Current perspectives

Are phosphodiesterase 4 inhibitors just more

theophylline?

Victoria Boswell-Smith, PhD,? Mario Cazzola, MD,? and Clive P. Page, PhD? London,

United Kingdom, and Naples, Italy

Theophylline has been relegated to a second- or even
third-line therapy in the treatment of asthma and chronic
obstructive pulmonary disease (COPD), behind
glucocorticosteroids and [3,-agonists, although recent findings
have suggested that theophylline possesses anti-inflammatory
and immunomodulatory effects in addition to its well-
recognized effects as a bronchodilator. In part, theophylline has
fallen out of favor because of its adverse side-effect profile,
and this has led to the search for more effective and safer
drugs based on the knowledge that theophylline is orally active
and that it is a nonselective phosphodiesterase (PDE) inhibitor.
This has led to the development of selective PDE4 inhibitors,
originally designed for depression, for the treatment of both
COPD and asthma. Such drugs have shown clinical efficacy
in the treatment of respiratory disease while having a
considerably safer side-effect profile in comparison with
theophylline, particularly because there are no reported drug
interactions with PDE4 inhibitors, a feature that complicates
the use of theophylline. In addition, it is also becoming
increasingly apparent that theophylline is not working solely
through PDE inhibition, as formerly assumed, and that this
drug has other relevant pharmacologic activities that are likely
to contribute to its efficacy, such as adenosine receptor
antagonism and induction of histone deacetylase.

Thus, the introduction of PDE4 inhibitors represents an
entirely new class of drugs for the treatment of respiratory
disease. (J Allergy Clin Immunol 2006;117:1237-43.)
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Abbreviations used
cAMP: Cyclic 3',5" adenosine monophosphate
c¢GMP: Cyclic 3',5" guanosine monophosphate
COPD: Chronic obstructive pulmonary disease
HARBS: High-affinity rolipram-binding sites
LARBS: Lowe-affinity rolipram-binding sites
PDE: Phosphodiesterase

Isoenzyme-selective phosphodiesterase (PDE) inhibi-
tors have garnered widespread attention in recent years for
their potential to treat a wide range of diseases, including
the chronic lung diseases, asthma and chronic obstructive
pulmonary disease (COPD). Their initial development
for lung disease was in part instigated to try and improve
the efficacy and therapeutic index of the orally active
methylxanthine theophylline. Theophylline has been used
to treat asthma and COPD for more than 75 years, and
its clinical effects have long been thought to be due to
bronchodilatation, although it is now known to exhibit
some anti-inflammatory actions. The predominant mech-
anism of action of theophylline has traditionally been
ascribed to nonselective PDE inhibition, but there is in-
creasing evidence that some of its clinical effects might be
due to other mechanisms of action. This review discusses
the mechanism of action and clinical effects of theophyl-
line and PDE inhibitors and asks whether PDE4 inhibitors
are just improved theophylline.

THEOPHYLLINE

Since the first prescription of theophylline for the
treatment of asthma in 1937, it has been widely used as
an inexpensive oral treatment of both asthma and COPD.!
Traditional dogma has attributed the therapeutic effect of
theophylline primarily to bronchodilatation, but at lower
concentrations, it also possesses both immunomodulatory
and anti-inflammatory actions, which are likely to contrib-
ute to some of the efficacy of the drug in treating patients
with pulmonary disease.”

However, prescriptions of theophylline have been
decreasing in recent years in most developed countries,
and it has now been relegated to a second- or even third-
line asthma therapy.” This is mainly due to the introduction
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of newer drugs, such as the long acting [3,-agonists and
inhaled glucocorticosteroids, given alone or in combina-
tion, which have both improved efficacy and a better side-
effect profile than theophylline. Nevertheless, theophylline
has the distinct advantage of being able to be administered
orally and is still used in the management of patients
with severe asthma who appear to be steroid resistant,
and a number of clinical trials have shown that patients
with moderate asthma (FEV; of approximately 70% of
predicted value) can derive more benefit from combined
theophylline and glucocorticosteroid therapy than by
increasing steroid dosing.*” In patients with COPD, theo-
phylline is normally only used as a bronchodilator, either
alone or in combination with long-acting [3,-agonists or an-
ticholinergic agents in patients with moderate (Global
Initiative for Chronic Obstructive Lung Disease [GOLD]
stage II) or more severe (GOLD stages III-IV) disease.®

