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Abstract

B-blockers are used for a wide range of diseases from hypertension to glaucoma. In some diseases/
conditions all B-blockers are effective, while in others only certain subgroups are therapeutically
beneficial. The best-documented example for only a subset of 3-blockers showing clinical efficacy
is in heart failure, where members of the class have ranged from completely ineffective, to drugs
of choice for treating the disease.. Similarly, p-blockers were tested in murine asthma models and
two pilot clinical studies. A different subset was found to be effective for this clinical indication.
These findings call into question the current system of classifying these drugs. To consider “B-
blockers”, as a single class is misleading when considering their rigorous pharmacological
definition and their appropriate clinical application.

Introduction

Asthma is a chronic inflammation of the airways characterized by inflammatory cell
infiltration of the airways, an increase in mucus production and secretion, and airway
hyperresponsiveness (AHR). A variety of different mediators and receptors regulate the
development and exacerbation of asthma. Mainstays of asthma therapy are inhaled
glucocorticosteroids and po-adrenoceptor (B,AR) agonists. The latter class of drugs
comprises the most effective bronchodilators ever discovered, and is first line therapy for
rescue during an asthma attack [1]. However, chronic use of long-acting foAR agonists has
been associated with loss of asthma control in murine and human studies, and a small, but
significant increase in mortality in human studies [2-4]. Also, studies in murine models of
asthma suggest BoAR signaling pathways play an essential permissive role in the
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development of the asthma phenotype. These data include the finding that f,AR knockout
mice have an attenuated asthma phenotype [5], and that administration of 5 different -
blockers, including the selective AR inverse agonist, 1CI1-118551, results in an attenuation
of the murine asthma phenotype [6,7]. However, administration of some BAR antagonists
like alprenolol did not attenuate the asthma phenotype in the same model, and inhibited the
beneficial effect of nadolol [5,7]. These results highlight the importance of f,AR, its
signaling profiles and the need to understand its regulation in the development or attenuation
of the murine asthma phenotype. This review will explore the pharmacological basis of the
different signaling profiles of the various B,AR ligands, and suggest their roles in asthma
therapy. Finally, we will discuss the limitations and practical possibilities of screening
desired B,AR ligands based on a novel holistic cellular label-free impedance assay.

The evolution of receptor theory

Established theory for the activation of G protein-coupled receptors assumes a receptor in an
inactive state ‘R’, which binds to the ligand ‘L’ and produces a binary complex (LR). If the
binary complex has affinity for downstream effectors (like G proteins), the ligand is an
agonist and leads to a cellular response (Figure 1A). If ligand binding to the receptor
produced a binary complex with no affinity for downstream effectors it is termed an
antagonist. With the discovery of constitutively or spontaneously active conformations of
receptors, it became necessary to include another conformation of the receptor ‘R*’ which
was capable of signaling in the absence of the ligand ‘A’ [8].

The two-state model of receptor activation proposes that receptors exist in two
conformations, R (the inactive state) and R* (the active state) and both states exist in
equilibrium. This two-state model of receptor activation allows the classification of ligands
as agonists, antagonists,or inverse agonists, on the basis of their relative affinities for the
inactive (R) and the active (R*) receptor conformations [9-13]. As shown in Figure 1B, an
agonist (A) has more affinity for the active state, it binds to the R* conformation forming
AR* and shifts the equilibrium towards R*. Conversely, an inverse agonist (IA) has more
affinity for the inactive conformation R, and forms IAR shifting the equilibrium towards R.
This results in a reduction in the constitutive (basal) activity of the system by reducing the
number of constitutively active receptors. An antagonist has relatively equal affinity for both
conformations R and R* and does not alter the equilibrium. An antagonist, sometimes
referred to as a ‘neutral antagonist’ for added emphasis, cannot “block” or antagonize the
constitutive activity like an IA; but antagonists block the effects of both agonists and inverse
agonists [9,14-16]. A partial agonist (not shown in figure), has a relatively higher affinity for
R* as compared to R, but the differential affinity for R* relative to R is lower than that of a
full agonist. Similarly, a partial inverse agonist (not shown in figure) has a relatively higher
affinity for R than R* conformation but again with lower differences in the affinity for R
relative to R* when compared to a full inverse agonist.

