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Accepted 7 March 2007 (COPD) and cognitive disorders. This study delineates the preclinical profile of L-454,560,

which is a potent, competitive and preferential inhibitor of PDE4A, 4B, and 4D with ICsq
values of 1.6, 0.5 and 1.2 nM, respectively. In contrast to the exclusive binding of cilomilast

Keywords: and the preferential binding of roflumilast to the PDE4 holoenzyme state (Mg?*-bound form),
Asthma L-454,560 binds to both the apo-(Mg?*-free) and holoenzyme states of PDE4. The intrinsic
cAMP enzyme potency for PDE4 inhibition by L-454,560 also results in an effective blockade of LPS-
Cognition induced TNFa formation in whole blood (ICso = 161 nM) and is comparable to the human
COPD whole blood potency of roflumilast. The cytokine profile of inhibition of L-454,560 is mainly a
Inflammation Th1 profile with significant inhibition of IFNy and no detectable inhibition of IL-13 formation
Phosphodiesterase up to 1 pM. L-454,560 was also found to be efficacious in two models of airway hyper-
PDE4 reactivity, the ovalbumin (OVA) sensitized and challenged guinea pig and the ascaris

sensitized sheep model. Furthermore, L-454560 was also effective in improving perfor-
mance in the delayed matching to position (DMTP) version of the Morris watermaze, at a
dose removed from that associated with potential emesis. Therefore, L-454,560 is a novel
PDE4 inhibitor with an overall in vivo efficacy profile at least comparable to roflumilast and
clearly superior to cilomilast.
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1. Introduction

Cyclic adenosine monophosphate (cAMP) is a potent second
messenger with a variety of physiological and pathophysio-
logical manifestations [1]. A few of the parameters which
cAMP can modulate are smooth muscle contraction, inflam-
matory cell activity, mediator release, neurochemical release,
and cellular adhesion. Adenylate cyclases, of which there are
presently 10 human isoforms, catalyze the formation of cAMP
from 5'AMP [2-5]. Since even short spikes of cAMP elevation
within a cell can cause activation of several signaling path-
ways, the synthesis and metabolism of cAMP is tightly
controlled [6]. The enzymes that metabolize cAMP to 5’AMP
are termed phosphodiesterases. The phosphodiesterase gene
family is compromised of 11 members of which 6 of these
genes can metabolize specifically either cAMP or cGMP
while the remaining 5 genes can metabolize both cAMP and
cGMP [7].

Elevations of cAMP through 2 adrenergic stimulation have
been utilized extensively for the treatment of asthma and
COPD [8]. The primary clinical utility for 32 adrenergic agonists
has been to cause bronchodilatation in patients with bronchial
hyper-reactivity [9]. The present clinical data suggest that
elevation of cAMP through 32 adrenergic stimulation does not
affect the inflammatory component of asthma or COPD [10]. In
preclinical paradigms and in clinical trials, significant data
have been generated that demonstrate prolonged elevation of
cAMP through inhibition of PDE4 results in significant anti-
inflammatory effects. Roflumilast, one of the most advanced,
potent and specific PDE4 inhibitor, has been shown to decrease
parenchymal lung damage and infiltration of lung macro-
phages in a 7-month model in mice chronically exposed to
cigarette smoke [9,11]. Also, genetic mouse deletions of either
PDE4B or PDE4D (two of the four orthologues of the PDE4 gene
family) results in either absence of LPS induced TNFa
formation from monocytes or decreased hyper-responsive-
ness to antigen challenge in a mouse OVA-model of airway
resistance, respectively [12,13]. The most compelling data for
PDE4 inhibitors is the clinical data generated with roflumilast
and cilomilast. Roflumilast in a 24-week daily dosing regime of
either 0.25 or 0.5mg/day in COPD patients resulted in a
statistically significant improvement in postbronchodilator
FEV; [14]. In a clear indication of anti-inflammatory activity
with PDE4 inhibitors, cilomilast dosed at 15 mg/BID for 12
weeks in COPD patients resulted in a 48 and 47% reduction in
CD8* and CD68* cells, respectively, in lung biopsies from the
inhibitor treated patients [15]. These data with cilomilast are
the only published data that demonstrate decreases in airway
inflammatory cells in lung tissues from COPD patients. Of the
latter two compounds, only roflumilast has also demonstrated
efficacy in asthma, with statistically significant improvement
in FEV,’s during the late asthmatic response in a 10-day study
of allergen challenged asthmatics [16].

One of the major development hurdles for PDE4 inhibitors
has been toxicity and specifically, gastrointestinal intolerance
that is manifested as emesis and diarrhea. With the use of
genetically manipulated mice, the data suggest that a majority
of the anti-inflammatory effect of PDE4 inhibition is through
PDE4B and PDE4D. The PDE4B null mice have a significantly
decreased TNFa production in response to LPS and have

decreased lung inflammation in an LPS challenged model of
asthma [17]. The PDE4D null mice have a decreased o2-
adrenoreceptor mediated anesthesia that is a correlate of
emesis and therefore identifies PDE4D as the major isoform in
the brain responsible for emesis [18]. Subtype selective PDE4
inhibitors have been a major challenge throughout the
development process and recent crystallography data demon-
strates that the first shell of the PDE4 active site is completely
conserved between PDE4B and D [19].

Another significant indication for PDE4 inhibitors is the
treatment of cognitive dysfunction. Disorders in which
cognitive deficits are inherent include Alzheimer’s disease,
Parkinson’s disease, vascular dementia, schizophrenia and
stroke. Alterations in brain levels of cAMP have been linked to
increases in long term potentiation (LTP) that appears critical
for signaling pathways involved in cognition. Both studies
with weak PDE4 selective inhibitors and PDE4D null mice have
demonstrated significant increases in LTP and/or learning
behavior in several assays [20-22]. The present study details
effects observed with L-454,560 in the Morris watermaze in
rodents and, moreover, determines a therapeutic window
between memory enhancement and potential emesis.

