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Pharmacology of novel treatments for COPD:
are fixed dose combination LABA/LAMA synergistic?
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Bronchodilators are mainstay for the symptomatic treatment of chronic obstructive pulmonary disease
(COPD) and the introduction of long-acting bronchodilators has led to an improvement in the maintenance
treatment of this disease. Various clinical trials have evaluated the effects of fixed dose long-acting 3,-agonists
(LABA)/long-acting anti-muscarinics (LAMA) combinations and documented greater improvements in
spirometry but such improvements do not always translate to greater improvements in symptom scores or
reduction in the rates of exacerbation compared with a single component drug. An analysis of whether this
significantly greater change in spirometry with combination therapy is additive or synergistic was undertaken
and is the subject of this review. Bronchodilators are not disease modifiers and whilst glucocorticosteroids
have been shown to reduce rates of exacerbation in moderate to severe COPD, the increase risk of pneumonia
and bone fractures is a motivation enough to warrant developing novel anti-inflammatory and disease-
modifying drugs and with the expectation of positive outcomes.

Keywords: synergy; dose equivalence; LABA; LAMA; phosphodiesterase; glucocorticosteroid; p38 MAPK

*Correspondence to: Domenico Spina, Sackler Institute of Pulmonary Pharmacology, Institute of
Pharmaceutical Science, King’s College London, Room 5.65, Franklin Wilkins Building, 150 Stamford Street,

SE1 9NH London, UK, Email: domenico.spina@kcl.ac.uk

A Corrigendum has been published for this paper. Please see http://www.ectj.net/index.php/ecrj/article/view/28021

To access the supplementary material for this article, please see Supplementary files under ‘Article Tools’

Received: 14 November 2014; Accepted in revised form: 8 February 2015; Published: 16 March 2015

hronic obstructive pulmonary disease (COPD)

remains a significant disease burden that is ex-

pected to continue well into this century. Recent
estimates from the World Health Organization indicate
that 65 million people have moderate to severe COPD
and is the cause of 5% of deaths globally and is expected
to be the third leading cause of death worldwide in
2030 (http://www.who.int/respiratory/copd/en/). COPD is
a largely preventable disease since cigarette smoking is a
major causative factor whilst other risk factors including
pollution from indoor burning of biomass fuel, outdoor
pollution and occupational hazards, highlight the need
for more prevention strategies.

Cigarette smoking is a major causal factor in the
pathogenesis of COPD and smoking cessation is obviously
an important part of COPD management, apart from
other life style adjustments (1). In addition, lung volume
reduction surgery may offer benefit to some patients
with severe emphysema (2—4). The focus of the current
review is on pharmacotherapy and clearly there is an
unmet need to find new and effective pharmacological

treatments that could either counter the effects of cigarette
smoking, or alternatively slow the rate of progression of
this disease.

Pharmacological treatments of COPD are largely
palliative with bronchodilators forming a cornerstone in
the management of this disease (5—7). Currently no single
class or combinations of drugs modify the course of the
disease and whilst glucocorticosteroids can improve lung
function, quality of life and reduce exacerbations, they do
not alter the long-term decline of lung function, remodel-
ling (e.g. fibrosis of the small airways) and destruction of
alveolar tissue in emphysema, features that are charac-
teristic of the disease. Thus, no COPD medications so far
can be classified as disease modifiers (5, 6). Indeed, recent
studies suggest that withdrawing glucocorticosteroids
in patients with severe COPD taking triple therapy does
not appear to be associated with a deterioration in
disease despite a significant fall in forced expiratory
volume in 1 s (FEV1) (8). The introduction of the PDE4
inhibitor, roflumilast for moderate to severe COPD, whilst
of benefit, has not provided a change in direction for the
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treatment of this disease, limited in part by bothersome
gastrointestinal side effects (9, 10). As a consequence
of all of the above, there is intense interest in develop-
ing novel anti-inflammatory drugs for the treatment of
COPD (6).

Current treatment guidelines for pharmacological treat-
ment of COPD consist of an algorithm that relies on
indices such as respiratory symptoms, lung function
and the risk of experiencing an exacerbation (11). Whilst
short-acting f,-agonists (SABA) and anti-muscarinic
drugs are often used in the milder forms of the disease,
so as to provide immediate bronchodilator relief, long-
acting bronchodilators have become central in the main-
tenance therapy of COPD. Currently there are many
examples of combinations of long-acting B,-agonists
(LABA) and anti-muscarinics (LAMA) that are used
to treat COPD. Increasingly, fixed combinations of these
drugs are likely to become the norm (7). Other long-acting
bronchodilator drugs including mixed PDE3/4 inhibitors
(12); single molecule muscarinic antagonists/p,-agonists
(MABA) (13); and PDE4 inhibitors ‘linked’ to LABA’s
(14) are in development. This review will discuss whether
fixed dose combinations offer an advantage of either
bronchodilator alone or in combinations, and whether
there is evidence for synergism. It will also briefly discuss
examples of novel anti-inflammatory approaches for the
pharmacological treatment of COPD.

LABA

B>-Agonists reduce airflow limitation in COPD by in-
creasing airway diameter as a consequence of a direct re-
laxant activity on airway smooth muscle. B,-adrenoceptors
occur throughout the airways, principally on airway
smooth muscle, but also on a variety of pulmonary cells
including epithelium, submucosal glands, and mast cells.
To what extent activation of B,-adrenoceptors on non-
airway smooth muscle cells contributes to reducing airway
obstruction in COPD remains to be resolved (15, 16).
B>-Agonists can be broadly classified according to their
duration of action, hence SABAs including salbutamol,
terbutaline and fenoterol have pharmacodynamic half-
lives between 2-6 h (15) whereas LABA’s including
salmeterol and formoterol require twice daily treatment
(15), while ultra-LABAs, e.g. indacaterol, require once-
a-day dosing (17). Other B,-agonists, which are currently
being developed as once-a-day treatment, include vilanterol
(18), olodaterol (19), carmoterol (20), abediterol (21),
milveterol (22) and TD-5471 (23). The clinical effective-
ness of these drugs for the treatment of COPD is not
surprising given their similarities in efficacy in activating
the canonical Gs protein pathway leading to elevation of
cyclic AMP (24). These LABA’s have similar association
and dissociation kinetics for the fB,-adrenoceptor and as
a result their long duration of action is attributed to drug
efficacy and/or retention within the airways and close

proximity to B,-receptors in airway smooth muscle. Whilst
the relative clinical potency of this drug class may differ,
there is no demonstrable difference in clinical effective-
ness, as exemplified by the different ultra-long-acting
LABAs in terms of the degree of improvement in lung
function (25). Their utility in the management of COPD
is clear and numerous clinical studies report improvement
in baseline lung function leading to a reduction in residual
volume and deflation of the lung which is reflected as
improvement in symptoms, quality of life and reduced
incidence of exacerbations (26, 27).

LAMA

The introduction of tiotropium bromide has proven to
be beneficial for the management of COPD as shown
in clinical trials in terms of improvements in respiratory
symptoms, lung function (FEV1), quality of life and
reduction in the frequency of exacerbations (28). As a
consequence other LAMA’s including glycopyrronium
bromide (29), aclidinium bromide (30), umeclidinium
bromide (31, 32) and dartropium bromide (33), are in
clinical development. This drug class is not generally
used in the treatment of asthma, although, tiotropium
bromide has been shown to produce bronchodilation of
a similar magnitude to salmeterol and proved clini-
cally effective in patients with difficult to control asthma
(34-36). The long duration of action of anti-muscarinic
drugs has been attributed to a slower off-rate from the
M3- receptors versus the M2-receptor; however, it is now
recognized that these rate constants have been over-
estimated as a result of in vitro binding studies undertaken
under non-physiological conditions (37). Their long dura-
tion of action has been attributed to high affinity for
muscarinic receptors and to retention within the lung
following inhalation (37). Similar to LABAs, clinical trials
have also shown chronic use of LAMAS not only reduces
airflow limitation due to the disease but are also associated
with improvements in quality of life, symptom scores and
reduced exacerbations. The latter most likely is due to the
ability of LAMASs to suppress mucus secretion thereby
reducing the colonization with bacteria that trigger
exacerbation events (26, 27).

Combination LABA/LAMA

There is increasing evidence that LABA/LAMA com-
binations can cause greater improvements in airflow limi-
tation than either component drug alone (7). This might
be due to suboptimal doses with either component,
and hence, additional bronchodilation afforded by the
combination. It has been suggested that B,-receptors
that are located pre-junctionally on parasympathetic nerve
terminals can suppress acetylcholine release thereby re-
stricting any potential functional competition by acetyl-
choline at post-junctional muscarinic receptors on airway
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smooth muscle and submucosal glands occupied by LAMA
(5, 15, 16). Post-junctional M2-receptors on airway smooth
muscle are negatively coupled to adenylyl cyclase, hence,
a non-selective muscarinic antagonist would inhibit a
mechanism which would restrict the ability of LABAs to
raise intracellular cyclic AMP in airway smooth muscle
cells. Such a hypothesis is questionable given the explana-
tion proposed to account for the long duration of action
of LAMAs because of more favourable and faster off-
rates from pre-junctional M2-receptors. A third possibility
is that B,-agonists and LAMAs might act synergistically
to promote bronchodilation (38, 39).

Are LABA/LAMA combinations synergistic?

