
the preference of patients for one inhaler over another can
be crucial in deciding the drug to be prescribed, although a
documented real difference in the clinical efficacy and/or
safety profile is still lacking.

The clinical development of olodaterol is however still
too partial to draw any firm conclusions on the positioning
of this ultra-LABA as monotherapy in the management of
COPD. In particular, we must highlight that large part of the
development has been focused on lung function,* although
there is a signal, in truth not very strong, documenting a
benefit in improving the HRQoL (SGRQ total score), but
not dyspnea (Transition Dyspnea Index) with olodaterol
compared to placebo.'® Moreover, there is only long-term
(more than 12 weeks) comparison with formoterol, whereas
long-term comparison with tiotropium or other LAMAsS is
still lacking.

Waiting for new data on the impact of olodaterol on dif-
ferent patient-reported outcomes, which however are widely
available for indacaterol, and mainly for a head-to-head
comparison between these two ultra-LABAs and between
olodaterol and LAMAs, we believe it is correct to follow
the clinical indications of indacaterol also for olodaterol.
In our opinion, there is evidence that ultra-LABAs are more
effective than LAMAs if we consider symptoms or HRQoL
as the primary outcome.**’” Moreover, in the symptomatic
patient, ultra-L ABAs should be preferred to LAMASs because
of their rapid onset of action.**” In contrast, LAMASs appear
to be more effective than ultra-LABAs if exacerbations are
the expected primary outcome.*?’

Apparently, this can be valid if we focus only on the use of
olodaterol as monotherapy. However, there is documentation

that improvements in lung function induced by olodaterol
translated into significant symptomatic benefits in patients
with moderate to very severe COPD who continue to receive
maintenance COPD therapy with tiotropium.'® Moreover, it
has been documented that the 24-hour lung-function efficacy
profile of olodaterol is comparable to that of tiotropium.?’ The
parallel bronchodilating modes of action of olodaterol and
tiotropium make them an attractive combination in COPD.*

In effect, results from the ongoing large TOviTO Phase II1
trial program have documented the efficacy and safety of
olodaterol/tiotropium fixed-dose combination as maintenance
therapy in patients with moderate to very severe COPD.*
In particular, olodaterol/tiotropium fixed-dose combination
provides a convincing alternative for patients remaining
symptomatic on olodaterol monotherapy, as well documented
by the results of the TONADO 1 and 2 trials.*
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