Thus, this study describes the development of a potent and
selective PDE4 inhibitor, L-454,560. This compound is a
competitive and reversible PDE4 inhibitor that preferentially
inhibits the hydrolysis of cAMP by PDE4A, 4B and 4D with
comparable ICs, values ranging from 0.5 to 1.6nM. It is
efficacious in an ovalbumin-challenged guinea pig model of
airway hyper-reactivity with an ED50 of 0.03 mg/kg. L-454,560
also inhibits significantly the late asthmatic response in
ascaris sensitized and challenged sheep with 95% of the LAR
response inhibited at a 0.5 mg/kg IV dose. The overall profile of
L-454,560 is significantly more potent than cilomilast and
equivalent in human whole blood assays to the advanced
clinical candidate, roflumilast. Finally, L-454,560 appears to
have utility in the treatment of cognitive dysfunction by
enhancing memory processes at a dose significantly lower
than that found to induce conditioned taste aversion.

2. Methods and materials
2.1. Reagents

Analytical grade HEPES, EDTA, cAMP, ultra grade MgCl,, KCl,
PBS, IBMX, mepyramine, Al(OH);, carbachol, lithium chloride
and ovalbumin reagents were purchased from Sigma/Aldrich
(St. Louis, MO). [*H]-cAMP, [°H]-cGMP, and sepharose beads
were purchased from GE Healthcare (Piscataway, NJ). Recom-
binant baculovirus proteins were prepared by the Biotechnol-
ogy Research Institute (Montreal, Quebec). All products for
quantitative PCR were purchased from Applied Biosystems
(Foster City, CA). L-454,560 and the comparators (cilomilast
and roflumilast) were synthesized by the Medicinal Chemistry
Department at Merck Frosst as previously described [23].

2.2. Ethics

All procedures used in the in vivo assays were approved by the
Animal Care Committee at the Merck Frosst Centre for
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Therapeutic Research (Kirkland, Quebec, Canada) according to
guidelines established by the Canadian Council on Animal
Care.

2.3. PDE4A, 4B, 4C and 4D activity assays

The hydrolysis of [°H]-cAMP or [*H]cGMP by PDEs was
monitored as previously described [31]. In order to decrease
variability in PDE enzymes due to various N-terminal
regulatory sequences, human PDE4A%*® (PDE4AY") and its
PDE4B, PDE4C and PDE4D equivalents were generated by
creating glutathione fusion constructs in frame with the Gln-
Thr (QT) located within UCR2 of the PDE4 sequences [24]. The
PDE-GST constructs were expressed in SF9 cells using the
baculovirus expression system and purified as GST-fusion
proteins. Structurally, in addition to the removal of the
inhibitory UCR1 domain of the long PDE4 variants, the
PDE4QTs are comparable to the short variants (hPDE4Al,
hPDE4B2, hPDE4D1 and hPDE4D2) with their putative mem-
brane anchoring tails deleted. The PDE4 enzyme assays were
conducted at a sub-saturating concentration of cAMP (0.1 uM)
and a saturating concentration of Mg®*-cofactor (10 mM
compared with ECso from 0.1 to 0.5mM). Under these
conditions, the ICsy values are comparable to their apparent
K; values, which are reflective of their affinities with the
holoenzyme states.

2.4. Reversibility assay

GST-PDE4A?" (3.5 ng) incubated at 4 °C for 10 min with L-
454,560 (2 WM in DMSO) in 100 pl buffer (20 mM HEPES, pH 7.5,
1mM EDTA, 10 mM Mg** and 100 mM KCl) was immobilized
with GST-Sepharose beads (~50 pl bed volume). The PDE
activity on the beads, before and after buffer washing, was
detected by the addition of 190 ul of [*H]-cAMP (0.1 pM) for
20 min at 30 °C. The activity from the immobilized PDE4/
inhibitor complex after washing was compared with that
from the control to determine the dissociation of the
inhibitor.

2.5.  PDE selectivity assays and [*H]-rolipram binding
assay

Compounds were screened against PDE1, PDE2, PDE3A, PDE3B,
PDESA, PDE6, PDE7A and PDESA. PDE1, PDE3 and PDE7 were
assayed similar to the PDE4 enzymes at 0.1 pM concentrations
of cAMP. PDE5, PDE6, and PDE9 enzymes were assayed at
0.1 M cGMP and PDE2 was assayed by MDS Pharma Services
(Bothel, WA) at 1 pM cAMP. All enzymes were obtained from
human recombinant sources except PDE1, which was from
dog heart, PDE6 from bovine eye, and PDE2 from human
platelets. The equilibrium binding affinity of compounds with
PDE4A apoenzyme and holoenzyme (Mg-bound form) were
determined using the non-filtration-based [*H]-rolipram bind-
ing assay with GST-PDE4A%*® immobilized on SPA beads as
previously described [24]. The apoenzyme state was generated
using 10 mM EDTA in the absence of Mg?*, and the Mg?*-bound
holoenzyme state was generated using a saturating concen-
tration of Mg** (6 mM) plus 1mM EDTA to remove other
advantageous divalent metal ions.