Synergy is defined as the phenomenon whereby the
pharmacological response to two drugs of different classes
given in combination exceeds the response that could
be explained by their additive effect. Studies investigat-
ing the pharmacological effect of combinations of drugs
including antimicrobials (40), chemotherapies (41) and
analgesics (42, 43) showed documented evidence of
synergism. This phenomenon offers numerous advant-
ages including improvement in clinical effectiveness,
reducing the incidence of drug resistance or pharmacolo-
gical tolerance; and reducing the incidence of side effects
of these drugs since potentially lower pharmacological
doses of the component drugs can be employed. Whilst
synergy is a biological (functional) effect, its evaluation
requires a mathematical approach in which the observed
effects of drug combinations are compared with the
theoretical additive effect (or zero interaction) of the drug
combination. Several methods exist to evaluate synergy
including the Bliss independence model and Loewe addi-
tivity model (44, 45), the latter using an isobolographic
technique for the comparison of the dose equivalent effect
of drugs when used alone compared with their combined
effect. The use of dose equivalence is attractive because
it requires a comparison of the dose—response relation-
ship for two drugs (though it is possible to undertake
an analysis of n combinations of drugs) at different
effect levels (e.g. between 10 and 90% Emax) to calculate
the zero interaction (i.e. theoretical additive response).
This can be represented by a 3D response surface that
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can be used to compare all possible combinations of
drug pairs. Furthermore, with the aid of computing this
mathematical approach is amenable to analysis and to
determine statistical significance (45-48). Whilst much of
our understanding of drug synergy stems from in vitro
studies, these mathematical approaches can be used to
study drug synergy in human subjects. Indeed, a num-
ber of studies have used an isobolographic method to
demonstrate synergy between various combinations of
anaesthetics and of analgesics in clinical studies (Table 1).
A similar question as to possible synergism should be
asked with the increasing move to fixed dose combina-
tions of LABA/LAMAs for the management of COPD (7).
The mathematical approach adopted in this review is
described in the Appendix and a more in-depth descrip-
tion can be found in several review articles on this subject
(45-48).

Pre-clinical studies

A number of studies have investigated whether combina-
tions of PB,-agonists and muscarinic antagonists yielded
synergistic bronchoprotection. For example, a synergistic
interaction between tiotropium bromide and carmoterol
(38) and tiotropium bromide and olodaterol (39) has been
reported against airway obstruction in the guinea pig
in vivo. In a third study, evidence was provided to support
the view that combination of ipratropium bromide and
salbutamol, in a dose ratio equivalent to Combivent® was
synergistic (55). The data presented in those studies is
difficult to interpret since the authors did not use a math-
ematical approach based on drug equivalence to specifi-
cally analyse for additivity or synergy. In two out of three
of these studies, the data was re-analysed based on the
information provided (see Supplementary file for inter-
ested readers) and there was some evidence for drug
synergy between a [,-adrenoceptor agonist and muscari-
nic antagonist.

The underlying mechanism of the synergism is not well
understood although evidence is emerging from studies in
guinea pig airways to suggest that the LAMA component
of the combination might disinhibit Gi mediated suppres-
sion of calcium activated potassium channel opening (56).
This would lead to hyperpolarization of the airway

Tuble 1. Some examples of the use of a mathematical approach to investigate additivity or synergy for drug combinations

in man

Drug combination Interaction/outcome measure Method Reference
Remifentanil and sevofluorane Evidence for synergism/sedation Analysis of response surface/isobolographic (49)
Tramadol and acetaminophen Evidence of synergism/analgesia Isobolographic (50)
Tramadol and mefamizol Evidence for synergism for some dose Isobolographic (51)

combinations/analgesia

Clonidine and fentanyl Evidence for additivity/post-surgical pain Isobolographic (52)
Neostigmine and clonidine Evidence for additivity/analgesia Isobolographic (53)
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smooth muscle membrane and hence promote relaxa-
tion induced by activation of the canonical Gs pathway.
This would not only lead to further activation of these
ion channels but also other intracellular signalling path-
ways involved in mediating relaxation by the LABA
component (56).

Clinical studies

A recent study has documented synergy between the
bronchodilator effect of glycopyrronium bromide and
indacaterol in COPD patients. The bronchodilator re-
sponse to an inhaled dose of glycopyrronium (50 pg)
or indacaterol (150 pg) alone and in combination was
monitored over 3 h. In order to determine synergy, the
bronchodilator response at each time point was expressed
as a percentage of the maximum bronchodilation observed
with salbutamol in the same patients, and then using the
Bliss independence method to evaluate synergy (57).
It appears that synergism was only observed during
the rising phase of the bronchodilator response, but not
at its peak.

Numerous clinical studies have reported the bene-
ficial effects of the combined use of LABAs and LAMAS
over a number of variables indicating benefit; these in-
cluded improvement in trough FEVI1, rates of exacer-
bation, dyspnoeic event as well as control of symptoms
for tiotropium bromide/indacaterol (58) umeclidinium
bromide/vilanterol (32), and glycopyrronium bromide/
indacaterol (27, 59).

This beneficial effect, of the combination therapy versus
drug component, appear to be most marked for the
spirometric variables (mostly reflecting the large airways),
while less evident on disease control and disease progres-
sion, a not unexpected finding in view of the fact that
the drugs used are not considered disease modifiers. One
would anticipate that a change in baseline FEV1 might
be reflected by an increase in the diameter of the small
airways resulting in lung deflation and a reduction in
lung volume and consequently improvements in symptom
scores and reduction in rates of exacerbation of symp-
toms and therefore the clinical relevance of the findings
could be questioned (60). To date, there are no studies
that have systematically compared the bronchodilator
effectiveness of LABA or LAMA used alone or in com-
bination on spirometric variables including FEF25-75,
MFEF, impulse oscillometry or high-resolution computer
tomography (HRCT) to monitor changes in small airway
calibre. Assuming that small airway calibre is improved,
the additional benefit achieved with the combination
does not appear to be reflected in symptom scores.
Alternatively, symptoms associated with COPD may be
independent of FEV1 per se (61-64) and more sensitive
indices that reflect residual lung volume, or use of forced
oscillation techniques to monitor the calibre of small air-
ways might show a better relationship between changes in

spirometry and symptoms. Alternatively, bronchodilators
can reduce airway wall stiffness which might also con-
tribute to their ability to reduce dynamic hyperinflation
and lung volume (65).

In theory the advantage of fixed dose combination over
monotherapy would be to provide additional bronchodi-
lation particularly if some patients are insufficiently dosed
on monotherapy while combination therapy offers the
opportunity of reducing the dose of each bronchodila-
tor, but not at the expense of clinical effectiveness, while
reducing the risk of adverse side effects with high dose
monotherapy. Indeed, a greater degree of airway obstruc-
tion, indicative of more severe disease, reduces broncho-
dilator effectiveness particularly with lower doses of
bronchodilator (25). Hence, maintaining high levels of
bronchodilator tone with combination therapy could be
advantageous.

None of the clinical trials that have demonstrated
a greater degree of bronchodilation afforded by fixed
combination doses over monotherapy were designed to
specifically address the question of synergy. Therefore,
an analysis was undertaken using the available literature
to investigate whether fixed dose combinations of umecli-
dinium bromide/vilanterol and glycopyrronium bromide/
indacaterol are synergistic. These studies where chosen
because dose-response relationships for each of these
bronchodilators have been published and large clinical
trials in moderate to severe COPD have been undertaken
which provides an adequate and relevant data set for
analysis. Moreover, there is no evidence that there is
anything demonstrably unique concerning the bron-
chodilator effectiveness of a range of LABA’s (66) and
LAMA'’s (31) and any difference between them could be
reasonably attributed to the use of doses that were not
clinically equi-effective.

Dose-response relationships for umeclidinium bro-
mide (31, 67) and vilanterol (68) were plotted using linear
regression of the log dose versus trough FEVI after 1-
month treatment. These data also included the single
drug data sets from the publications that compared fixed
dose combination with the either bronchodilator alone
(see below). It is noticeable that the slope of the dose—
response relationship is flat particularly in the case of
umeclidinium bromide (Fig. 1). The dose (png) and 95%
confidence interval (95% CI) which caused a 150 mL
difference in trough FEV1 was 250 (62—-1010) and 55
(16—-181) for umeclidinium bromide and vilanterol, re-
spectively. A change of 160 mL in FEV1 is considered
clinically important and related to a change in St George’s
respiratory questionnaire (SGRQ) of four units (62).
Several studies have evaluated the effects of different fixed
dose combinations of these agents (umeclidinium bro-
mide/vilanterol) including 125/25 ng evaluated over a
24-week period (26, 69) and 52-week period (70) and
62.5/25 ug over a 24-week period (26, 32).
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Fig. 1. Dose-response relationships for a LABA and a
LAMA alone and in a fixed dose combination LABA/
LAMA in patients with moderate to severe COPD. (a)
Shows a linear regression for the dose—response relationship
for umeclidinium bromide (UMEC: open circles) and
vilanterol (VI: closed circles) (b) glycopyrronium bromide
(GLY: open circles) and indacaterol (IND: closed circles).
The theoretical additive response (open squares) and the
observed response (circles; blue) for fixed dose combinations
of these bronchodilators are superimposed. The combina-
tion effect was shown to be synergistic (see Table 2).