The limitations and side effects of theophylline result
from its narrow therapeutic index, traditionally between
10 and 20 pg-mL ™" in plasma, although the recommended
dose has now been reduced to approximately 5 to
15 pg-mL ™", and it is now prescribed as a slow-release for-
mulation to try and alleviate some of its problems. Another
problem of theophylline is that it is metabolized in the liver
through the cytochrome P450 system and consequently is
implicated in a number of unwanted drug interactions with
other commonly prescribed drugs, including cimetidine,
erythromycin, and calcium-channel blockers, all of which
increase serum concentrations of theophylline. Con-
versely, drugs such as phenytoin and carbamazepine can
decrease serum concentrations of theophylline. Careful
prescribing is required to prevent occurrence of such
drug interactions, thereby making theophylline a difficult
drug to manage, particularly in children and the elderly,
who tend to have impaired metabolic pathways. However,
theophylline remains a useful drug and is one of the few
orally active drugs available for the treatment of asthma,
which is particularly pertinent because patients consis-
tently demonstrate a preference for orally administered
compounds over those administered through other routes.’

Despite its extensive use in the treatment of respiratory
disease, the precise molecular actions of theophylline have
not been fully elucidated. Traditionally, its efficacy in the
treatment of patients with COPD or asthma has been
attributed to nonselective PDE inhibition.® However, it
has been demonstrated that theophylline administered
at therapeutic plasma levels (10 pg-mL ") only exerts a
very modest nonselective inhibition of PDEs, which might
not be clinically relevant,! and at the lower doses now
recommended, which have been shown to have significant
anti-inflammatory activity, there is little evidence that the-
ophylline inhibits any of the known PDE enzyme families.
A number of other potential mechanisms of action of
theophylline have therefore been proposed, including
adenosine receptor antagonism9 and increasing histone
deacetylase activity.'’

Nonetheless, the positive clinical effects of theophyl-
line in airways disease, combined with its advantageous
oral bioavailability, has spurred the development of highly
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selective PDE inhibitors for the treatment of respiratory
disease, with the anticipation that such drugs would have
greater efficacy than theophylline but with an improved
side-effect profile.

CLASSIFICATION OF PDEs

Eleven PDE families have now been identified by a
variety of criteria, including substrate specificity, inhibitor
potency, genetic makeup, and enzyme kinetics.'""'?
They act by hydrolyzing the phosphodiester bond of the
second messengers cyclic nucleotides—cyclic 3',5" aden-
osine monophosphate (cAMP) and cyclic 3',5’ guanosine
monophosphate (cGMP), converting them to the inactive
5" mononucleotides AMP and guanosine monophosphate,
respectively.'> cAMP and ¢cGMP are key second mes-
sengers in regulating inflammatory cell function, and
therefore PDEs can influence a large number of pharmaco-
logic processes, including inflammatory mediator produc-
tion, cellular differentiation and apoptosis, smooth muscle
contraction, ion-channel function, and glycogenesis. Each
PDE family is populated by between 1 and 4 gene pro-
ducts, giving rise to a large number of isoforms, many
of which have distinct cellular and subcellular distri-
bution.'? The functional significance of this tightly regu-
lated distribution of PDE enzymes is currently unclear,'!
but it does allow for specific targeting of isoforms in cells
and tissues implicated in disease. The most successful re-
sult of this thus far has been the introduction of the PDES5-
selective inhibitors, such as sildenafil, for the treatment of
erectile dysfunction'* and, more recently, pulmonary hyper-
tension.'” Table I shows a summary of the PDE families,
with some example inhibitors.