2.6. Ovalbumin-challenged model of asthma in the
guinea pig

Charles River male Hartley guinea pigs were sensitized by i.p.
(intraperitoneal) injection of ovalbumin (0.5 ml of a solution of
100 pg/ml in 10% Al,(OH)s). In these studies parallel groups of
animals were used. Group 1 animals were pretreated with
vehicle (1 ml/kg, i.p., 30 min pretreatment) while all other
groups of animals in each study were pretreated with
L-454,560, roflumilast or cilomilast (IP dosing in PEG200/saline,
1:1). All experiments were carried out in the presence of the H1
(histamine) receptor antagonist, mepyramine (5 mg/kg, i.p;
30 min pretreatment). Guinea pigs were then placed indivi-
dually in a whole body plethysmographic chamber that
allowed the animal to move freely with minimal stress. Thirty
minutes later, they were exposed to an aerosol of ovalbumin
(10 mg/ml in saline) for 1min. Changes in pulmonary
parameters (Penh, Enhanced pause) were recorded for 1h
using a Buxco pulmonary mechanics analyzer model XA.
Results were calculated as percent inhibition comparing the
area under the curve (AUC) of the treated animal to the
average AUC of the control group. All data were analyzed by
applying a two-way ANOVA (Dunnett test) to the log
transformed AUC’s from all control and drug treatment group.

2.7.  Quantitative PCR analysis of cytokine formation in
whole blood

Blood from male Hartley guinea pigs or humans was utilized
for ex vivo analysis of cytokine formation and inhibition as
previously described [26]. Fresh blood was collected in tubes
containing 0.13 M sodium citrate by cardiac puncture from
isofluorane-anesthetized guinea pigs or from heparinised
venous bleed of human volunteers. Briefly, 500 ul aliquots of
blood were preincubated with either 2 pl of DMSO or PDE4 at
37 °C for 15 min. This was followed by incubation with 10 wl of
0.1% bovine serum albumin, 100 wg/ml LPS (Escherichia coli
serotype 0111:B4, Sigma-Aldrich, St. Louis, MO) or concana-
valin A (50 pg/ml final) [25]. Total RNA was isolated form these
samples using TRIzol reagent and then cleaned up using the
RNeasy mini kit. Total RNA was reverse transcribed and
cytokine mRNA levels were quantified by real time quantita-
tive PCR.

2.8.  Ascaris sensitized sheep model of airway resistance

A total of four sheep (24-43 kg), with airway hypersensitivity to
Ascaris suum antigen were used. All sheep had previously been
shown to develop both early (EAR) and late (LAR) airway
responses and post-antigen-induced airway hyper-respon-
siveness (AHR) to inhaled A. suum antigen. The sheep were
conscious and were restrained in a modified shopping cart in
the prone position with their heads immobilized. For the
sheep used in the airway function studies, anesthesia of the
nasal passages with topical 2% lidocaine was achieved and
then a balloon catheter was advanced through one nostril into
the lower esophagus. The animals were intubated with a
cuffed endotracheal tube through the other nostril as
previously described. The Mount Sinai Medical Center Animal
Research Committee is responsible for assuring the humane
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care and use of experimental animals approved the proce-
dures used in this study. Breath by breath determination of
mean pulmonary airflow resistance (RL) was measured with
the esophageal balloon technique described previously [27-
29]. All inhibitor studies were multi-dose pretreatment studies
which began before antigen challenge and experiments were
performed using each sheep as its own control and treated
animal. Control, vehicle and inhibitor experiments were
separated by at least 14 days in order to allow a washout
period for the compound or the antigen challenge. Animals
were treated once daily with an IV bolus of 0.5 mg/kg of
L-454,560 in PEG400/distilled water (1 ml/kg solution). On
day 4, the last dose of compound or a single dose of vehicle was
administered IV 2 h before an inhalation challenge with A.
suum antigen. Baseline measurements of SRL were obtained
for 30 min before vehicle or inhibitor treatment and imme-
diately after and 1, 2, 3,4, 5, 6, 6.5, 7, 7.5, and 8 h after antigen
challenge.

2.9. Concentration response curves to carbachol aerosol

Airway responsiveness was determined from cumulative
concentration response curves to carbachol inhaled as
previously described with either vehicle or 4 days of pretreat-
ment with an IV bolus of 0.5 mg/kg L-454,560 QD. RL was
measured immediately after inhalation of phosphate buffered
saline (PBS) and after each consecutive administration of 10
breaths of increasing concentrations of carbachol (0.25, 0.5,
1.0, 2.0 and 4.0%, w/v PBS). The provocation test was
discontinued when RL increased over 400% from the post-
PBS value or after the highest carbachol concentration had
been administered. The cumulative carbachol concentration
(in breath units [BU]) that increased RL by 400% over the post-
PBS value (PC400) was calculated by interpolation from the
dose-response curve. One BU was defined as one breath of a
1% (w/v) carbachol aerosol solution [27,28].

2.10.  Statistical analysis

In vitro ICso values were expressed as mean (+S.E.) of n>3
measurements unless otherwise specified. Values in the test
and figures of in vivo experiments are mean + S.E. for four
sheep. Data were analyzed by one-way analysis of variance
followed by Neuman-Kuels post hoc test if there was a
significant overall effect. The following variables were
analyzed: EAR = early airway response (maximum response
immediately after challenge); LAR = peak late airway response
(maximum response between 6 and 8h post-challenge,
irrespective of time) expressed as percent change from
baseline; PC400 ratio =the ratio of the post-challenge/pre-
challenge PC400. A ratio of 1 indicates no change in airway
responsiveness, whereas a ratio below 1 indicates the
development of airway hyper-responsiveness.

2.11.  Rat watermaze delayed matching to position
(DMTP) test

The full details of the apparatus and protocol used have been
previously described [30]. In brief, male hooded Lister rats
(Harlan, UK) were trained over 8 days to find a submerged

platform (10 cm diameter) in a 2 m diameter pool filled with
opaque water and surrounded by visual cues. The platform
position remained constant during the day but was changed
from day to day, and the movements of the animals were
tracked using an HVS image and software system (HVS Image
Ltd., UK). Each animal received four trials per day with each
trial lasting 60 s. If an animal failed to find the platform within
this time, it was guided to the platform by the experimenter.
The animal spent 30 s on the platform before being removed
prior to its next trial. Subsequently, the effects of L-454,560
were examined on five successive test days in which rats
received each day either vehicle (0.5% Methocel) or L-454,560
(0.1, 0.3 and 1.0 mg/kg) p.o. in a volume of 1 ml/kg, 30 min
before trial 1 (n = 10 per group). During this drug testing period,
the interval between trials 1 and 2 was 4 h with the inter-trial
interval between trials 2-3 and 3-4 remaining at 30s. The
primary measure of recall was the difference or “savings”
score between trials 1 and 2. Savings scores were calculated for
each animal (averaged over five successive test days), and
mean difference scores for each group were calculated.
Comparisons between groups were made using ANOVA
followed by Dunnett’s post hoc tests where appropriate.