In all cases, there were significant improvements in the
primary objective measure of trough FEV1 with combina-
tion versus single drugs and in other spirometric measures
(e.g. peak FEV1); however, only the trough FEV1 data
was analysed because dose—response relationships for these
indices of symptoms was not available. As with earlier
trials, the combination therapy is not always demonstrably
better than single drugs in terms of risk of exacerba-
tion rate, quality of life scores and dyspnoea scores. For
example, improvement in the SGRQ score was greater with
the 125/25 pg dose combination (69) compared with the
single drugs, although this was not confirmed in another
study in patients with similar disease severity (32). For a
lower dose combination (62.5/25 pg), the improvement
in trough FEV1 over the component bronchodilators
did not translate to a significantly greater improvement
in symptoms scores though in both studies, the risk of
exacerbation was similar across all treatments (26, 32).
Using a different LABA/LAMA combination, it was
demonstrated that glycopyrronium bromide/indacaterol
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(50/110 pg) was associated with significant improvement
in trough FEV1, reduced exacerbation rates and improve-
ment in symptom scores compared with glycopyrronium
bromide alone as there was no LABA arm of the trial
(27). Whether some of these studies were not powered
or not of sufficient duration (e.g. maximum study period
was 1 year) to detect differences in rate of exacerbation and
symptom score is a distinct possibility.

The theoretical additive and observed dose-response
relationship for the total combined dose of umeclidinium
bromide/vilanterol is illustrated in Fig. 1. The ‘broncho-
dilator potency’ of the combination was defined as the
dose of bronchodilator which caused a 150 mL improve-
ment in trough FEVI1 and this was four times lower
than that which could be ascribed to an additive effect
(Table 2). Furthermore, the interaction index (alpha) was
significantly different from unity which is also indica-
tive of synergy at both dose combinations (Table 2). The
latter estimate implies that a 10-20 fold reduction in
the combination dose will achieve the same effector
response as either drug acting alone. There was also a
significant difference in the observed and the expected
trough FEV1 values, again supporting the notion of
synergy (Table 2).

A second analysis of the bronchodilator effectiveness
of fixed dose combinations of glycopyrronium bromide
and indacaterol also shows evidence of synergy (Fig. 1,
Table 2). Dose—response data for glycopyrronium bromide
(71-73) as well as single dose studies (29, 74) plus dose—
response data for indacaterol (25, 75, 76) was analysed
using linear regression for trough FEV1 values versus log
dose (pg; Fig. 1). The dose (mean with 95% CI) producing
a 150 mL improvement in trough FEV1 was 152 (90-258)
and 320 (104-986) pg for glycopyrronium bromide and
indacaterol respectively. Various studies have examined
the effect of fixed dose combinations of glycopyrronium
bromide and indacaterol of 50/110 pg (77, 78) and 50/300 pg
(79) and the improvement in trough FEV1 by each
bronchodilator alone was also used in the determination
of bronchodilator potency (Fig. 1). The ‘bronchodilator
potency’ of the combination when defined as the dose
which caused a 150 mL improvement in trough FEVI
was an order of magnitude greater than that which could
be ascribed to an additive effect (Table 2). Furthermore,
the interaction index (alpha) was less than unity again
indicative of synergy at both dose combinations tested
(Table 2). The analysis implies that a 10-20 fold reduction
in the combination dose will achieve the same effector
response as if either drug was acting alone. There was
also a significant difference in the observed and ex-
pected trough FEV1 values supporting the presence of
synergy. Statistical analysis of such data could not be
undertaken because of the paucity of published studies
of fixed dose combinations of glycopyrronium bromide
and indacaterol.
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Table 2. Summary of potency estimates, interaction index (alpha) and difference in effector response to assess synergy between
different combinations of LABA/LAMA in moderate to severe COPD

Parameter estimates of potency

(ED50: pg)?

Interaction index
(alpha)®

Delta response
(observed-additive, mL)°

Umeclidinium 250 (31-2012)
55 (9-326)

38 (10-154)

Vilanterol

Combination (UMEC/VI)
125/25 pg (150)
62.5/25 pg (87.5)

Additive 161 (128-203)

Glycopyrronium 152 (90-258)
Indacaterol 320 (104-986)
Combination (GLY/IND) 8.5
50/110 pg (160)
50/300 pg (350)

Additive 351 (288-428)

0.024 (0.015)* 76 (12)*
0.13 (0.15)* 51 (24)
0.074 70.2
0.051 70.6

Values in parentheses (first column) indicate total dose (ug) for each dose combination.

2Values expressed as mean and 95% Cl; Pvalues expressed as mean (SD).

There was evidence of synergy for umeclidinium bromide (UMEC) and vilanterol (VI) dose combinations as implied by the five-fold
difference in bronchoprotector potency (combination vs. additive) and interaction index <1 (values compared with the theoretical additive
response i.e. population mean =1), *P =1.06E-06, **P =0.009716 (unadjusted). Number of studies (n =3 for 87.5 ng combined dose;
n=4 for 150 pg combined dose). There was a significant difference in observed—expected trough FEV1 measurement for the high

(*P =0.0011) but not low dose combination (P =0.0675).

Data for glycopyrronium bromide (GLY) and indacaterol (IND) also suggest synergy, based on a comparison of potency, combination
index and delta response, but too few studies to undertake statistical analysis (n =2 for 160 pg combined dose; n=1 for 350 pg

combined dose).

It is important to acknowledge some limitations in the
foregoing analysis. The data was obtained from a number
of clinical studies with different treatment durations and,
whilst the subjects tended to be predominantly within the
moderate to severe disease classification, one cannot rule
out possible differences in bronchodilator response in
different patient cohorts, and differences in measurement
of FEV1 between different clinical sites. The bronchodi-
lator response to each single component in the combi-
nation clinical trials was included in the analysis to
obtain better estimates of drug potency across a number
of studies. However, there may have been an overestima-
tion of the bronchodilator potency of the fixed combina-
tion and the interaction index because the dose—response
relationships of each bronchodilator was characterized
by low slope values and coupled with the constraint of
limited number of different fixed dose combinations
available for analysis. The analysis would have benefited
if the fixed dose combinations had the same propor-
tions of LABA/LAMA, and if the number of fixed dose
combinations was greater than that which was avail-
able for analysis so as to give better estimates of potency
and the interaction index for the combination therapy.
Furthermore, each bronchodilator and different combi-
nations of the bronchodilators should be evaluated in the
same patient using crossover designs, or alternatively by

recruiting a relatively large patient group and using a
parallel design.

Is bronchodilator synergy clinically relevant?
Notwithstanding these issues, fixed combinations of
LABA/LAMA appeared to show a greater degree of
improvement in trough FEVI when compared with the
respective single components. Analysis of synergism on
clinical indices including quality of life, exacerbation rates
and disease progression was not possible because dose—
response relationships for the single component drugs
were not available but carefully designed and sufficiently
powered studies could help evaluate these missing im-
portant efficacy data. Therefore, whilst FEVI may be a
relatively poor predicator of improvements in symptom
scores, either the dose—response relationship for these
phenomenon are different, or more sensitive measures of
small airway calibre (e.g. forced oscillatory techniques)
might offer greater predictability. It is therefore likely
that the combination therapy provides a complimentary
coverage of airway smooth muscle relaxation with a
suppression of mucus secretions which benefits the patient
provided this is not at the expense of more adverse
effects (60). It remains to be seen whether any purported
synergy would allow a dose reduction of both component
drugs whilst still affording clinical meaningful broncho-
dilation over a 24 h period.
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Bifunctional molecules

Another approach to achieving better drug therapy of
COPD could be in the development of dual acting
MABAs suitable for once-a-day treatment as exempli-
fied by GSK961081. This drug offers the advantage of
a single molecule with a single pharmacokinetic profile
and potential benefits concerning formulation of one as
opposed to two separate molecules which offers greater
simplicity for patients undergoing triple therapy with
combination LABA/LAMA/inhaled corticosteroids in
COPD (13). In light of the preceding discussion concern-
ing the potential synergistic interaction between a LABA
and LAMA, it might not be unreasonable to suggest
that MABA’s are inherently synergistic in terms of their
pharmacological effect on airway calibre. A change
from baseline trough FEV1 was 215 and 277 mL with
a once daily dose of 400 and 800 pg GSK961081 (13),
respectively. A change that was of a similar magnitude
to fixed dose combinations of LABA/LAMA was shown
in this analysis to be synergistic.

GSK961081 has both a B,-adrenoceptor agonist (car-
bostyryl group) and muscarinic antagonist (biphenyl
carbamic acid) pharmacophore that are covalently linked.
The pharmacological characteristics of this molecule
include non-selectivity for different muscarinic receptor
subtypes, and selectivity for B,- versus B;-adrenoceptors.
This drug class is characterized by a relatively short
half-life on either receptor which cannot account for the
long duration of action seen in vivo as a bronchodilator.
Such a long duration is likely due to retention of the
drug within the lung environment. This is reflected in a 2—3
fold order of magnitude difference in selectivity for the
airways over extra-pulmonary sites containing muscarinic
and B,-adrenoceptors (80). One characteristic not been
reported for GSK961081, but is a feature of this drug
class, is the simultaneous binding to orthosteric and
allosteric sites of the muscarinic and [,-adrenoceptor.
As a consequence, these molecules can retard the disso-
ciation of an orthosteric ligand from these receptors as
exemplified by the prototypical MABA, THRX-198321
which contains a nine carbon aliphatic chain between the
two binding moieties (81). This unique property might
manifest in greater clinical effectiveness because of syner-
gistic effects as suggested for THRX-200495 which con-
tains a propyl ethyl biphenyl ether linker group (55). Whilst
THRX-200495 was investigated for additivity and synergy
in guinea-pigs, a formal mathematical assessment of dose
equivalence was not undertaken. Using the approach des-
cribed earlier (see Appendix), it would appear that this
agent does demonstrate synergy, but only at low to mod-
erate dose combinations (Fig. 2, Table 3). No formal
statistical analysis could be undertaken hence the estimates
are qualitative in nature. Notwithstanding the fact that
the selectivity of the B,-agonist and muscarinic antagonist
components of the MABA was assumed to be 1:1, the
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Fig. 2. A re-analysis of the data presented by McNamara
et al. (55) using a mathematical approach to evaluate synergism
of the bronchoprotective effect of a MABA in anaesthetized
guinea pigs. Linear regression was used to fit the cumulative
dose-response curve for MABA in animals in which airway
obstruction was induced by histamine to detect the [3,-
agonist (BA) component of the MABA (closed circles); or
MABA in animals treated with propranolol and airway
obstruction induced by acetylcholine to detect the muscari-
nic antagonist (MA) component of the MABA (open circles)
and response to MABA (blue circles) in animals in whom
airway obstruction was induced by acetylcholine. The
theoretical additive line (broken lines) for each dose of
MABA was calculated assuming the proportion of each
component was 1:1. The observed response obtained for the
MABA is shown in blue.

analysis suggests that a three-fold lower dose of the MABA
is required to produce an equi-effective response with
either component acting alone (Fig. 2, Table 3).