PDE4: A THERAPEUTIC TARGET IN COPD
AND ASTHMA

The PDE4 isoenzyme was identified as a major thera-
peutic target in respiratory diseases because it is the
predominant isoenzyme in the majority of inflammatory
cells, including neutrophils, which are implicated in the
pathogenesis of COPD,'® and eosinophils, which char-
acterize inflammation in asthma.'” PDE4 is also present
alongside the PDE3 isoenzyme in airway smooth mus-
cle; the PDE3 isoenzyme is considered to predominate
in airway smooth muscle, and inhibition of this enzyme,
rather than PDE4, inhibition of which leads to airway
smooth muscle relaxation.'*> A wide range of in vitro
and in vivo studies have demonstrated the ability of
PDEA4 inhibitors to regulate activation of relevant cells
implicated in airways disease, and Table I1'**3 summa-
rizes the various effects PDE4 inhibitors can exhibit
on human inflammatory and resident cell function.

PDE4 is encoded by 4 genes, each of which generates a
number of isoforms that can be divided into subfamilies
(PDE4A-D). The expression and subcellular localization
of these isoforms varies enormously between tissues and
cells.® It is hypothesized that the tightly regulated
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TABLE I. An overview of the PDE families
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Km (nM) Specific inhibitors Theophylline
PDE family cAMP cGMP Name ICso ICso
1. Ca®*/calmodulin stimulated 1-30 3 — — >100
2. ¢cGMP stimulated 50 50 EHNA 83 pM >100
3. ¢cGMP inhibited 0.2 0.3 Cilostamide 0.1 uM >100
Milrinone 0.5 puM —
Siguazodan 1-3 uM —
4. cAMP specific 4 >1000 Rolipram 0.21 pmol/L 1642 pM (4a)
Roflumilast 0.0008 pmol/L —
Cilomilast 0.12 pwmol/L —
5. ¢cGMP specific 150 1 Sildenafil 0.7 nM >100
Vardenafil 6.6 nM —
6. Photoreceptor 60 >100 Zaprinast — >100
7. High-affinity cAMP specific 0.2 >100 NA — 343.5 (7a)
8. High-affinity cAMP specific 0.055 124 NA — >100
9. High-affinity cGMP specific 230 0.17 NA — >100
10. Unknown 0.05 3 NA — >100
11. Unknown 1.04 0.52 NA — >100

K,,, Affinity of an enzyme for its substrate; /Csy, inhibitory concentration of 50%; EHNA, erythro-9-(2-hydroxy-3-nonyl) adenine; NA, not applicable.

expression of PDE4 isoforms in subcellular domains can
closely regulate the level of cAMP in the locality of effec-
tor proteins, including nuclear factor kB, p38 mitogen-
activated protein kinase, and c-Jun N-terminal kinase®’
and are therefore thought to be involved in cell function
control.'""? Changes in PDEA4 isoform expression are also
hypothesized to occur in chronic inflammatory disease,
and therefore the different isoforms might have differential
functional importance in normal and disease states.”>
The clinical development of first-generation PDE4-
selective inhibitors, such as rolipram, was hampered by
dose-limiting side effects of nausea and vomiting, and
therefore various strategies were undertaken to try and
improve the side-effect profiles of these drugs. It has
been hypothesized that differential binding of inhibitors to
PDE4 subtypes might be important in the adverse effects
of PDE4 inhibitors. For example, the PDE4C subtype is
not found in significant amounts in inflammatory cells
and might contribute to some of the side effects associated
with these drugs,*® although a recent study showed that
this enzyme was upregulated in a rat model of inflamma-
tion, suggesting it could play a significant role in inflam-
matory conditions.** Furthermore, the PDE4D subtype is
associated with emesis in mice*' and has been localized
to areas within the central nervous system of monkeys
associated with emesis.*? In contrast, early studies have
indicated that the PDE4B subtype is associated with in-
flammation,*> although there is evidence that the PDE4B
and PDE4D subtypes are nonredundant at sites of inflam-
mation.'® These data suggest that selective targeting of
PDE4B over PDE4D might contribute to an improved
side-effect profile. Cilomilast, a PDE4-selective inhibitor,
shows 10-fold selectivity toward PDE4D compared with
PDE4A and PDE4B,** whereas roflumilast, another
PDEA4 inhibitor in clinical development, shows selectivity
toward the PDE4B and PDE4D subtypes. Nevertheless,
although these are better tolerated than rolipram,