2.12. Rat conditioned taste aversion test

The potential of L-454,560 to induce emesis was evaluated in
the conditioned taste aversion (CTA) test. Singly housed male
hooded Lister rats (Harlan, UK) were deprived of water for
22.5h in each 24 h period for 2 days prior to two conditioning
days. On each conditioning day, all rats were given 20 min
access to a solution of 0.1% saccharin that has a distinct and
novel flavor. The amount of this liquid consumed was
recorded. Rats received either vehicle (0.5% Methocel p.o.) or
L-454,560 (0.1,0.3, 1.0 and 3.0 mg/kg p.o.) or the positive control
lithium chloride (30.0 mg/kg, i.p.) in a volume of 1 ml/kg. All
compounds were dosed immediately after consumption of the
novel flavor (n = 8 per group). Subsequently, on the test day the
rats were presented with the flavor again and the amount of
liquid consumed was recorded. The percentage change in
liquid consumption from the test session from the first
conditioning day was analyzed using ANOVA, and the
threshold for significance was set at p < 0.05. Those animals
that drank less or more than twice the standard deviation
away from the group mean were excluded from the study.

3. Results
3.1.  PDE4 inhibitor potency and selectivity

A number of splicing variants exist for each of the four PDE4
isoforms. In order to remove the variabilities in enzyme
activity and inhibitor sensitivity due to their divergent N-
terminal sequences, PDE4AXT (PDE4A?*®), PDE4B?T, PDE4CYT
and PDE4D? enzymes, comprising the common region of all
variants of each isoform were utilized to test PDE4 inhibitors.
Functionally, the PDE4QT enzymes mimic the fully activated
and PKA-phosphorylated PDE4 enzymes [24,31]. Table 1
summarizes the potency of L-454,560 (Fig. 1) at inhibiting
the catalytic activities of PDE4s in comparison with cilomilast
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Table 1 - Intrinsic potency of PDE4 inhibitors in enzymatic and cell based assays

Compound ICsp values + S.E.M. (nM) for several assays

PDE4AQT PDE4BQT PDE4CQT PDE4DQT HMCA (TNFa) HWBA (TNFa)
L-454, 560 1.6 + 0.5 (6) 0.5+0.1 (6) 9.1+ 0.9 (6) 1.2+0.2 (6) 17 + 10 (8) 161 + 23 (36)
Gilomilast 429+19(151)  40.7 +2.1 (150) 160 + 8 (149) 6.9 0.3 (151) 705 + 125 (11) 18,000 = 6100 (18)
Roflumilast 0.16 £ 0.03 (3) 0.11 + 0.01 (4) 0.61 + 0.05 (4) 0.11 + 0.01 (4) 1.29 + 0.55 (5) 140 + 23 (15)
Roflumilast N-oxide ~ 0.58 + 0.03 (4) 0.37 £ 0.05 (4) 32405 (4) 0.31 +0.04 (4) 1.63 £ 0.65 (4) 200 + 65 (20)

The PDE4 enzymes are constructs which express the catalytic domain of the PDE4 enzymes (QT) and have been previously described [24]. All
enzyme assays were performed with 0.1 pM CAMP as described in Section 2. Cell based assays were also utilized in which LPS stimulated
production of TNFa was measured in the presence or absence of inhibitor (HWBA = human whole blood assays; HMCA = human mononuclear

cell assay).
& n, number.

and roflumilast. L-454,560 is a potent inhibitor of all four
isoforms with an ICsp of 1.6 nM on PDE4A. The potency of L-
454,560 is within several fold that of roflumilast N-oxide (the
major in vivo metabolite of roflumilast). Both roflumilast and L-
454,560 are at least 80-fold more potent than cilomilast at
inhibiting PDE4B, while they are only 5.7-fold more potent
than cilomilast for inhibition of PDE4D. As shown in Fig. 2, the
catalytic potency of L-454,560 decreases linearly with increas-
ing cAMP concentrations, which demonstrates competitive
inhibition, and yields an apparent K; of 0.9 nM. When GST-
PDE4A%T was immobilized on to GST-Sepharose beads, the
PDE4 activity on the beads was similarly inhibited by L-
454,560. The bound L-454,560 dissociated rapidly from the
immobilized PDE4, with over 80-90% of the PDE4 activity
recovered on the beads within 5min of buffer washing,
demonstrating L-454,560 is also a rapidly reversible inhibitor.
In order to demonstrate selectivity, L-454,560 was tested
against other PDEs using sub-saturating concentrations of
either [*H]-cAMP or [*H]cGMP as substrates accordingly. As
shown in Table 2, no significant PDE activity was observed for
L-454,560 for any other enzyme except for weak inhibition of
PDES (ICs of 1 uM). Comparing the potency for PDESA versus
the lowest potency obtained for any of the PDE4 isoforms
demonstrates that L-454,560 is at least 132-fold selective for
inhibition of PDE4 compared to any other PDE enzyme.

N
e
/S N
A\
O

Fig. 1 - Structure of L-454,560 [6-[1-methyl-1-
(methylsulfonyl)ethyl]-8-(3-{(E)-2 (3-methyl-1,2,4-
oxadiazol-5-yl)-2-
[4(methylsulfonyl)phenyl]ethenyl}phenyl)quinoline].