Bifunctional PDE inhibitors
RPL554 is a mixed PDE3/4 inhibitor that has been
demonstrated to have bronchodilator and bronchoprotec-
tive activity in mild asthmatic subjects and patients with
COPD (12), a feature not observed to any degree with oral
or inhaled PDE4 inhibitors. It was previously shown that
cilomilast does not cause bronchodilation per se when
measured after a single oral dose (82) and for roflumilast,
the changes in baseline FEV1 in COPD develops over
a period of weeks (9, 10). This lack of a direct effect
of roflumilast on baseline airway tone is consistent
with the lack of relaxant effect observed to this drug
in vitro in isolated tracheal rings from guinea pigs (83, 84).
Such studies demonstrate a clear distinction between
RPL554 and a PDE4 inhibitor on airway smooth muscle
contractility. None of the clinical trials with inhaled PDE4
inhibitors report a direct bronchodilator activity (85).
The modest success of the PDE4 inhibitor roflumilast
for the treatment of COPD has kept interest in the PDE
field for the development of new drugs for the treatment
of this disease (9, 10). The additional bronchodilator
benefit observed in patients who were maintained on
LABA or LAMA is unlikely to be attributed to a direct
action on airway smooth muscle, since functional studies
in vitro demonstrate that roflumilast at concentrations
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Table 3. Summary of potency estimates, interaction index (alpha) and difference in effector response to assess synergy for
different doses of THRX-200495 against spasmogen-induced bronchoconstriction in guinea pigs

Parameter estimates of Interaction

potency (ED50: pug/mL)?

Parameter estimates of potency
(ED50: pg/mL) (55)°

Delta response
index (alpha)® (observed-additive, % inhibition)®

B-Agonist 12.7 (4-38) 11.2

Muscarinic antagonist 18.7 (3-102) 11.4

MABA® 2 (0.008-419) 3.5
1.5/1.5 (3) 0.30 25
5/5 (10) 0.16 37
15/15 (30) 0.27 27
50/50 (100) 1.189 0

Additive 4.7 (4.6-4.9) ND

Values in parentheses (first column) indicate total dose (ug/mL) for each dose combination.

aParameter estimates of potency for bronchoprotection 1.5 h following drug exposure and expressed as mean and 95% Cl. ®Values
expressed as mean.

Bronchoconstriction was induced by histamine to measure B,-agonist effect of THRX-200495 (‘B-agonist’) or to acetylcholine in the
presence of propranolol to measure the muscarinic antagonist effect of THRX-200495 (55). MABA refers to the effect of THRX-200495
alone. Inhibition of airway obstruction was measured 1.5 h following aerosol exposure to the bronchodilators.

®Calculation of interaction index (alpha) and delta difference between observed and additive response both based on the method of dose
equivalence (see Box 1). Values expressed as mean. No statistical analysis was possible but the analysis suggests evidence for synergy
at low to moderate doses of MABA compared with the additive response. There was a small increase in bronchoprotection potency
(approximately two fold) when MABA is compared with the additive potency value, alpha <1 for low and medium doses of MABA and the
difference in bronchoprotection between observed and additive response was approximately 30%. ND: not determined.

#CAnalysis based on the assumption that the dose of MABA can be considered as a combination of muscarinic antagonist and B,-agonist

in a ratio of 1:19.

that are two to three orders of magnitude greater than
the Ki for inhibition of PDE4 is without demonstrable
relaxant activity. Hence, the improvement in FEV1 is likely
to be due to an anti-inflammatory activity as evident by the
ability of this drug class to suppress neutrophil recruitment
to the airways and various inflammatory biomarkers of
relevance to COPD (86, 87). This is also consistent with
the ability of roflumilast to cause improvements in quality
of life scores and reduce rates of exacerbation by virtue
of an anti-inflammatory activity. Intriguingly, a number of
inhaled PDE4 inhibitors administered daily for between
1 and 6 weeks have proved disappointing in a number
of phase II clinical trials (85, 88, 89) despite evidence for
PDE4 inhibitory activity, however, this was not sufficient
to result in any clinical benefit (89). The reason for a lack
of clinical effectiveness of these highly potent and long
lived inhaled PDE4 inhibitors might be a result of the
presence of other PDE subtypes within the lung (e.g.,
PDE2, 3, 7) that might contribute to airway inflammation
in COPD. The mixed PDE3/4 inhibitor, RPL554 was
evaluated in a number of phase II clinical trials in both
asthma and COPD subjects and shown to be an effective
bronchodilator of comparable effectiveness to salbutamol,
and with long duration of action following single nebu-
lized dose (circa 6-10 h). Of particular interest was the
ability of this inhaled drug, administered daily for up to
1 week, to inhibit neutrophil recruitment to the airways
and consequently the first demonstration of an inhaled
PDE inhibitor with an anti-inflammatory signal (12).

Furthermore, relaxation of human airways in vitro was
augmented when combinations of RPL554 and atropine
or glycopyrronium bromide, was used and there was evi-
dence of synergy using the method of dose equivalence (90).

Another strategy has been the linking of a PDE4 inhibi-
tor with a fB,-agonist (indacaterol) with a view to develop
a bifunctional bronchodilator and anti-inflammatory drug
(14). GS-5759 inhibited cytokine release, oxygen radical
production and chemokine release from various inflam-
matory cells and it appears the B,-agonist component
of the molecule participates in the anti-inflammatory
activity of the PDE4 component. Interestingly, this
bifunctional molecule was more effective than roflumilast
in some of the in vitro assays and suggests that anti-
inflammatory activity can be boosted by agents which
elevate cyclic AMP within target cells (14). Hence, bifunc-
tional or mixed PDE inhibitors offer the advantage of
providing both a bronchodilator and anti-inflammatory
activity which would be beneficial to the patient.

Anti-inflammatory drugs: existing and new
approaches

Like many inflammatory diseases, the complex interplay
between inflammatory cells and structural cells within
the lung and the mediators they release provides a wealth
of potentially novel targets to treat respiratory condi-
tions such as COPD (6). Glucocorticosteroids are potent
anti-inflammatory drugs and can reduce the rate of
moderate to severe exacerbation but at the expense of
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the development of pneumonia and fractures (91, 92)
and whilst combination LABA/glucocorticosteroid was
no better than a LAMA in reducing the rate of exacerba-
tion in COPD, mortality was significantly lower and
quality of life better with dual therapy (93). Withdrawal
of glucocorticosteroid treatment from a triple therapy
regimen did not appear to lead to a deterioration of
disease but was associated with a worsening in baseline
spirometry compared with placebo (8). Finally, glucocor-
ticosteroids do not appear to reduce the annual rate
of decline in FEV1 in COPD (94, 95) and patients with
severe COPD do not appear to benefit in terms of
reducing rates of exacerbation, from adding glucocorti-
costeroid to LABA compared with LABA alone despite
improvement in FEV1 (96). These studies clearly high-
light the unmet need to develop new types of anti-COPD
agents.

The documented presence of cells of the innate and
adaptive immune system in COPD could provide suitable
targets (97). The proteinase hypothesis of COPD also
provides numerous drug targets, for example neutrophils
which are implicated in the pathogenesis of COPD,
secrete neutrophil elastase which plays a role in stimulating
mucus secretion and damage to the parenchymal tissue
(98). Unfortunately, the neutrophil elastase inhibitor,
AZDY9668 was without clinical benefit in symptomatic
COPD patients taking tiotropium bromide following a
3 months treatment protocol (99). The lack of effect of
this treatment on biomarkers of matrix degradation indi-
cates that pharmacodynamic relevant concentrations were
not achieved in the lung and hence the primary outcome
measure was not evident. Alternatively, other proteinases
(e.g. MMP’s) implicated in COPD would be unaffected
by this treatment (98).

Targeting signalling pathways might be another ap-
proach, and in this regard many cytokines implicated in
COPD signal via p38 mitogen-activated protein kinase
pathways and small molecule inhibitors of this protein
might prove beneficial. A relatively short 6 weeks trial
with a selective p38 MAPK inhibitor, PH-797804, was
associated with significant improvement in trough FEV1
of 85 mL and 92 mL for the 3 and 6 mg dose, although
120 mL is considered to be clinically relevant. Changes
in dyspnoea scores were significant and deemed clinically
relevant (100). The anti-inflammatory activity of PDE
inhibitors has been mentioned previously and will not be
discussed any further.