Role of constitutive versus ligand-activated receptor in asthma

Based on the two-state receptor activation theory, poAR signaling can result from either a
ligand or by the constitutively-active receptor in the absence of a ligand [11]. In our murine
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asthma models, the inverse agonist nadolol but not the antagonist alprenolol was able to
attenuate the asthma phenotype [6,7]. These data suggested that constitutive activation of
B2AR was involved in the development of murine asthma phenotype. However, in
experiments to test this hypothesis, removal of the endogenous ligand for the $,AR,
epinephrine, by genetic or pharmacological means resulted in a loss of the asthma phenotype
[17]. These results indicated that while an inverse agonist like nadolol, but not the antagonist
alprenolol, attenuated the murine asthma phenotype, constitutive activity was not the key
signaling factor in the development of the asthma phenotype. These results left the question
of why inverse agonists, but not the antagonists, were beneficial in murine asthma models.
The finding that inverse agonism per se was not the key property was also consistent with
the initial 2004 study where carvedilol, another inverse agonist for the foAR, was not as
effective as nadolol in attenuating the asthma phenotype in mice [7]. While carvedilol did
produce a decrease in peak airway resistance it differed from nadolol in that carvedilol
caused a leftward shift in the methacholine dose-response curve (increased AHR) [7]. In
addition, while nadolol has been shown to reduce AHR in mild-asthmatics in pilot clinical
studies [18,19], propranolol, another BAR inverse agonist with a similar signaling profile as
carvedilol (discussed further in the section ‘biased signaling”), did not have a similar
beneficial effect [20,21]. All of these studies suggest a complexity beyond the two-state
model that warrants further understanding of the signaling pathways of the $,AR, the
ligands that act upon them, and their role in asthma.

Alternate signaling pathways

“The illiterate of the 21st century will not be those who cannot read and write, but
those who cannot learn, unlearn, and relearn. ” —Alvin Toffler

While activation of multiple signaling pathways of a receptor by a ligand has been recently
described as ‘proof” for the existence of multiple active receptor conformations, it is
important to recall that the classical model of receptor activation is sufficient to explain this
observation [22,23]. For example, a ligand may activate its preferred canonical pathway, but
if the ligand is of very high efficacy and forms excess active receptors than the canonical
pathway can handle, the ‘overflow’ of active receptors could now activate a second
pathway. Kenakin termed this type of dual pathway activation as resulting from the ‘strength
of signal’ of the agonist [23]. Using GPCRs as an example, in this scenario the majority of
ligands would have efficacies that would keep the number of activated receptors at a level
where there would be sufficient G proteins of the receptor’s canonical pathway to only cause
one signaling cascade. However, if the number of activated receptors exceeded the available
G proteins of the canonical pathway, the activated receptors would now begin to bind to a
second G protein subtype or other signal transduction component.

However, it became necessary to challenge the ‘strength of signal’ argument when studies
began to appear that showed reversal of agonist potencies dependent for two pathways
activated by the same receptor. A study by Berg et al, using CHO-1C19 and CHO-FAA4 cells
stably expressing 5-HT,c and 5-HTa receptors demonstrated that agonists for 5-HT,4 and
5-HT,¢ receptors were able to activate two downstream pathways with different rank order
of potencies [24]. With the discovery that the potency of agonists could depend on the
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signaling pathway being measured, it eliminated classical ligand efficacy as a possible
explanation. Reversal of agonist potencies for two pathways originating from a single
receptor is not incorporated into traditional theories of receptor activation, including the
two-state model, and necessitated extension of the earlier models to include at least a second
active receptor conformation.