TABLE Il. The in vitro effects of PDE4 inhibitors

Cell Study Reference
Mast cell Decrease IgE-mediated 20
degranulation
T lymphocytes  Suppress proliferation 21
Neutrophil Reduce IL-8 and LTB, production 22,23
Reduce ROS 19
Reduce CD11b expression 24
Decrease chemotaxis
Suppress neutrophil 24
elastase and MMP-9 release
Eosinophil Decrease ROS and LTC,4 production 26
Macrophage and Decrease TNF-o, LTC,, and LTB, 18
monocyte production
Increase IL-10 production 27
28
Epithelium Decrease IL-6 and TNF-a production 29
Increase PGE, production 30
Decrease EGF-induced MUC5AC 29
expression
Dendritic cells  Decrease TNF-o production 22
Endothelial cells Decrease adhesion molecule 32
expression and lymphocyte
transmigration
T lymphocyte  Suppress IL-2, IL-4, IL-5, and 21
IFN-y production
Suppress proliferation 33
34
Sensory nerves Suppress EFS-induced eNANC 35

LT, Leukotriene; ROS, reactive oxygen species; MMP-9, matrix metallo-
proteinase 9; PG, prostaglandin; EGF, epidermal growth factor; EFS,
electrical field stimulation; eNANC, excitatory nonadrenergic noncholinergic.

gastrointestinal side effects are still observed with these
drugs. Another factor that might be significant in the
adverse side effects seen with PDE4 inhibitors is their
relative affinity for the high-affinity rolipram-binding
sites (HARBS) and low-affinity rolipram-binding sites
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TABLE lll. A selection of PDE4 inhibitors in current development
Drug Drug company Development stage PDE4 Inhibitors ICs, PDE4 subselectivity Reference
Roflumilast Altana Phase III 0.9 nM PDE4 B and D 48
Cilomilast GlaxoSmithKline Phase III 122 nM PDE4 D 45
AWDI12-281 Elbion AG Phase II 9.71 nM None 49
NVP-ABE171 Novartis Preclinical A 602 nM PDE4 B and D 50

B 34 nM

C 230 nM

D 1.5 nM
GRC-3886 Glenmark Phase 1 — — 46
V11294 Purdue/Napp Phase 1 405 nM — 51
HTO0712 Inflazyme Phase 1 — — 47

IC5y, Inhibitory concentration of 50%.

(LARBS) conformation of the PDE4 enzyme, which has
been suggested to play a crucial role in terms of tolerability
and efficacy of PDE4 inhibitors.*> Marked binding affinity
to HARBS predominantly relates to adverse events, which
might explain the high rate of nausea observed in a COPD
trial with cilomilast.'® In contrast, a more balanced binding
of PDE4 inhibitors to LARBS and HARBS is exerted by
roflumilast, which could account for the reduced incidence
of nausea (3.2%) seen with this drug.46 However, both
HARBS and LARBS binding have been associated with
the anti-inflammatory effects of PDE4 inhibitors, and
therefore selective binding of one over the other might
not prove to be efficacious. Table III**~>' comprises a list
of PDE4 inhibitors currently in development, which now
includes 2 early-stage drugs that are claimed not to cause
nausea or emesis in healthy volunteers.*’-?