ICso (NM)
o

0 T T FV T T T T T v 1T T V17
0 2 4 6 8 10 12 14 16
cAMP (uM)

Fig. 2 - Catalytic potency and reversibility of L-454,560 for
inhibition of GSTPDE4A?" at increasing cAMP
concentrations. Inhibition of GST-PDE4A?" catalyzed
hydrolysis of increased [*H]-cAMP concentration by
L-454560 was monitored as detailed in methods. ICsq
values represent the mean (+S.E.M., n = 3). The dashed
linear regression line yields an intercept (apparent K;) at
0.9(+0.1) nM and a slope of 0.2(+0.01) nM/pM cAMP.

The central PDE catalytic machinery comprises a tightly
bound Zn?** and a loosely bound Mg?* in a binuclear motif. The
reversible Mg?* binding leads to the presence of two coexisting
active site states (apoenzyme (Mg?* free) and holoenzyme)
that bind inhibitors differentially. The Mg**-cofactor, with its
binding affinity modulated through PKA phosphorylation
[31,32] appears to be responsible for eliciting the high
affinity/productive binding of cAMP and the high affinity
binding of (R)-rolipram [24]. To dissect the molecular interac-
tion of L-454560 with PDE4 further, its affinity with the two
PDE4 conformers was determined using the previously
described equilibrium-based [*H]-rolipram binding assay. In
contrary to the exclusive binding of cilomilast reported earlier,
and the preferential binding of roflumilast to the holoenzyme,
L-454,560 binds to both PDE4 conformers with strong affinities
(Table 3). The molecular interaction underlining this Mg-
dependency for roflumilast and cilomilast has now been
resolved by the identification of hydrogen bond interactions
between Mg-bound waters with the pyridine nitrogen of
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Table 2 - Selectivity of inhibition of L-454,560 vs. other
phosphodiesterases

Phosphodiesterase ICso Selectivity
PDE1 (dog heart) >10 pM >20,000
PDE2 (rat heart) 8 uM 16,000
PDE3A (human) 27 £13 pM (n=2) >20,000
PDE3B (human) 17 £2pM (n=2) >20,000
PDE3 (dog heart) >10 uM >20,000
PDE4AQT (human) 1.6 nM 2
PDE4BQT (human) 0.5nM 1
PDE4CQT (human) 9.1 nM 18
PDE4DQT (human) 1.2nM 2
PDESA (human) 1.2+ 03 pM (n=6) 2,400
PDE5 a 24 pM 48,000
PDE6 (bovine) 9.8+ 1.5pM (n=2) 20,000
PDE7A (human) >10 pM >20,000
PDE9A (human) >20 uM >20,000

The activities of PDE1, PDE2, PDES5, PDE6 and PDE9A were
monitored using 0.1 pM of [H]-cGMP; the activities of PDE3A/
PDE3B and PDE7A were monitored using 0.01 and 0.1 pM,
respectively, of [°H]-cAMP as detailed in Section 2. PDE1 and
PDE2 were partially purified from dog and rat heart. PDE6 was
partially purified from bovine eye. Human recombinant PDE3A and
PDE3B were expressed and purified from E. coli [38]. Human
recombinant PDESA, PDE7A and PDE9A were expressed using a
baculovirus expression system and purified from Sf9 cells.

roflumilast and with the carboxylate of cilomilast, respec-
tively, in their PDE4 cocrystals [33].

3.2.  Cytokine modulation by L-454,560 in human whole
blood and mononuclear cells

The inhibition of TNFa production was utilized as a surrogate
to index the cellular potency of L-454,560 in whole cells. PDE4B
has been demonstrated to be induced by LPS and is
responsible for the majority of the TNFa produced in
monocytes. We isolated human monocytes and stimulated
them with LPS in the presence or absence of a PDE4 inhibitor.
Roflumilast and its N-oxide are the most potent inhibitors of
TNFa production in monocytes with ICsqy’s of 1.3 and 1.6 nM,
respectively, followed by L-454,560 and cilomilast with ICsg's
of 17 and 705 nM, respectively (Table 1). Although roflumilast

Table 3 - Equilibrium binding affinities of inhibitors to

GST-PDE4A?" apoenzyme and holoenzyme

Compound Apoenzyme Holoenzyme
binding ICs, (nM) binding ICs, (nM)
L-454,560 26+ 6 (n=23) 6+1(n=3)
Cilomilast >1000 56 + 10 (n=6)
Roflumilast 305+24 1.83 +£0.03

The ICso values (mean =+ S.E., n > 3) were determined using 3 nM
enzyme, 1.6 nM [*H]-(R)-rolipram, and 5 mM Mg?®* plus 1 mM EDTA
for holoenzyme and 10 nM enzyme, 20 nM [*H]-(R/S)-rolipram and
10 mM EDTA for the apoenzyme, respectively, as detailed pre-
viously [24]. Under the conditions, the ICsy values are reflective of
their corresponding Kg values. The detection limits are ~1.5 nM for
holoenzyme and 5 nM for apoenzyme from the use of 3 and 10 nM
enzyme concentrations, respectively. Values for cilomilast values
were reported earlier [24].

is more potent in the cell than L-454,560, a human whole blood
assay, which incorporates a protein shift, and measures PDE4
dependent TNFa formation results in ICsq’s that demonstrate
that L-454,560 and roflumilast are equipotent and both are at
least 110-fold more potent than cilomilast, in this assay. The
human whole blood assay has served as a biochemical readout
of efficacy in several clinical trials with PDE4 inhibitors.
L-454,560 has also been more extensively profiled for its
effects on several cytokines upon stimulation of human whole
blood with either LPS or concanavalin A (Con A). The
compounds were preincubated with the whole blood for
15 min prior to stimulation and LPS was utilized to stimulate
the production of TNFe, IL-12 and GM-CSF while Con A was
utilized for production of IL-2, IFNy and IL-13. The time course
production of each of these cytokines has been previously
described [25] and we utilized the 4h time point which
resulted in atleast 6.5-fold increase in RNA levels of each of the
cytokines measured. L-454,560 is not only a potent inhibitor of
TNFa, but also IFNvy, GM-CSF, IL-12 and IL-2 formation in vitro
(Fig. 3). The inhibition of all these cytokines varies primarily in
the extent of maximal inhibition where only TNFa and IFNvy
are inhibited to 100%. We also measured IL-13 formation (data
not shown) and L-454,560 did not appreciably inhibit this
cytokine up to concentrations of 1 uM, suggesting a slightly
more Thl predominant inhibition profile for this class of PDE4
inhibitors similar to data obtained with a structurally distinct
class of selective PDE4 inhibitors exemplified by L-826,141 [25].