Conclusion

Ultra-long-acting bronchodilators demonstrably improve
measures of lung function, symptoms and reduce rates of
exacerbation and therefore are used in the maintenance
therapy of COPD. Fixed dose combinations will increas-
ingly be used in the management of moderate to severe
COPD, and clinical trials suggest that improvements in
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lung function are significantly greater than with either
monocomponent alone. An analysis of the clinical data
indicated synergism for bronchodilation. However, this
should be confirmed with appropriately designed clini-
cal trials. So far, the synergistic benefit does not appear to
translate into improvements in symptom scores and exac-
erbation rates. Neither is it clear if synergic activity im-
proves small airway function or induces disease-modifying
effects. Novel bronchodilator agents that combine both
bronchodilator and anti-inflammatory activity offer a new
type of treatment modality for COPD patients as the
field awaits news of positive clinical trials with mole-
cules which specifically target the inflammatory response,
and document superiority over glucocorticosteroids and
roflumilast.

Conflict of interest and funding

The author has received financial support from Verono-
pharma plc. However, the contents of this article are the
views of the author.

References

1. Rigotti NA. Smoking cessation in patients with respiratory
disease: existing treatments and future directions. Lancet
Respir Med. 2013; 1: 241-50.

2. Ramsey SD, Berry K, Etzioni R, Kaplan RM, Sullivan SD,
Wood DE, et al. Cost effectiveness of lung-volume-reduction
surgery for patients with severe emphysema. N Engl J Med.
2003; 348: 2092-102.

3. Kaplan RM, Sun Q, Naunheim KS, Ries AL. Long-term
follow-up of high-risk patients in the National Emphysema
Treatment Trial. Ann Thorac Surg. 2014; 98: 1782-9.

4. Kaplan RM, Sun Q, Ries AL. Quality of well-being outcomes
in the national emphysema treatment trial. Chest. 2015; 147:
377-87.

5. Cazzola M, Page CP, Rogliani P, Matera MG. B2-agonist
therapy in lung disease. Am J Respir Crit Care Med. 2013; 187:
690-6.

6. Barnes PJ. Development of new drugs for COPD. Curr Med
Chem. 2013; 20: 1531-40.

7. Tashkin DP, Ferguson GT. Combination bronchodilator
therapy in the management of chronic obstructive pulmonary
disease. Respir Res. 2013; 14: 49-61.

8. Magnussen H, Disse B, Rodriguez-Roisin R, Kirsten A,
Watz H, Tetzlaff K, et al. Withdrawal of inhaled glucocorti-
coids and exacerbations of COPD. N Engl J Med. 2014; 371:
1285-94.

9. Calverley PM, Rabe KF, Goehring UM, Kristiansen S,
Fabbri LM, Martinez FJ. Roflumilast in symptomatic chronic
obstructive pulmonary disease: two randomised clinical trials.
Lancet. 2009; 374: 685-94.

10. Fabbri LM, Calverley PM, Izquierdo-Alonso JL, Bundschuh
DS, Brose M, Martinez FJ, et al. Roflumilast in moderate-
to-severe chronic obstructive pulmonary disease treated with
long acting bronchodilators: two randomised clinical trials.
Lancet. 2009; 374: 695-703.

11. Calverley PM. The ABCD of GOLD made clear. Eur Respir J.
2013; 42: 1163-5.

Citation: European Clinical Respiratory Journal 2015, 2: 26634 - http://dx.doi.org/10.3402/ecrj.v2.26634

(page number not for citation purpose)


http://ecrj.net/index.php/ecrj/article/view/26634
http://dx.doi.org/10.3402/ecrj.v2.26634

Domenico Spina

20.

21.

22.

23.

24.

25.

26.

217.

. Franciosi LG, Diamant Z, Banner KH, Zuiker R, Morelli N,

Kamerling IM, et al. Efficacy and safety of RPL554, a dual
PDE3 and PDE4 inhibitor, in healthy volunteers and in patients
with asthma or chronic obstructive pulmonary disease: findings
from four clinical trials. Lancet Respir Med. 2013; 1: 714-27.

. Wielders PLML, Ludwig-Sengpiel A, Locantore N, Baggen S,

Chan R, Riley JH. A new class of bronchodilator improves
lung function in COPD: a trial with GSK961081. Eur Respir J.
2013; 42: 972-81.

. Tannheimer SL, Sorensen EA, Cui ZH, Kim M, Patel L, Baker

WR, et al. The in vitro pharmacology of GS-5759, a novel
bifunctional phosphodiesterase 4 inhibitor and long acting
beta2-adrenoceptor agonist. J Pharmacol Exp Ther. 2014; 349:
85-93.

. Cazzola M, Page CP, Calzetta L, Matera MG. Pharmacology

and therapeutics of bronchodilators. Pharmacol Revs. 2012;
64: 450-504.

. Barnes PJ. Biochemical basis of asthma therapy. J Biol Chem.

2011; 242: 31-50.

. Baur Fo, Beattie D, Beer D, Bentley D, Bradley M, Bruce I,

et al. The identification of indacaterol as an ultralong-acting
inhaled PB2-adrenoceptor agonist. J Med Chem. 2010; 53:
3675-84.

. Slack RJ, Barrett VJ, Morrison VS, Sturton RG, Emmons AJ,

Ford AJ, et al. In vitro pharmacological characterization of
vilanterol, a novel long-acting B,-adrenoceptor agonist with
24-hour duration of action. J Pharmacol Exp Ther. 2012; 344:
218-30.

. Bouyssou T, Hoenke C, Rudolf K, Lustenberger P, Pestel S,

Sieger P, et al. Discovery of olodaterol, a novel inhaled B2-
adrenoceptor agonist with a 24h bronchodilatory efficacy.
Bioorg Med Chem Lett. 2010; 20: 1410-4.

Voss HP, Donnell D, Bast A. Atypical molecular pharmacol-
ogy of a new long-acting beta 2-adrenoceptor agonist, TA
2005. Eur J Pharmacol. 1992; 227: 403-9.

Aparici M, Gomez-Angelats M, Vilella D, Otal R, Carcasona
C, Vinals M, et al. Pharmacological characterization of
abediterol, a novel inhaled 2-adrenoceptor agonist with long
duration of action and a favorable safety profile in preclinical
models. J] Pharmacol Exp Ther. 2012; 342: 497-509.
Jacobsen JR, Choi SK, Combs J, Fournier EJL, Klein U,
Pfeiffer JW, et al. A multivalent approach to the discovery
of long-acting P2-adrenoceptor agonists for the treatment
of asthma and COPD. Bioorg Med Chem Lett. 2012; 22:
1213-8.

Jacobsen JR, Aggen JB, Church TJ, Klein U, Pfeiffer JW,
Pulido-Rios TM, et al. Multivalent design of long-acting
beta(2)-adrenoceptor agonists incorporating biarylamines.
Bioorg Med Chem Lett. 2014; 24: 2625-30.

Spina D. Current and novel bronchodilators in respiratory
disease. Curr Opin Pulm Med. 2014; 20: 73-86.

Renard D, Looby M, Kramer B, Lawrence D, Morris D,
Stanski DR. Characterization of the bronchodilatory dose
response to indacaterol in patients with chronic obstructive
pulmonary disease using model-based approaches. Respir Res.
2011; 12: 54.

Decramer M, Anzueto A, Kerwin E, Kaelin T, Richard N,
Crater G, et al. Efficacy and safety of umeclidinium plus
vilanterol versus tiotropium, vilanterol, or umeclidinium
monotherapies over 24 weeks in patients with chronic
obstructive pulmonary disease: results from two multicentre,
blinded, randomised controlled trials. Lancet Respir Med.
2014; 2: 472-86.

Wedzicha JA, Decramer M, Ficker JH, Niewoehner DE,
Sandstrom T, Taylor AF, et al. Analysis of chronic obstructive
pulmonary disease exacerbations with the dual bronchodilator

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

QVA149 compared with glycopyrronium and tiotropium
(SPARK): a randomised, double-blind, parallel-group study.
Lancet Respir Med. 2013; 1: 199-209.

Tashkin DP, Celli BR, Senn S, Burkhart D, Kesten S, Menjoge
S, et al. A 4 year trial of tiotropium in chronic obstructive
pulmonary disease. N Engl J Med. 2007; 359: 1543-54.
Kerwin E, Hebert J, Gallagher N, Martin C, Overend T,
Alagappan VKT, et al. Efficacy and safety of NVA237 versus
placebo and tiotropium in patients with COPD: the GLOW2
study. Eur Respir J. 2012; 40: 1106-14.

Beier J, Kirsten A-M, Mriz R, Segarra R, Chuecos F, Caracta
C, et al. Efficacy and safety of aclidinium bromide compared
with placebo and tiotropium in patients with moderate-
to-severe chronic obstructive pulmonary disease: results from
a 6-week, randomized, controlled Phase IIIb study. COPD.
2013; 10: 511-22.

Decramer M, Maltais F, Feldman G, Brooks J, Harris S,
Mehta R, et al. Bronchodilation of umeclidinium, a new
long-acting muscarinic antagonist, in COPD patients. Respir
Physiol Neurobiol. 2013; 185: 393-9.

Donohue JF, Maleki-Yazdi MR, Kilbride S, Mehta R,
Kalberg C, Church A. Efficacy and safety of once-daily
umeclidinium/vilanterol 62.5/25 mcg in COPD. Respir Med.
2013; 107: 1538-46.