Roflumilast (Daxas), developed by Altana AG (Bad
Homburg, Germany), and cilomilast (Ariflo), developed
by GlaxoSmithKline (Uxbridge, United Kingdom), are
currently the most advanced PDE4 inhibitors undergoing
clinical trials for airways disease. In a placebo-controlled
trial consisting of 1411 patients with COPD, 500 p.g once
daily of roflumilast produced a significant improvement
in postbronchodilator FEV |, whereas exacerbations were
reduced by 34% over placebo.*® In the same group of
patients, roflumilast was found to be safe and well
tolerated, although the class-associated side effects of
diarrhea, nausea, and headache were still apparent.** A
study investigating sputum samples of 36 patients with
COPD after 4 weeks of treatment with roflumilast, 500
pg once daily, showed a significant reduction in the
amount-number of neutrophils and eosinophils,™ thus
adding clinical evidence to the wide range of anti-inflam-
matory effects observed in preclinical studies. In a multi-
center, placebo-controlled, 6-month study of 647 patients
with COPD, cilomilast (15 mg twice daily) also resulted in
an improvement in FEV; compared with placebo (P =
.002). There was also a clinically significant improvement
in the St George’s Respiratory Questionnaire score and
a greater percentage of exacerbation-free weeks in cilo-
milast-treated patients.'” These data demonstrate that
PDE4 inhibitors can improve clinical symptoms in pa-
tients with COPD, although unlike theophylline, they
have no direct bronchodilator activity>* and are therefore

likely to be having a different mechanism of action. In ad-
dition, in a murine model roflumilast has also been shown
to prevent the development of cigarette smoke—induced
emphysema, suggesting that it could be used as a protec-
tive therapy in smokers to prevent deterioration of their
lung function, although this has yet to be explored
clinically.>

A trial in asthmatic patients showed that 7 to 10 days
of treatment with roflumilast (250 or 500 g once daily)
could reduce early asthmatic reactions and late asthmatic
reactions after allergen challenge™; an earlier trial observed
areduction of airway hyperresponsiveness and the late asth-
matic reaction after a single 1000-pwg dose of roflumilast.
The pronounced suppression of late responses in allergen
challenge models suggests a clinically relevant anti-inflam-
matory activity of roflumilast at doses that can be safely ad-
ministered in the clinic. In a 12-week study of 456 asthmatic
patients, treatment with roflumilast (100, 250, and 500 pg
once daily) produced a significant (11% to 16%) increase
in baseline FEV,”” and in a follow-up study in which all
patients were administered 500 wg of roflumilast once
daily for 40 weeks, lung function improvements were
found to be maintained for the duration of the study
in patients previously administered 250 and 500 pg
once daily. In those patients who had previously been
treated with 100 g of roflumilast once daily, a signif-
icant improvement in their lung function was observed
after the dose was increased.”® Interestingly, 500 wg of
roflumilast once daily has also been shown to produce
significant improvements in peak expiratory flow in pa-
tients with asthma after just 1 day, with continuing
improvements throughout the 12 weeks of the study,”
although in other studies an acute effect was not ob-
served 6 hours after application of a single dose of
roflumilast® or cilomilast.®' In addition, in most clinical
trials with oral PDE4 inhibitors, a maximum level of
lung function improvement was attained within the first
2 to 4 weeks of treatment,*”® providing further evidence
of a nonbronchodilator mode of action of PDE4 inhib-
itors. Another study compared the effects of roflumilast
with those of the inhaled corticosteroid beclomethasone
diproprionate. In this study 499 asthmatic patients were
randomly given either 500 wg of roflumilast once daily
or 400 g of beclomethasone diproprionate twice daily
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TABLE IV. Comparison between PDE4 inhibitors and theophylline

PDE4 inhibitors

Theophylline

Suppression of the PDE4 enzyme (and respective
subtypes A-D) only

Adenosine receptor antagonism (A; and A,), histone deacetylase activity
stimulation, weak unspecific PDE inhibition'

Very narrow therapeutic index (5-20 pg-mL™")

Cardiac safety proved (roflumilast)*®
Neurologic safety proved (roflumilast)*®
No known drug interactions (roflumilast)