3.3.  Efficacy in an ovalbumin-challenged guinea pig
model of asthma

Ovalbumin sensitized guinea pigs were utilized to determine
the efficacy of PDE4 inhibitors against allergen-induced
bronchoconstriction. In these studies, male conscious and
unrestrained Hartley guinea pigs, previously sensitized to
ovalbumin, were pretreated with test drug or vehicle, 30 min
before antigen challenge. TNFa formation was also measured
in response to LPS challenge of whole blood from sensitized
guinea pigs in order to correlate the inhibition of broncho-
constriction with a pharmacodynamic whole blood surrogate
of PDE4 inhibitory activity. L-454,560 produced a dose related
inhibition of ovalbumin induced bronchoconstriction in
conscious guinea pigs (Fig. 4A). Maximum inhibition (approxi-
mately 73-78%) was obtained in the guinea pig ovalbumin
model with doses ranging from 0.1 to 0.3 mg/kg administered
30min before antigen challenge. Plasma concentrations
achieved at maximal inhibition of bronchoconstriction with
these doses of L-454,560 were lower than the ICso for TNFa
inhibition (see Table 4 and Fig. 4B). Roflumilast and cilomilast
also produced dose dependent inhibition of antigen-induced
bronchoconstriction (Table 4). The data summarized in Table 4
displays the percentage inhibition of bronchoconstriction
versus plasma concentration for the three PDE4 inhibitors.
These results indicate that both roflumilast and L-454,560
exhibit comparable maximum efficacy in this model (with
roflumilast reaching a plateau of inhibition at 81-91%).
However, maximum inhibition of bronchoconstriction was
achieved at a plasma level equivalent to the guinea pig TNFa
whole blood ICs, for roflumilast and approaching the guinea
pig TNFa whole blood ICs, for L-454,560 (TNFa ICso; 12 nM for
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Fig. 3 - Cytokine modulation by L-454,560 in stimulated human whole blood. Heparanized whole blood was preincubated
with either L-454,560 or vehicle for 15 min. After the preincubation, whole blood was challenged for 4 h with LPS for
formation of TNFg, IL-12 and GM-CSF or Con A for the production of IL-2 and IFNvy. At the end of the incubation, total RNA
was isolated and analyzed by real time quantitative PCR. Relative TNFq, IL-2, IL-12, GM-CSF and IFNvy levels were
determined and reported as a percentage of inhibition of the vehicle control. Data are presented as the mean * S.E.M. of
n = 3 experiments except for TNFa (n = 4).
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Fig. 4 - Inhibition of ovalbumin induced bronchoconstriction in guinea pigs. OVA-sensitized male Hartley guinea pigs were
treated with mepyramine (5 mg/kg, i.p.) and placed in a whole body plethysmograph chamber to acclimatize. The guinea
pigs were dosed i.p. with various doses of L-454,560 or a vehicle control and 30 min later challenged with aerosolized OVA
(10 mg/ml in saline) or a saline vehicle for 1 min. Changes in airway resistance (PenH as a measure of bronchoconstriction)
were monitored for 1 h using a Buxco pulmonary mechanics analyzer. A representative raw data set (A) is plotted as PenH
measurement of individual guinea pigs dosed with either vehicle or two doses of L-454,560 (0.01 and 0.1 mg/kg, i.p.) as a
function of time (measurements every 1 min). The complete data set is also plotted as % inhibition of bronchoconstriction
vs. measured plasma concentration (B) at the three indicated doses of L-454,560 (n = 4).
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Table 4 - Comparison of efficacy in guinea pig with plasma levels and potency in whole blood

Compound Dose (ng/kg) Efficacy % inh. broncho. Plasma Conc. (nM) gPCR WBA ICs, (nM)
Roflumilast 1 27 +£21 (3) nd 10 £ 3 (5)
3 65 + 12 (4) nd
10 91+ 10 (4) 12
30 81+7 (4) 42
L-454,560 10 27 + 30 (4) 3 215 + 82 (6)
30 53 + 16 (4) 14
100 73+7 (4) 33
300 78 6 (4) 140
Cilomilast 1000 4+17 (4) 1000 420 + 96 (7)
3000 64+5 (4) 2800
10,000 56 + 7 (4) 8800

nd = not detectable; roflumilast and cilomilast along with L-454,560 were tested in the OVA challenged guinea pig model of airway resistance
(Fig. 4). The results for efficacy are expressed as % inhibition of bronchoconstriction (inh. broncho.) + S.EM. (number) as compared to the
plasma level and the inhibition of TNFa formation in quinea pig whole blood (QPCR WBA, mean + S.E.M. (number of replicates)).

roflumilast versus 215 nM for L-454,560). In contrast, maximal
efficacy achieved with cilomilast was only 64% and this
required drug plasma levels in excess of 20-fold higher than
the ICsp for inhibition of TNFa formation (see Table 4). These
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Fig. 5 - Effect of treatment with L-454,560 on the time
course of antigen-induced changes in lung resistance (RL)
in allergic sheep. (A). L-454,560 (0.5 mg/kg IV bolus, QD X 4
days) partially inhibited the early airway response, but
completely blocked the late airway response. The change
in airway responsiveness to inhaled carbachol is also
presented (B). L-454,560 completely inhibited the
development of post-antigen-induced airway hyper-
responsiveness (the fall in PC400). Values are mean * S.E.
for four female sheep. *p < 0.001 vs. vehicle control and
washout post-dose sheep.

data suggest that L-454,560 and roflumilast achieve efficacy in
a guinea pig OVA-model at or below their ICso for whole blood
inhibition of TNFa.