Biased signaling

The canonical signaling pathway of oAR activation leads to accumulation of cyclic AMP
(cAMP) and downstream signaling molecules via activation of adenylyl cyclase by the G
subunit of the G protein. This signaling is “turned off” by phosphorylation of the receptor by
G protein-coupled receptor kinases (GRKSs) and arrestins. However, studies over the last 10
to 15 years have unveiled novel signaling pathways for the B,AR. Apart from the canonical
signaling, another signaling pathway has been identified that involves activation of
downstream mitogen-activated protein kinases (MAPK) like ERK1/2, JNK and/or p38 by
arrestin. Thus, there can exist at least two distinct signaling pathways that are initiated upon
activation of BoAR [25,26].

As described above for the 5-HT system, different ligands can have different activation
profiles for the different signaling pathways via the BoAR [24,27-29]. For instance
compounds such as propranolol that are inverse agonists on the cAMP signaling pathway
were found to be agonists for the MAPK cascade clearly demonstrating the need for at least
two distinct active conformations [30]. More recently, studies showed that epinephrine and
formoterol are full agonists at the B,AR for the G protein-signaling and the arrestin-
mediated signaling pathway, whereas nadolol and ICI-118,551 are inverse agonists at both
pathways for BoAR [27-29] but carvedilol and propranolol are inverse agonists at the
canonical G protein pathway but partial agonists for ERK1/2 activation [27] demonstrating
the existence of distinct class of f-blockers. This form of signaling profile of a ligand is
referred to as ligand-directed trafficking of receptor stimulus, biased signaling or functional
selectivity, to indicate the preference of a ligand towards activation of a particular signaling
pathway as opposed to another [23,31]. Table 1 describes the different types of ligands and
their differential effects on downstream signaling pathways via the f,AR

How ligand bias changed receptor theory

“Plurality is never to be posited without necessity.”
-William of Occam (Occam’s razor)

The ability of one receptor to activate more than one downstream signaling pathway
independently has opened up a plethora of new possibilities. The two-state model of
receptor activation cannot accommodate or explain the additional independent signaling
pathway through one active state of the receptor. This required the addition of another active
state of the receptor ‘R**” and the postulation of the three-state model for receptor
activation [32]. It is important to emphasize that just as the discovery of inverse agonism
necessitated the existence of constitutively active receptors, the discovery of biased ligands
necessitated the existence of more than one active conformational state of the receptor.
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The three-state model of receptor activation has similar principles as the two-state model, an
IA preferentially binds to the inactive conformation and an antagonist binds with equal
affinity to all conformations. However, in the three-state model, one agonist has more
affinity for R* over R** and another agonist has more affinity for R** than R*. These
affinities would translate into observations of activation of one or the other pathway
depending on the agonist in consideration. The possibility of an agonist having similar
affinities for both the active conformations also arises [32]. This can be deduced not only
theoretically but also practically as was seen in the preceding section (biased signaling) with
epinephrine. In addition, there are ligands that activate one pathway and inhibit another
pathway as discussed above in biased signaling of ligands. Figure 2 provides a schematic to
understand how the three-state model of receptor activation can correlate to biased signaling
of ligands. The three-state model is probably sufficient to explain most phenomenon that
have been published so far, but there is emerging data indicating that in addition to the
ligand bias between G protein and arrestin there is also ligand-receptor bias for different G
proteins. This would probably argue in favor of multiple active states that may be in part
driven by the selective effectors to which the receptor couples. While, as is discussed below,
the majority of current in vivo data can be explained using three receptor states, current in
vitro and structural studies suggest the existence of more than two active states [33,34].
Therefore, the existence of multiple states is highly probable to also eventually be
extrapolated to in vivo studies.