Beier J, van Noord J, Deans A, Brooks J, Maden C, Baggen S,
et al. Safety and efficacy of dual therapy with GSK233705 and
salmeterol versus monotherapy with salmeterol, tiotropium, or
placebo in a crossover pilot study in partially reversible COPD
patients. Int J Chron Obstruct Pulmon Dis. 2012; 7: 153-64.
Bateman ED, Kornmann O, Schmidt P, Pivovarova A, Engel
M, Fabbri LM. Tiotropium is noninferior to salmeterol in
maintaining improved lung function in B16-Arg/Arg patients
with asthma. J Allergy Clin Immunol. 2011; 128: 315-22.
Kerstjens HAM, Engel M, Dahl R, Paggiaro P, Beck E,
Vandewalker M, et al. Tiotropium in asthma poorly controlled
with standard combination therapy. N Engl J Med. 2012; 367:
1198-207.

Peters SP, Kunselman SJ, Icitovic N, Moore WC, Pascual R,
Ameredes BT, et al. Tiotropium bromide step-up therapy for
adults with uncontrolled asthma. N Engl J Med. 2010; 363:
1715-26.

Sykes DA, Dowling MR, Leighton-Davies J, Kent TC, Fawcett
L, Renard E, et al. The influence of receptor kinetics on the
onset and duration of action and the therapeutic index of
NVA237 and tiotropium. J Pharmacol Exp Ther. 2012; 343:
520-8.

Rossoni G, Manfredi B, Razzetti R, Civelli M, Berti F. Positive
interaction of the novel beta2-agonist carmoterol and tiotro-
pium bromide in the control of airway changes induced by
different challenges in guinea-pigs. Pulm Pharmacol Ther.
2007; 20: 250-7.

Smit M, Zuidhof AB, Bos SI, Maarsingh H, Gosens R,
Zaagsma J, et al. Bronchoprotection by olodaterol is synergis-
tically enhanced by tiotropium in a guinea pig model of allergic
asthma. J Pharmacol Exp Ther. 2014; 348: 303-10.

Kmeid JG, Youssef MM, Kanafani ZA, Kanj SS. Combina-
tion therapy for Gram-negative bacteria: what is the evidence?
Expert Rev Anti Infect Ther. 2013; 11: 1355-62.

Hodge JW, Ardiani A, Farsaci B, Kwilas AR, Gameiro SR.
The tipping point for combination therapy: cancer vaccines
with radiation, chemotherapy, or targeted small molecule
inhibitors. Semin Oncol. 2012; 39: 323-39.

Blumenfeld A, Gennings C, Cady R. Pharmacological synergy:
the next frontier on therapeutic advancement for migraine.
Headache. 2012; 52: 636-47.

Citation: European Clinical Respiratory Journal 2015, 2: 26634 - http://dx.doi.org/10.3402/ecrj.v2.26634

(page number not for citation purpose)


http://ecrj.net/index.php/ecrj/article/view/26634
http://dx.doi.org/10.3402/ecrj.v2.26634

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

Gatti A, Sabato E, Di Paolo AR, Mammucari M, Sabato AF.
Oxycodone/paracetamol: a low-dose synergic combination
useful in different types of pain. Clin Drug Investig. 2010;
30: 3-14.

Goldoni M, Johansson C. A mathematical approach to study
combined effects of toxicants in vitro: evaluation of the Bliss
independence criterion and the Loewe additivity model.
Toxicol In Vitro. 2007; 21: 759-69.

Berenbaum MC. What is synergy? Pharmacol Rev. 1989; 41:
93-141.

Grabovsky Y, Tallarida RJ. Isobolographic analysis for com-
binations of a full and partial agonist: curved isoboles. J
Pharmacol Exp Ther. 2004; 310: 981-6.

Chou TC. Theoretical basis, experimental design, and compu-
terized simulation of synergism and antagonism in drug
combination studies. Pharmacol Rev. 2006; 58: 621-81.
Tallarida RJ. Revisiting the isobole and related quantitative
methods for assessing drug synergism. J Pharmacol Exp Ther.
2012; 342: 2-8.

Manyam SC, Gupta DK, Johnson KB, White JL, Pace NL,
Westenskow DR, et al. Opioid-volatile anesthetic synergy: a
response surface model with remifentanil and sevoflurane as
prototypes. Anesthesiology. 2006; 105: 267-78.

Filitz J, Thmsen H, Gunther W, Troster A, Schwilden H,
Schuttler J, et al. Supra-additive effects of tramadol and acet-
aminophen in a human pain model. Pain. 2008; 136: 262—70.
Montes A, Warner W, Puig MM. Use of intravenous patient-
controlled analgesia for the documentation of synergy between
tramadol and metamizol. Br J Anaesth. 2000; 85: 217-23.
Eisenach JC, D’Angelo R, Taylor C, Hood DD. An isobolo-
graphic study of epidural clonidine and fentanyl after cesarean
section. Anesth Analg. 1994; 79: 285-90.

Hood DD, Mallak KA, Eisenach JC, Tong C. Interaction
between intrathecal neostigmine and epidural clonidine in
human volunteers. Anesthesiology. 1996; 85: 315-25.

Hsu CY, Lin HY, Thomas JL, Chou TC. Synthesis of and
recognition by ribonuclease A imprinted polymers. Nanotech-
nology. 2006; 17: S77-83.

McNamara A, Steinfeld T, Pulido-Rios MT, Stangeland E,
Hegde SS, Mammen M, et al. Preclinical efficacy of THRX-
200495, a dual pharmacology muscarinic receptor antagonist
and f2-adrenoceptor agonist (MABA). Pulm Pharmacol Ther.
2012; 25: 357-63.

Kume H, Imbe S, Nishiyama O, Iwanaga T, Higashimoto Y,
Tohda Y. Involvement of regulation of KCa channels via Gi,
Gs in the synergisitc action between anticholinergic agents and
B2-adrenergic receptor agonists in airway smooth muscle. Am
J Respir Crit Care Med. 2014; 189: A5589.

Cazzola M, Calzetta L, Segreti A, Facciolo F, Rogliani P,
Matera MG. Translational study searching for synergy be-
tween glycopyrronium and indacaterol. COPD. 2014. doi:
10.3109/15412555.2014.922172.

Mabhler DA, D’Urzo A, Bateman ED, Ozkan SA, White T,
Peckitt C, et al. Concurrent use of indacaterol plus tiotropium
in patients with COPD provides superior bronchodilation
compared with tiotropium alone: a randomised, double-blind
comparison. Thorax. 2012; 67: 781-8.

Compton C, McBryan D, Bucchioni E, Patalano F. The
Novartis view on emerging drugs and novel targets for the
treatment of chronic obstructive pulmonary disease. Pulm
Pharmacol Ther. 2013; 26: 562-73.

Sin DD. Wanted: new treatments for COPD. Lancet Respir
Med. 2014; 2: 434-6.

Bestall JC, Paul EA, Garrod R, Garnham R, Jones PW,
Wedzicha JA. Usefulness of the Medical Research Council
(MRC) dyspnoea scale as a measure of disability in patients

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Pharmacology of novel treatments for COPD

with chronic obstructive pulmonary disease. Thorax. 1999; 54:
581-6.

Westwood M, Bourbeau J, Jones PW, Cerulli A, Capkun-
Niggli G, Worthy G. Relationship between FEV1 change and
patient-reported outcomes in randomised trials of inhaled
bronchodilators for stable COPD: a systematic review. Respir
Res. 2011; 12: 40.

Jones PW. Health status measurement in chronic obstructive
pulmonary disease. Thorax. 2001; 56: 880-7.

Coxson HO, Dirksen A, Edwards LD, Yates JC, Agusti A,
Bakke P, et al. The presence and progression of emphysema in
COPD as determined by CT scanning and biomarker expres-
sion: a prospective analysis from the ECLIPSE study. Lancet
Respir Med. 2013; 1: 129-36.

Ansell TK, Noble PB, Mitchell HW, McFawn PK. Pharma-
cological bronchodilation is partially mediated by reduced
airway wall stiffness. Br J Pharmacol. 2014; 171: 4376-84.
Cope S, Donohue JF, Jansen JP, Kraemer M, Capkun-Niggli
G, Baldwin M, et al. Comparative efficacy of long-acting
bronchodilators for COPD: a network meta-analysis. Respir
Res. 2013; 14: 100.

Donohue JF, Anzueto A, Brooks J, Mehta R, Kalberg C,
Crater G. A randomized, double-blind dose-ranging study of
the novel LAMA GSK573719 in patients with COPD. Respir
Med. 2012; 106: 970-9.

Hanania NA, Feldman G, Zachgo W, Shim JJ, Crim C,
Sanford L, et al. The efficacy and safety of the novel long-
acting beta2 agonist vilanterol in patients with COPD: a
randomized placebo-controlled trial. Chest. 2012; 142: 119-27.
Celli B, Crater G, Kilbride S, Mehta R, Tabberer M, Kalberg
CJ, et al. Once-daily umeclidinium/vilanterol 125/25 mcg in
COPD: a randomized, controlled study. Chest. 2014; 145: 981—
91.

Donohue JF, Niewoehner D, Brooks J, O’Dell D, Church A.
Safety and tolerability of once-daily umeclidinium/vilanterol
125/25 meg and umeclidinium 125 meg in patients with chronic
obstructive pulmonary disease: results from a 52-week, rando-
mized, double-blind, placebo-controlled study. Respir Res.
2014; 15: 78-87.

