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Our Exciting Journey to ACT-451840
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Abstract: We describe our work resulting in the selection of ACT-451840 (38) as a novel antimalarial drug with a
novel mode of action. The compound was broadly characterized in vitro as well as in vivo in rat PK experiments
as well as two different mouse malaria models. In the P. berghei infected mouse model cure could be achieved at
oral doses of 300 mg/kg over 3 consecutive days. ACT-451840 was clinically investigated up to an experimental
human malaria infection model, where therapeutic effects could be shown.
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1. Malaria

Malaria is a life-threatening disease which is caused by par-
asites. The parasites are transmitted to humans by the bites of
infected female Anopheles mosquitos. The disease can be pre-
vented and cured by medication. There were an estimated 229
million malaria cases worldwide in 2019 which resulted in an
estimated 409,000 deaths. Children under the age of 5 years are
the most vulnerable population affected by malaria. In 2019 they
accounted for 274,000 fatal cases, reflecting 67% of all malaria
deaths. The most strongly affected region is the WHO African
region with 94% of the malaria cases and deaths in 2019. Funding
for malaria control and elimination was approximately 3 billion
USD in 2019 with 900 million USD coming from governments
of endemic countries.

Malaria remains a leading cause of death with an important
impact on public health and economic aspects in the poor areas
of the world. The recent increases in cases is due to reduced ef-
forts to combat malaria but also due to emerging resistance to
the artemisinin-based combination therapy (ACTs), manifesting
itself as slower rates of parasite clearance in treated patients, and
the absence of efficacious vaccines or the very limited chemo-
therapeutic alternatives to the ACTs.!]

1.1 Historic Context

The first Global Malaria Eradication Programme ended in
1969. This resulted in a reduction of political commitment and
funding for efforts to control and eradicate malaria and obvi-
ously led to a recurrence of malaria on large scale, especially in
Africa with hundreds of millions of people likely being infected
and tens of millions dying. In the early 1990s, a new plan to fight
malaria was developed by senior health leaders together with
scientists. As a consequence, more funding became available
for research, driving innovation in diverse areas such as insecti-
cide-treated nets, improved and rapid diagnostic tests and novel,
more effective treatments. New financing mechanisms such as
the Global Fund to Fight AIDS, Tuberculosis and Malaria and
the US President’s Malaria Initiative, allowed for a wide distri-
bution of the novel tools to fight malaria and most significantly
contributed to an important reduction in infections and death
cases. Strong political commitment by African leaders was of
key importance to success. The goal of the African leaders, for-
mulated in 2000 in the Abujy Declaration was to reduce malaria
mortality by 50% over 10 years. Based on the WHO Malaria re-
port, malaria mortality was reduced by 60% from 2000 to 2019.
The African region achieved strong reductions in death cases
from 680,000 in 2000 down to 384,000 in 2019. The countries
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in South-East Asia also experienced a strong decrease in cases
and deaths of 73% and 74%, respectively. In India alone the
cases went down from estimated 20 million to approximately 6
million. Over the last 20 years, twenty-one countries have elimi-
nated malaria. Ten out of the twenty-one countries were certi-
fied malaria free by the WHO. Improvements in the situation
with respect to malaria were very impressive over the last two
decades. But the 2020 Malaria report of the WHOUI clearly con-
firms the trend observed over the past years, that progress has
slowed down significantly. Already in 2017, the WHO warned
that the global response to malaria was at a level that the goals
of the WHO’s global malaria strategy will be missed with high
probability. In 2020 the progress is plateauing. The 2020 targets
for reductions in infections and death were missed by 37% and
22%, respectively. In the spring of 2020 COVID-19 appeared
as an additional huge challenge and negatively impacted the
malaria response all over the world, making it more difficult
and dangerous for health workers to provide the services to the
malaria affected population. The WHO report estimates that a
25% disruption to antimalarial treatments in Sub-Saharan Africa
could result in 46,000 additional deaths. To reanimate efforts to
combat malaria, the WHO helped set-up the ‘high burden to high
impact’ (HBHI) program in 2018, in collaboration with the Roll
Back Malaria initiative. The HBHI program is run with a focus
on 11 countries, 10 of which are located in Sub-Saharan Africa,
facing approximately 70% of the world’s malaria infections.
HBHI countries develop individual, tailored approaches for ma-
laria control to replace the standard one-size fits all strategy.
The hope is, that by specific measures in high burden countries
the impact which can be reached with the available means can
be maximized for the whole region and also the world. A better
targeting of interventions and resources in high burden areas will
help to increase the speed in progress and innovation and come
up with better tools and medications. In addition, efforts to fight
diseases like malaria, should be integrated into efforts to build
strong health systems to maximize sustainability. The situation
as of 2020 clearly indicates how crucial all these initiatives are
for the goal to eradicate malaria within a reasonable timeframe.