Biased-signaling in pathophysiology

Based on the present understanding of the three-state model of receptor activation and the
biased signaling properties of ligands, we can see if this knowledge helps explain the
differential effects of different ligands (B-blockers) in pathophysiological conditions like
asthma. Studies have shown that chronic nadolol or ICI-118,551 treatment attenuated the
asthma phenotype in murine asthma models, conversely carvedilol caused a leftward shift in
AHR, and alprenolol did not attenuate the asthma phenotype in mice [6,7]. Similarly, in
pilot clinical trials, nadolol reduced AHR in patients with mild asthma whereas propranolol
did not [18-20]. In classic receptor theory, nadolol, carvedilol, propranolol 1CI-118,551 and
alprenolol are grouped as ‘B-blockers’. In the two-state model these can be further separated
into inverse agonists (nadolol, carvedilol, propranolol, and 1CI-118,551), and antagonists
(alprenolol). However, neither of those classifications can explain the results in asthma.
Even with the two-state model we are left with the fact that the inverse agonist carvedilol
caused a leftward shift in AHR in murine models, and propranolol provides no benefit in
AHR compared to nadolol in clinical studies [7,18-20]. It could therefore be hypothesized
that a better understanding of the molecular mechanisms controlling the activation of
multiple signaling pathways by p,AR biased-signaling, may help in subdividing “p-
blockers” in a manner that predicts the outcomes of treatment in asthma. Indeed, when “B-
blockers’ are viewed as a wide array of ligands with distinct signaling profiles, the
discrepant observations described above becomes clearer. For instance, studies have shown
that nadolol and 1CI-118,551 are inverse agonists at the foAR for both G protein-mediated
and arrestin-mediated pathways; and while carvedilol and propranolol share their inverse
agonist effect on the canonical G protein-signaling cascade, they activate ERK 1/2 [27,29].
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In fact, the same studies show that of all the ‘B-blockers’ classified as inverse agonists, only
carvedilol and propranolol activate ERK 1/2. Therefore classifying nadolol and ICI-118,551
with carvedilol and propranolol as similar ligands based on the fact that they are inverse
agonists is an incomplete characterization.

The importance of biased-signaling in disease conditions extends beyond asthma. The use of
beta-blockers in congestive heart failure (CHF), was clinically contraindicated for years, on
the basis of “logic” that using a beta-blocker in a failing heart would further decrease cardiac
output. However, carvedilol and metoprolol now have FDA approval as first-line therapy in
the treatment of CHF but it is important to note that not all 3-blockers are beneficial for the
therapy of CHF [35-38]. Even adding bisoprolol which is approved for CHF in Europe, it is
a small percentage of p-blockers that are effective in CHF. Furthermore, several 3-blockers
such as bucindolol, celiprolol, and nebivolol have been shown to be ineffective in the
management of CHF [39-42]. Indeed the CHF story is the most extensive and well-
documented evidence that not all 3-blockers have equal or even similar therapeutic efficacy
in specific disease conditions, and remains the best clinical data as the example of the
dangers of grouping “B-blockers” as drugs with a class effect. The evidence now suggests
we must classify PAR ligands on the basis of several factors that more formally describe
their signaling profiles.

To try and understand why nadolol and ICI-118,551 but not alprenolol or carvedilol
attenuated asthma phenotype in murine models and why nadolol but not propranolol reduced
AHR in human studies, future studies need to take into consideration the characteristics and
differences of these BoAR ligands in activation of downstream signaling pathways
[20,21,43-45]. The beneficial effect of nadolol and ICI-118,551 in AHR compared to the
failure of carvedilol and propranolol is likely related to the ability of the latter, but not the
former, to activate ERK 1/2 signaling. These findings form a hypothesis that using ligands
that block the arrestin-mediated signaling via BoAR may be beneficial in asthma [46]. This
hypothesis is supported by the finding that knocking out arrestin-3 in mice resulted in an
attenuated asthma phenotype [46,47]. However, further studies using different ligands with
distinct biased-profiles are warranted to test this hypothesis.

Searching for ligands with preferred bias or the needle in a haystack?