3.4.  Efficacy in an ascaris sensitized sheep model of airway
resistance

A second pharmacological model was utilized for efficacy of
PDE4 inhibitors, conscious female sheep with a naturally
acquired hypersensitivity for A. suum antigen which develop
an asthma-like bronchoconstriction upon exposure to inhaled
antigen. The response in the sheep is characterized by an early
(0-3 h) and late phase bronchoconstriction (4-8 h) followed 24 h
later by an increase in airway hyper-reactivity. The efficacy in
this model is measured as percentage change in lungresistance
over time. Asillustratedin Fig. 5, treatment with 0.5 mg/kg, IV of
L-454,560 reduced the early airway response (EAR) to allergen
but completely blocked the LAR (95% inhibition) immediately
after challenge. RL returned to near baseline values by 4 h post-
challenge butbegan toincrease again by 5 h post-challenge. The
peak increase in the LAR from 6 to 8 h was 151 + 10% over
baseline. Values for the sheep post-dosing arm of the study
were similar to those obtained in the pre-dosing vehicle control:
EAR=255+81% and LAR=143+15%. When these same
animals were treated with L-454,560 there was no statistically
significant effect on the EAR to inhaled antigen: RL increased
153 + 65%. By 4 h post-challenge, however, RL had returned to
baseline and increased only slightly throughout the remainder
of the 8h challenge period (peak increase in RL 17 +6%
(p < 0.001 versus vehicle and post-dosing control sheep)). L-
454,560 not only blocked the LAR in these animals but also
blocked the post-antigen-induced AHR. In the control trial 1
PC400 at 24 h fell to 14.5 + 0.3 BU from a pre-challenge value of
26.4 + 3.4BU, resultingin a decreased post/pre-challenge PC400
(0.57 £0.07), indicative of AHR. The data for the bracketed
control (sheep control post-dose) were similar: post/pre-
challenge PC400 = 0.57 £ 0.02. When the animals were treated
with L-454,560 the post/pre-challenge PC400 was 1.13 £+ 0.09
(p<0.001 versus sheep vehicle and post-dose control),
indicating no change in airway responsiveness, as the post-
challenge PC400 (27.9 + 2.9 BU) was not different from the pre-
challenge value of 26.4+29 BU (Fig. 5). Roflumilast and
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Fig. 6 - Effect of treatment with L-454,560 in the delayed match to position (DMTP) version of the Morris watermaze (A) and
conditioned taste aversion (CTA) (B) tests. (A) L-454,560 produced a significant dose-dependent enhancement in
performance in the DMTP watermaze as measured by the increase in savings score relative to vehicle-treated controls, with
a minimal effective dose (MED) of 0.3 mg/kg. (B) L-454,560 was ineffective in the CTA assay at the DMTP watermaze MED of
0.3 mg/kg, although malaise was observed as evidenced by a significant change from baseline, at doses of 1 mg/kg and

higher (data is presented as mean * S.E.M., **p < 0.01, *p < 0.05).

cilomilast were also tested in this sheep model of airway
resistance and both compounds displayed similar efficacy as
L-454,560, the only difference was that roflumilast was dosed at
0.2 mpk/day (IV bolus x 4 days, QD, n=2). Therefore, in the
sheep ascaris model, all three inhibitors demonstrated similar
levels of efficacy with the majority of the efficacy occurring
during the LAR.

3.5.  Rat delayed matching to position (DMTP) watermaze
test

cAMP is a key second messenger that plays a major role in long
term potentiation and appears to be a significant regulator of
cognitive function. Utilizing L-454,560, we have tested the role
of this selective PDE4 inhibitor in a rodent model of cognition,
the delayed matching to position (DMTP) watermaze test of
spatial memory. ANOVA revealed a main effect of treatment
(p < 0.05) and post hoc tests showed that L-454,560 at a dose of
both 0.3 and 1.0 mg/kg significantly increased the mean
savings score between several experiments compared to
vehicle-treated controls (p < 0.01 and p < 0.05, respectively)
(Fig. 6A). There was no effect of treatment on mean swim
speeds averaged over the 5 days of treatment [F < 1]. The
increased mean savings score suggests that L-454,560 resulted
in an enhancement in memory in locating the submerged
platform in the watermaze after conditioned testing.

3.6.  Rat conditioned taste aversion (CTA) test

Since PDE4 inhibitors have a potential for gastrointestinal
adverse events, L-454,560 was tested in a rat CTA experiment.
This experiment was performed in order to determine the
window between efficacy in DMTP and malaise in CTA. As
seen in Fig. 6B, the 0.3 mg/kg dose effective in DMTP had no
effect on CTA, but doses of either 1 or 3 mg/kg, like lithium,
were significantly changed from the vehicle-treated controls

in the CTA model (p < 0.05). This data demonstrates that L-
454,560 has a maximal window of three-fold for efficacy in
DMTP as compared to adverse events demonstrated by CTA.