Vogelmeier C, Verkindre C, Cheung D, Galdiz JB, Guclu SZ,
Spangenthal S, et al. Safety and tolerability of NVA237,
a once-daily long-acting muscarinic antagonist, in COPD
patients. Pulm Pharmacol Ther. 2010; 23: 438—-44.

Arievich H, Overend T, Renard D, Gibbs M, Alagappan V,
Looby M, et al. A novel model-based approach for dose
determination of glycopyrronium bromide in COPD. BMC
Pulm Med. 2012; 12: 74.

Verkindre C, Fukuchi Y, Flémale A, Takeda A, Overend T,
Prasad N, et al. Sustained 24-h efficacy of NVA237, a once-
daily long-acting muscarinic antagonist, in COPD patients.
Respir Med. 2010; 104: 438—44.

D’Urzo A, Ferguson GT, van Noord JA, Hirata K, Martin C,
Horton R, et al. Efficacy and safety of once-daily NVA237 in
patients with moderate-to-severe COPD: the GLOWI trial.
Respir Res. 2011; 12: 156-89.

Donohue JF, Fogarty C, Lotvall J, Mahler DA, Worth H,
Yorgancioglu A, et al. Once-daily bronchodilators for chronic
obstructive pulmonary disease: indacaterol versus tiotropium.
Am J Respir Crit Care Med. 2010; 182: 155-62.

Dahl R, Chung KF, Buhl R, Magnussen H, Nonikov V,
Jack D, et al. Efficacy of a new once-daily long-acting inhaled
2-agonist indacaterol versus twice-daily formoterol in COPD.
Thorax. 2010; 65: 473-9.

Bateman ED, Kornmann O, Ambery C, Norris V. Pharmaco-
dynamics of GSK961081, a bi-functional molecule, in patients
with COPD. Pulm Pharmacol Ther. 2013; 26: 581-7.

Citation: European Clinical Respiratory Journal 2015, 2: 26634 - http://dx.doi.org/10.3402/ecrj.v2.26634

(page number not for citation purpose)


http://ecrj.net/index.php/ecrj/article/view/26634
http://dx.doi.org/10.3402/ecrj.v2.26634

Domenico Spina

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Dahl R, Jadayel D, Alagappan VK, Chen H, Banerji D.
Efficacy and safety of QVA149 compared to the concurrent
administration of its monocomponents indacaterol and glyco-
pyrronium: the BEACON study. Int J Chron Obstruct Pulmon
Dis. 2013; 8: 501-8.

van Noord JA, Buhl R, Laforce C, Martin C, Jones F, Dolker
M, et al. QVA149 demonstrates superior bronchodilation
compared with indacaterol or placebo in patients with chronic
obstructive pulmonary disease. Thorax. 2010; 65: 1086-91.
Hegde SS, Hughes AD, Chen Y, Steinfeld T, Jasper JR, Lee TW,
et al. Pharmacologic characterization of GSK-961081 (TD-
5959), a first-in-class inhaled bifunctional bronchodilator posses-
sing muscarinic receptor antagonist and beta2-adrenoceptor
agonist properties. J Pharmacol Exp Ther. 2014; 351: 190-9.
Steinfeld T, Hughes AD, Klein U, Smith JAM, Mammen M.
THRX-198321 is a bifunctional muscarinic receptor antago-
nist and 2-adrenoceptor agonist (MABA) that binds in a
bimodal and multivalent manner. Mol Pharmacol. 2010; 79:
389-99.

Grootendorst DC, Gauw SA, Baan R, Kelly J, Murdoch RD,
Sterk PJ, et al. Does a single dose of the phosphodiesterase
4 inhibitor, cilomilast (15 mg), induce bronchodilation in
patients with chronic obstructive pulmonary disease? Pulm
Pharmacol Ther. 2003; 16: 115-20.

Kobayashi M, Kubo S, Hirano Y, Kobayashi S, Takahashi K,
Shimizu Y. Anti-asthmatic effect of ASP3258, a novel phos-
phodiesterase 4 inhibitor. Int Immunopharmacol. 2012; 12:
50-8.

Bundschuh DS, Eltze M, Barsig J, Wollin L, Hatzelmann A,
Beume R. In vivo efficacy in airway disease models of
roflumilast, a novel orally active PDE4 inhibitor. J Pharmacol
Exp Ther. 2001; 297: 280-90.

Singh D, Petavy F, Macdonald AJ, Lazaar AL, O’Connor BJ.
The inhaled phosphodiesterase 4 inhibitor GSK256066 re-
duces allergen challenge responses in asthma. Respir Res. 2010;
11: 26-35.

Gamble E, Grootendorst DC, Brightling CE, Troy S, Qiu Y,
Zhu J, et al. Antiinflammatory effects of the phosphodiester-
ase-4 inhibitor cilomilast (Ariflo) in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med. 2003; 168:
976-82.

Grootendorst DC, Gauw SA, Verhoosel RM, Sterk PJ,
Hospers JJ, Bredenbroker D, et al. Reduction in sputum
neutrophil and eosinophil numbers by the PDE4 inhibitor
roflumilast in patients with COPD. Thorax. 2007; 62: 1081-7.
Vestbo J, Tan L, Atkinson G, Ward J. A controlled trial of
6-weeks’ treatment with a novel inhaled phosphodiesterase
type-4 inhibitor in COPD. Eur Respir J. 2009; 33: 1039-44.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Watz H, Mistry SJ, Lazaar AL, investigators IPC. Safety
and tolerability of the inhaled phosphodiesterase 4 inhibitor
GSK256066 in moderate COPD. Pulm Pharmacol Ther. 2013;
26: 588-95.

Calzetta L, Page CP, Spina D, Cazzola M, Rogliani P, Facciolo
F, et al. Effect of the mixed phosphodiesterase 3/4 inhibitor
RPL554 on human isolated bronchial smooth muscle tone.
J Pharmacol Exp Ther. 2013; 346: 414-23.

Dransfield MT, Bourbeau J, Jones PW, Hanania NA,
Mabhler DA, Vestbo J, et al. Once-daily inhaled fluticasone
furoate and vilanterol versus vilanterol only for prevention of
exacerbations of COPD: two replicate double-blind, parallel-
group, randomised controlled trials. Lancet Respir Med. 2013;
1: 210-23.

Kew KM, Seniukovich A. Inhaled steroids and risk of
pneumonia for chronic obstructive pulmonary disease. Co-
chrane Database Syst Rev. 2014; 3: CD010115.

Wedzicha JA, Calverley PMA, Seemungal TA, Hagan G,
Ansari Z, Stockley RA. The prevention of chronic obstructive
pulmonary disease exacerbations by salmeterol/fluticasone pro-
pionate or tiotropium bromide. Am J Respir Crit Care Med.
2007; 177: 19-26.

Yang IA, Clarke MS, Sim EH, Fong KM. Inhaled corticoster-
oids for stable chronic obstructive pulmonary disease. Co-
chrane Database Syst Rev. 2012; 7: CD002991.

Lung Health Study Research G. Effect of inhaled triamcinolone
on the decline in pulmonary function in chronic obstructive
pulmonary disease. N Engl J Med. 2000; 343: 1902-9.

Ohar JA, Crater GD, Emmett A, Ferro TJ, Morris AN,
Raphiou 1, et al. Fluticasone propionate/salmeterol 250/50 mug
versus salmeterol 50 mug after chronic obstructive pulmonary
disease exacerbation. Respir Res. 2014; 15: 105.

Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM,
Buzatu L, et al. The nature of small-airway obstruction in
chronic obstructive pulmonary disease. N Engl J Med. 2004;
350: 2645-53.

Venkatasamy R, Spina D. Protease inhibitors in respiratory
disease: focus on asthma and chronic obstructive pulmonary
disease. Expert Rev Clin Immunol. 2007; 3: 365-81.
Vogelmeier C, Aquino TO, O’Brien CD, Perrett J, Gunawardena
KA. A randomised, placebo-controlled, dose-finding study of
AZD9668, an oral inhibitor of neutrophil elastase, in patients
with chronic obstructive pulmonary disease treated with
tiotropium. COPD. 2012; 9: 111-20.

MacNee W, Allan RJ, Jones I, De Salvo MC, Tan LF. Efficacy
and safety of the oral p38 inhibitor PH-797804 in chronic
obstructive pulmonary disease: a randomised clinical trial.
Thorax. 2013; 68: 738-45.

Citation: European Clinical Respiratory Journal 2015, 2: 26634 - http://dx.doi.org/10.3402/ecrj.v2.26634

(page number not for citation purpose)


http://ecrj.net/index.php/ecrj/article/view/26634
http://dx.doi.org/10.3402/ecrj.v2.26634

Appendix

A number of mathematical approaches are available to
assess the additive or synergistic interaction for drug
combinations and are based on dose equivalence (45-48).
Other methods include the Bliss independence method
although this method is not consistent with the mathe-
matical approach taken in this review (48).

For two drugs used in combination, then the following
intercept equation is used to determine zero interaction
or additive effects:

a b_,

A B
In this relationship, the numerator terms a and b repre-
sent the concentration (or dose) pairs, usually in a cons-
tant proportion, that, in combination, produce a biological
response (e.g. 50% Emax). Consequently, there will be an
equivalent concentration of either drug alone (denoted A,
and B, respectively) that will cause the same biological
response as this a, b pair (see Fig. Al). If a drug com-
bination produces an additive effect then the sum of these
ratios is unity, whilst values less than unity are indicative
of synergy whilst values > 1 are indicative of antagonism.