With indications that biased-signaling may play an important role in determining therapeutic
application of ligands for various pathophysiological conditions, the major concern is to be
able to quantitatively and qualitatively determine the bias of ligands for signaling pathways.
We need to know the properties of desired ligands that make them possibly viable for
therapy as soon and expeditiously as possible. A variety of assays are available on the
market to help quantify the ability and extent of activation of the foAR-stimulated G
protein-mediated signaling pathway by quantifying the amount of cAMP accumulated and
the arrestin-mediated pathways by quantifying the MAPK activation [28,48]. In addition, the
MAPK activation results from both G protein- and arrestin-mediated signaling complicating
the interpretation. This has led many investigators to directly monitor arrestin engagement
and activation using protein complementation assays (Path-Hunter- Discoverex) or BRET-
based assays.
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Although these individual assays are useful, to dissect mechanisms or profile compounds,
for high-throughput screening, running these individual assays for each ligand under study
may prove to be a time and resource-consuming practice. Also, individually measuring these
different pathways does not take into account the high level of signal integration that gives
rise to the ultimate biological responses. It follows that high throughput individual in vitro
assays tend to trade convenience for a potential loss in physiologic relevance. Using a more
holistic assays that capture the global responses to different ligands may provide a useful
tool to better classify compounds based on a their overall signaling profiles. Measurements
of cellular impedance may represent such a label-free assay that could offer predictive value
on the therapeutic potential of molecules [49].

The value of any high-throughput screen lies solely in its predictive value for the
development of an appropriate drug for the disease under investigation. Thus, the screening
assay of choice is likely to be, at least in part, disease-specific. Cell impedance measurement
(XCELLigence, ACEA Biosciences) may represent such a predictive assay for asthma drug
efficacy. Stallaert et al. used this assay in HEK 293S cells overexpressing the foAR and
treated with various f ligands for 100 minutes [49]. Following cluster analysis, the resulting
impedance signatures produced 5 distinct groups of f-AR ligands. Each group has a
characteristic pattern of cellular impedance that is used for the classification. Interestingly,
while we have no logical explanation or hypothesis of why the cellular impedance signature
would be predictive, this holistic readout correlates to the signaling profiles of compounds,
such that the members of each group (as classified by Stallaert et al) have similar effects on
the G protein-mediated and/or ERK 1/2 activation pathways as shown by other studies
[27-29,49].

The cellular impedance readout further classifies inverse agonists into two groups, group 4
and group 5 ligands. Group 4 includes carvedilol and propranolol and group 5 includes
ICI-118,551 and metoprolol. As discussed, carvedilol had limited effects in attenuation of
murine asthma phenotype and propranolol did not reduce AHR in asthma patients [7,20].
Whereas, ICI-118,551 and metoprolol attenuated murine asthma phenotype and nadolol
reduced AHR in mild asthmatics [6,7,18,50]. (Please note that nadolol was also tested in the
cellular impedance assay and it is also a Group 5 ligand, unpublished data). For reasons that
are not understood, the cellular impedance data correlates very well to the in vivo therapeutic
efficacy in asthma models and could provide a method to identify compounds that could
then be tested in chronic murine asthma models and possibly human studies.

Even though the cellular impedance is not a result of direct interaction to the endogenous
signaling molecules, it is a global read-out of the signaling pathways occurring inside the
cell and can help predict how a ligand will behave in its activation profile of a receptor, at
least with regards to the asthma models. The fact that in this and other assays, the ligands
that inhibit the asthma phenotype or AHR in asthmatics consistently block ERK 1/2
signaling, suggests this is an essential property of developing a successful ligand for asthma
therapy. Further studies are needed to define the exact role of the canonical Gs pathway.
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Conclusions

“There are no whole truths; all truths are half-truths. It is trying to treat them as
whole truths that plays the devil” -Alfred North Whitehead

The importance of understanding biased-signaling and its role in pathophysiology is of
growing importance in the development of better therapeutics. Apart from the large body of
clinical evidence in CHF, clinical studies using nadolol in mild-asthmatics have reduced
AHR [18,19]; whereas, those using propranolol and esmolol have not [20,51]. These results
underline the importance of complete characterization of the signaling profiles of different
ligands. By recognizing additional signaling pathways we may have opened a Pandora’s box
containing an increasing number of new receptor conformations; for example, there is strong
evidence the B,AR can also activate the Gi pathway [52]. While this appears to add layers of
complexity to our understanding of ligand-receptor interactions, it provides the exciting
prospect of designing improved medicines based on increasingly sophisticated principles of
pharmacological selectivity.
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A. Classical model of receptor activation
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Figure 1.