Adverse cardiac effects caused by adenosine antagonism (arrhythmias)
Adverse neurologic effects caused by adenosine antagonism (seizures)
Interactions with many drugs, including cimetidine, phenytoin, erythromycin,

ciprofloxacin, calcium-channel blockers, fluconazole, rifampin,
Phenobarbital, and propranolol

No known food interactions
No monitoring of plasma levels necessary
Sustained plasma levels and efficacy in smokers

High protein diet has been demonstrated to increase theophylline clearance by 30%
Monitoring of plasma levels obligatory
Smoking increases theophylline clearance by 40% to 60% and decreases plasma

levels and efficacy

No rebound effects after withdrawal of roflumilast
therapy but gradual decrease similar to ICS®

Known rebound of lung function decrease below placebo comparison level 32 h
after withdrawal of theophylline treatment®?

ICS, Inhaled corticosteroids.

through a metered-dose inhaler for 12 weeks. At the
end of the study, both groups of patients had significant
and comparable improvements in FEV,, forced vital
capacity, and peak expiratory flow and converse reduc-
tions in asthma symptoms and B,-agonist use.’?

These encouraging clinical studies show that PDE4
inhibitors are able to produce significant clinical improve-
ments in patients with COPD and asthma. Their oral route
of administration might enhance patient compliance com-
pared with inhaled glucocorticosteroids and allow the
drug to reach systemic sites of relevance to these inflam-
matory diseases, particularly in patients with COPD.
Future investigations should also determine whether sys-
temic application of PDE4 inhibitors might exert benefi-
cial effects on cardiac and other systemic comorbidities
frequently observed in patients with COPD. In addition,
the major clinical effect of PDE4 inhibitors is anti-
inflammatory rather than bronchodilatory, which is the
predominant clinical effect of theophylline. PDE4 inhib-
itors will also be easier to manage with other medications
because unlike theophylline, roflumilast has no known
drug interactions. Furthermore, the pharmacokinetics of
theophylline are known to be affected by smoking and
food intake, which has not been observed with PDE4
inhibitors. A full comparison of theophylline and PDE4
inhibitors is shown in Table IV.!46:60:63 However, there
are still tolerability issues surrounding PDE4 inhibitors
that have not fully been resolved, with a relatively high
number of adverse events, particularly gastrointestinal
intolerance, seen in patients given PDE4 inhibitors.
Furthermore, there is also a major concern surrounding
the possibility that PDE4 inhibitors can induce arteriopa-
thy in human subjects, a condition that has been observed
in animal models, both rodents® and, more recently, pri-
mates,® after high doses of some PDE4 inhibitors. None-
theless, there is no evidence of PDE4 inhibitors inducing
arteriopathy in human subjects, and high doses of theo-
phylline have also been shown to induce arteriopathy in
animal models, with no evidence of this occurring in a
clinical setting.66

CONCLUSION

Therapeutically, PDE4 inhibitors represent a novel
class of orally active drugs for the treatment of respiratory
disease, with no need to monitor plasma levels, reliable
efficacy (even in current smokers), and fewer concerns
from drug interactions, although the gastrointestinal side
effects do give rise to some concerns regarding their
use. However, given the positive effects of roflumilast in
comparison with those of inhaled beclomethasone dipro-
prionate,®? such drugs might be oral alternatives to inhaled
glucocorticosteroids in asthmatic patients whose symp-
toms are not managed adequately with the current medica-
tion. In the treatment of COPD, PDE4 inhibitors might
evolve as an interesting therapeutic alternative with po-
tential advantages over inhaled steroids because of the
broader anti-inflammatory profile and oral application
and the possibility of addressing both the pulmonary and
systemic aspects of the disease. Compared with theophyl-
line, treatment with the new PDE4 inhibitors does offer
sustained improvement of lung function both in asthma
and COPD, accompanied by a higher level of safety and
tolerability. At this time, none of the PDE4 inhibitors
have gained regulatory approval either in Europe or the
United States, although as more progress into the clinic
is made, this situation is expected to change, and it is an-
ticipated that PDE4 inhibitors will represent a novel class
of orally active drugs for the treatment of respiratory
disease.
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