3.7. CNS mediated cAMP elevation with L-455,560

Using ICV canulation and a dialysate, cAMP elevation in the
CSF fluid of rats dosed orally with L-454,560 was monitored.
Dosing of 1 mg/kg of L-454,560 in an unchallenged rat resulted
in no significant elevation of cAMP compared to vehicle
control treated rats. When 20 mM IBMX was added to the
perfusate of rats dosed with 1mg/kg of L-454,560, a
46.7 + 10.2% increase in cAMP was detectable as compared
to vehicle dosed rats. This suggests that an initial burst of
cAMP may be required in order to detect global CNS changes in
cAMP mediated by L-454,560.

Overall this data further supports a role for cAMP elevating
agents playing a role in cognitive enhancement.

4, Discussion and conclusions

This study demonstrates that L-454,560 is a potent, selective
and reversible inhibitor of PDE4. L-454,560 is a low nM inhibitor
of all four of the PDE4 enzyme isoforms, and the compound is
shifted about 300-fold (ICso = 160 nM) with respect to the TNFa
surrogate of inhibition in human whole blood. Based on the
PDE enzymes tested, L-454,560 is at least 132-fold selective for
inhibition of PDE4 over the other eight PDE gene families
tested. L-454,560 is unique amongst the three compounds
profiled in that it binds to both the apo- and holoenzyme of
PDE4 with similar potency while both roflumilast and
cilomilast preferentially inhibit the holoenzyme over the
apoenzyme. Since the in vitro Mg?* binding affinity is
regulated by the PKA-mediated Ser>* phosphorylation
[31,32], it would be interesting to further evaluate whether
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the dual binding of L-454,560 to the coexisting apo- and
holoenzyme conformers alters the temporal regulation fea-
tures of the cAMP-mediated signaling in comparison to those
compounds that selectively target the holoenzyme popula-
tion. L-454,560 inhibits TNFa, IFNg, GM-CSF, IL-2 and IL-12
formation while sparing IL-13 formation in stimulated whole
blood. This suggests that PDE4 inhibitors have a slightly more
Th1 skewed profile of inhibition rather than Th2.

L-454,560 is also very efficacious in several animal models
of airway inflammation. In an ovalbumin sensitized and
challenged model of airway resistance, L454,560 significantly
reversed the bronchoconstriction obtained in guinea pigs after
a single dose of 0.1 mg/kg, i.p. Roflumilast was also efficacious
in this guinea pig model with maximal efficacy achieved at a
dose of 0.01 mg/kg, i.p. The difference in doses required for
these two compounds can be mainly attributed to the fact that
roflumilast is 21-fold more potent in the guinea pig than L-
454,560 (TNFa ICso = 10 + 3 nM for roflumilast as compared to
ICso = 215 + 82 nM for L-454,560). Interestingly, we also tracked
the blood exposure in the guinea pig and at maximal
efficacious doses L-454,560 reached levels that were only
0.15 x the ICs, for inhibition of TNFa formation by L-454,560
and roflumilast was approximately at the ICso for maximal
inhibition of bronchoconstriction. These data suggest that
complete inhibition of the TNFa surrogate is not required to
obtain significant therapeutic efficacy in this guinea pig model
of airway resistance. These data also demonstrate that PDE4
inhibitors are efficacious in an acute model of lung resistance
and might provide smooth muscle relaxation in acute asthma.
This has also been delineated in the PDE4D null mice which
have a significantly decrease airway smooth muscle cell
contractility [34]. Although smooth muscle relaxation appears
robust in these animal models it is not as evident in human
asthma since roflumilast has been shown to have a more
prominent effect on the late asthmatic response in humans
[35] as compared to the early asthmatic response, of which the
latter would indicate direct effects on smooth muscle
contractility.

L-454,560 also demonstrated efficacy in an ascaris sensi-
tized and challenged sheep model of asthma. In this sheep
model, the major efficacy obtained is in the LAR, similar to
roflumilast’s efficacy in humans and in decreasing bronchial
hyper-reactivity. Therefore, these data suggest that L-454,560
has more significant effects on the inflammatory component
of allergic asthma than direct bronchodilatory effects on
smooth muscle contractility. The sheep model is a reasonable
surrogate for human asthma since there exists an early
bronchoconstrictive phase that is mainly due to smooth
muscle contraction, and a LAR that is associated with the
secretion of inflammatory mediators such as cytokines,
chemokines, and leukotrienes. Roflumilast in an allergen
challenged paradigm in humans demonstrated a 28% reduc-
tion in FEV; changes in the EAR and 43% reduction in FEV;
changes in the LAR [35]. Therefore both the sheep and human
data suggest that the major effects of PDE4 inhibitors on
clinical symptoms of asthma are related to the anti-inflam-
matory properties of these compounds.

PDE4 inhibitors have demonstrated human clinical efficacy
in asthma and COPD but may be limited due to dose related
adverse gastrointestinal events. The efficacy achieved in the

watermaze DMTP task and the profile of L-454,560 suggests
that these compounds may provide benefit in cognitive
impairment for the treatment of disorders such as Alzheimer’s
disease. One potential issue with the DMTP data is the
disconnect with the lack of elevation of brain levels of cAMP
with L-454,560 in normal rats dosed with this compound. This
might be explained by the fact that these rats were
unchallenged and the watermaze experiments may have
generated a cAMP spike which would be enhanced with L-
454,560 treatment. Our data with L-454,560 are also consistent
with data generated with rolipram demonstrating restoration
of LTP in a transgenic mouse model of Alzheimer’s disease
[36]. Utilizing mice with either PDE4B or PDE4D deleted has
also demonstrated that the PDE4D knockout mice have
improved long term memory in the Morris watermaze and
radial arm maze tests of cognition [37]. Since highly selective
PDE4D inhibitors have been difficult to develop and PDE4D
appears to be involved in the toxicity associated with emesis
[18], a clinical therapeutic window will have to be established
with compounds having profiles such as L-454,560. The next
few years shall demonstrate if these PDE4 inhibitors shall have
significant clinical efficacy in the treatment of cognitive
disorders in addition to their demonstrated efficacy in asthma
and COPD.
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