A. Classical model of GPCR activation. Receptor ‘R’ when activated by a ligand L, forms a
binary complex LR, that has high affinity for signaling molecules like G proteins. The LRG
complex can activate downstream signaling pathways eliciting cellular responses.
Antagonist-bound receptor has low or no affinity for G and prevents downstream signaling.
B. Two-state model of receptor theory. I. Receptors can exist in two conformations, the
inactive conformation ‘R’ and the active conformation ‘R*’. The active conformation R*
has high affinity for G and can form R*G complexes to stimulate cellular responses in the
absence of a ligand, referred to as constitutive signaling. These conformations exist in
equilibrium in a system until a stimulus disturbs the equilibrium. 1l. In the presence of an
agonist ‘A’, which has higher affinity for R* than R, the equilibrium shifts towards R*. The
binary complex of AR* has higher affinity for G and stimulates downstream signaling. I11.
In the presence of an inverse agonist ‘1A’ with higher affinity for the inactive conformation
R than R*, the equilibrium shifts towards R once the IAR complex is formed. This further
shifts the equilibrium away from R*G and reduces the constitutively active R* cellular
response. IV. In the presence of an antagonist with similar affinities for R and R* to form
ANT R and ANT R* complexes, the equilibrium is maintained and the constitutive
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activation of cellular responses by R*G is not affected because the equilibrium does not shift
in either direction.
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Figure 2. Biased signaling of ligands based on the three-state model of receptor activation
Receptors can exist in three different conformations based on the three-state model of

receptor activation, inactive (R), two active states (R* and R**). R* and R** can activate
two different downstream cellular responses based on the second messenger systems they
activate. For our purposes, let R* activate cellular response-1 or G protein-mediated
signaling pathway via G1 second messenger and R** activate cellular response-2 or
arrestin-mediated signaling pathway via G2 second messenger. R* can activate cellular
response-1 constitutively as was discussed in the two-- receptor theory model (left lateral
arm of schematic). Theoretically, R** can also activate cellular response-2 (arrestin-
mediated pathway) constitutively (right lateral arm of schematic), however, this has not been
shown experimentally and hence denoted with “?°. As discussed in the two-state model of
receptor activation, ligand ‘A’ can bind to R* to form AR* and activate cellular response-1
via binding to G1 (left descending arm of schematic). ‘A’ can also bind to the other active
conformation R** and form AR** that can activate cellular response-2 via binding to G2
(right descending arm of schematic). Biased ligands will have different affinities for R* and
R** and will result in differences in the responses observed.

Note: This schematic is only a representation of the intact system in the three-state model of
receptor activation. The three-state model has two modes of operation, the first where all
equilibria are interconnected (intact) and the second where they are disconnected (isolated),
and to explain the experimental data we needed to use the isolated model. Also, the
equilibria change based on the ligands added to the system. Therefore, the schematic is not
an accurate representation of the dynamic nature of the equilibria between the different
states of the receptors and their binary or ternary complexes. Also, there is no experimental
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evidence of the existence of a direct equilibrium between R* and R** and is therefore
excluded from this schematic.

Curr Opin Pharmacol. Author manuscript; available in PMC 2015 June 01.

Page 16



Thanawala et al. Page 17

Table 1

Ligand bias for activation of the two major foAR downstream signaling pathways (27-29)
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Ligand | G protein-mediated | Arrestin-mediated | Receptor Example
group pathway (cellular pathway (cellular conformation
response-1) response-2) affinities
1 Activates Activates R*~R**>>>R | Epinephrine
2 Partially activates Partially activates R*~R**>>R Albuterol
Kiid Partially activates Partially activates R*~R**>R Alprenolol
4 Inactivates Inactivates R>>>R*~R** | ICI-118,551
5 Inactivates Partially activates R**>R>>>R* | Carvedilol
6 Activates or partially | Inactivates R*>R>>>R** | unknown
activates

*
All ligands are compared to the endogenous ligand epinephrine, and the activation or inactivation of pathways is relative to the activation by

epinephrine.

This group refers to ligands that have weak agonist properties at G protein-mediated pathway or also known as ‘B-blockers with intrinsic

sympathomimetic activity’
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