The dose-response relationship for drug A alone
(or drug B alone) can be described by a logistic equation
of the form:

E, [A]"
Ey [A]" + [EC50,]"

Where EA is response to dose, Ey is the maximum
response (Emax), Ea/En represents the fractional effect
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(0-1), EC504 is the effective concentration for a 50%
response, A the dose under consideration and » the Hill
slope coefficient.

Alternatively, one could use linear regression analysis
to fit (within limits) the log concentration response versus
effect relationship which is particularly useful when
studying drug activity in vivo and can be legitimately
used to describe the cumulative dose—response curve
between 5 and 95% of the maximal response or effect Ey;.
This approach has been used for the analysis of synergy
presented in this paper.

The following linear functions describe the con-
centration—response relationship for drug A and drug
B, respectively:

Y, =intercept, + m,x Log [A]
Y; = intercepty + mgx Log [B]

Where Y represents the effector response for drug A or
drug B with the corresponding intercept and slope () for
drug A and B. An illustration of this relationship is shown
in Fig. Al (panel a). Drug pairs are usually chosen in the
same proportions such that dose equivalence can be as-
cribed between the a,b dose pairs. If Y, and Y are parallel,
the dose ratio (R =A/B) can be calculated and for each
dose pair, the intercept equation rearranged as follows:

24b=B, OR a+Rb=A,
R

Where, B.q is the concentration of drug B alone that
is equi-effective (or equivalent) to the combination pair

b)

Bcorr
12 1
9 4
)
2 6
m
Beq @80% Emax
37 @50% Emax
(ab) Aeq Acorr
O T T T T \I

Fig. Al. Diagrammatic representation of the mathematical approach used to calculate synergy (45, 46, 48). (Panel a) The
ordinate represents the response (%o Emax) and the abscissa represents log dose. In this example, assume the dose—response
relationship for two drugs, A and B was fitted by linear regression and gave rise to the following relationships YA = 50.Log;¢[A]
—25 (EC50A =31.6 pg) and YB =50.Logo[B]+25 (EC50B =3.16 pg). In this example, the dose ratio (R) is 10. In this example,
assume a drug pair (@, b) was to be evaluated for synergy (15.8, 1.58 pg) and yielded an effector response of 50% Emax (panel a,
open circle, angle dotted line). (Panel b) Linear isoboles representing the zero interaction for dose pairs which give rise to an
effector response of 50% and 80%. The «a, b pairing (15.8, 1.58 pg) lies on the zero interactive isobole (@50 % Emax). If this
pairing gave rise to an effector response of 80%, this would be synergistic (a, b lies beneath the 80% linear isobole). See text for

explanation for the calculation of the interaction index, alpha.
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(a, b). Alternatively, this could be expressed as a function
of A.q if the dose equivalence of A was desired.

For any concentration (or dose) of a (in a dose pair) that
yields a particular effector response, the equivalent dose,
bl (=a/R if the two lines are parallel) is then added to b
(from the dose pair) to give the concentration of drug
B alone that would yield a similar response to the a, b pair
(i.e. b1, b) pairing (Fig. Al, panel a). Consequently, Bq
represents the dose of drug B acting alone that is
equivalent to a particular dose pair (¢, b) and yield a
similar effector response (see Fig. Al, panel b). One can
calculate a theoretical line of additivity (zero interaction)
from any number of dose pairs (within the limits discussed
above) used in an experiment (Fig. Al, panel a, angle
dotted line). Consequently, the additive EC50 value (with
confidence interval) can be compared with the observed
EC50 of the response to the drug pairs (with confidence
interval).

In many instances, the dose ratio between drug A
and drug B is not constant and under these circum-
stances, the simultaneous solution of Yo =Ygy and the
intercept equation is required to calculate the theoretical
line of additivity. In this instance b/ is captured by re-
arrangement of Yo =Yp and for simplicity:

bl = intercept, + m, x Log[A]

— intercepty
my

One can calculate a theoretical line of additivity from
any number of dose pairs used in an experiment (Fig. Al,
panel a, angled dotted line) by calculating B.q (=b+b1)
and insertion into the Yy function (or A,y into the Y
function). Consequently the additive EC50 value (with
confidence interval) can be compared with the actual
EC50 (with confidence interval) observed from the com-
bination concentration—response relationship. One could
then calculate whether these potency values were statisti-
cally different by using a single sample z-test, where the
population mean in this case is the EC50 value derived
from the line of additivity.

In a final step, for any observed effector response (a*,b*)
to a particular drug combination (e.g. 80% Emax, Fig. A1)
one can calculate the corresponding concentration of drug
A alone (Acorr) or drug B alone (Bcorr) that would yield
the same effector response, by re-arranging and solving
the linear regression curve for each drug respectively. The
ratio Aqq/Acorr or Beo/Beorr gives rise to the interaction
index (alpha) (48) or using a different method of dose
equivalence, one can calculate the combination index (CI)
(54). Values <1, =1 and > 1 represent synergy, additivity
and antagonism respectively.

Graphpad prism was used to undertake linear regres-
sion of the component log dose versus response relation-
ship to obtain estimates of intercept and slope and for
graphical presentation. The calculation of the line of

additivity and interaction index was undertaken using
SAS (version 9.3) by solving the simultaneous set of linear
equations described earlier (i.e. YA, Yp and the intercept
equation).

As an illustration, for any dose pair («a, b), there will be
an equivalent dose (b! =a/R) for a. The effector response
of this combination (b1 and b) will be equivalent to drug B
acting alone (i.e. B¢q). In this example, the dose equivalent
(i.e. bI) for drug a in this combination (a =15.8 pg) is
1.58 pug (=a/R). Hence, Bq is the sum of the dose equi-
valent of a (b1) and the dose of b in this a, b pair (i.e.
1.584+1.58 =3.16 pg) (panel a). Insertion of this dose
into the Yy relationship gives an effector response of
50% (dotted horizontal line). Conversely, using a similar
approach one could calculate A.q (=31.6 pg) and inser-
tion of this value into the Y4 relationship would also yield
an effector response of 50% Emax (not shown in panel a).

In summary, the total combination dose of this a, b
pair (i.e. 17.38 pg) should give an effector response of
50% if the relationship is additive (a, b at 50% Emax,
angled dotted line). We could calculate the interaction
index (alpha) with the aid of the intercept equation,
and conclude that the interaction for this particular drug
combination is additive (i.e. 1.58/3.16+15.8/31.6=1).
If multiple combinations of the two drugs in the same
proportions are used then the line of additivity (dotted
angled line) can be compared with the observed com-
bination dose-response relationship (not shown). For
example, one could compare the EC50 values for the
theoretical additive curve and the observed combination
curve.

In the Bliss independence method, the relationship
E(a, b)=Ea+Eb — (Ea x Eb), where E represents the
fractional response (between 0 and 1) and a and b re-
present the concentration (or dose) within each combi-
nation pair. In this example, the effector response for a
(15.8 pg) and b (1.58 pg) alone is 0.35 (or 35% Emax),
Hence, E(a, b)=0.58 (or 58%). This value is greater
than 0.5 (or 50%). A statistical test would be required to
ascertain whether this value was different from the 50%
value, but illustrates the lack of compatibility with the
intercept model.

Let us now assume the observed response for this
combination was 80% Emax (open square, panel a; filled
circle @80% isobole panel b). We can now calculate the
corresponding dose for drug A (Acorr =125.9 pg, by re-
arrangement and solving Y,) and for drug B (Bcorr =
12.59 pg, by re-arrangement and solving Y) that gives the
same effector response ( =80% Emax) if either drug was
used alone. Consequently, the interaction index (alpha)
can be represented as either the ratio A.q/Acorr (=31.6/
125.9 =0.25) or Bey/Beorr (3.16/12.59 = 0.25) or a/Acorr +
b/Beorr (=15.8/125.9+1.58/12.59 =0.125+0.125 =0.25)
and this holds true if the lines are parallel. This approach
of dose equivalence can be extended if logistic equations

Citation: European Clinical Respiratory Journal 2015, 2: 26634 - http://dx.doi.org/10.3402/ecrj.v2.26634

(page number not for citation purpose)


http://ecrj.net/index.php/ecrj/article/view/26634
http://dx.doi.org/10.3402/ecrj.v2.26634

are used for drugs with different maximal effects, non-
constant dose ratio and differ in Hill slope. Using the Bliss
independence method, then E(a, b) =0.35 ( =35% Emax)
which is less than the observed response (i.e. 0.8 =80%
Emax) to the combination and would be considered a
synergistic interaction.

One can also generate isoboles to diagrammatically
represent relationships that are additive and synergistic
as defined by the intercept relationship (a/A+b/B) at
different effector levels and for all possible combinations
(within limits, Figure Al panel b). Those pairings that
lie below the isobole are considered synergistic, those on
the line additive and above the line, antagonism. In this
example, the interaction (alpha) of this pairing (a, b)

Pharmacology of novel treatments for COPD

would have a value of unity (i.e. 15.8/31.6+41.58/3.16), if
it were additive and therefore lie on the additive isobole.
If the a, b pair resulted in an effector response 80% Emax
then an alpha value of 0.25 denoting synergy as it lies
below the Acorr, Beorr line of additivity for the 80%
effector response. This value of alpha would indicate that
a four-fold reduction in the combination dose would
achieve the same effector response as either drug acting
alone. Finally, extrapolating from the zero axis through
the (a, b) pair will intersect the 80% Emax intercept
(a*, b*: 63.2, 6.32 ng, respectively), a dose combination
that would now lie on the additive curve for this response
level.
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