1.2 Today’s Treatment Options

A perfect antimalarial drug would allow for the following four
clinical outcomes: prevent the infection, treat the symptoms, pre-
vent relapses, and block transmission. Today, different drugs are
administered to obtain the four effects:[2]

e Chemoprevention is most efficiently achieved by mefloquine
(Lariam®, Fig. 1). In addition, the combination of atovaquone
and proguanil (Malarone®) is used. Fansidar®, a combination
of sulfadoxin/pyrimethamine is used preventively in pregnant
women and children due to its excellent safety profile. This
treatment option unfortunately is losing efficacy due to newly
developed resistances.

e Uncomplicated malaria is treated with ACTs. Artemisinin
and its derivatives show a fast onset of action and are cleared
rapidly (t,, = 1 h). They need to be combined with an agent
having alongt, , to eliminate remaining parasites. Usually the
combinations are administered for 3 days. The best known
are Coartem®, a combination of artemether and lumefan-
trine or Eurartesim® consisting of dihydroartemisinin and
piperaquine. Treatment of life-threatening malaria is usually
achieved by parenteral administration of artesunate.

e To prevent relapses a 14-day treatment of primaquine is
prescribed. This drug exhibits an elevated risk of hemolytic
anemia in patients with glucose-6-phosphatedehydrogenase
(G6PD) deficiency (~10% of the population). Testing for
GO6DP deficiency is necessary before treatment. The same
counts for the recently approved tafenoquine, which has the
advantage that it has to be dosed less frequently. Tafenoquine

and primaquine are the only available drugs which efficiently
block malaria transmission.
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Fig. 1. Chemical structures of antimalarials in current use.

Even though significant progress in malaria research has been
made over the last two decades, the ideal drug has not yet mate-
rialized. The situation is complicated by the fact that malaria is
caused by five different parasite species, Plasmodium falciparum,
Plasmodium vivax, Plasmodium malariae, Plasmodium ovale and
Plasmodium knowlesi, each exhibiting a partially different biol-
ogy. The life cycle of the malaria parasites is complex and divided
into different stages presenting an additional obstacle to intervene
in the natural course of infection. When a malaria parasite infects
a human, the Plasmodium first enters the liver, therefore targeting
the liver is key for prevention. P. vivax and P. ovale are able to re-
main dormant in the liver (as hypnozoites) and can cause relapses
of malaria even after many years. To prevent relapses, a drug must
eliminate hypnozoites. From the liver, parasites migrate to eryth-
rocytes in the blood. Rapid proliferation leads to the symptoms of
malaria. To treat the symptoms, a drug must attack the blood stage
of the parasites. Finally, some of the parasites develop into gameto-
cytes. When gametocytes are taken up by a mosquito during a
blood meal, they develop into new parasites within the mosquito,
ready to infect the next victim. Killing the gametocytes could
block transmission of malaria. Due to the complex biology and
the complicated parasite life cycle the hurdle for one single agent
to achieve all the tasks simultaneously is very high. As of today,
novel treatment regimens therefore will be combinations of two
or more components whose properties must be optimised for the
specific purpose. For example, treatment of pregnant women and
children requires highest safety standards. As malaria is predomi-
nantly occurring in poor areas of the world, where co-infections,
often with HIV are common, drug—drug interaction potential has
to be closely monitored. In addition, the molecules need to be
chemically stable, easy to handle and cost of goods must be cheap.

2. The Collaboration - How did it start

At the beginning of Actelion in 1999 the founders decided to
focus on two families of targets, representing the two legs the re-
search organisation should stand on. The first leg was G-Protein-
Coupled Receptors, where drugs such as Macitentan (Opsumit®),
Ponesimod (Ponvory®) or Daridorexant (NDA filed) were identi-
fied. The second leg was aspartic proteases as targets. The most
interesting aspartic protease targets at that time in the industry
were HIV protease or renin, then beta-secretase (BACE). We
were very interested in renin as a cardiovascular target. In order
to generate experience with the target class and gain experience in
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technology related to expression, purification and crystallisation
of aspartic proteases, we started to work on plasmepsin I (PMII),
an aspartic protease found in the malaria parasite. We worked on
this target educating master students from different universities
in Switzerland, France and Germany, in the medicinal and high-
throughput chemistry labs. Once interesting inhibitors of PMII
were identified, we contacted the Swiss TPH to investigate our
PMII inhibitors in their red blood cell (RBC) based phenotypic
malaria parasite in vitro assays. The experience was quite sober-
ing. Our enzyme inhibitory activity never really translated into
antiparasitic activity in the RBC assay. We and others learned that
inhibiting PMII in presence of several other plasmepsins in the
parasite did not harm the parasite. It became obvious that one
would have to inhibit multiple plasmepsins to kill the parasite. We
therefore stopped this project but decided to continue our collabo-
ration with the Swiss TPH in the field of antimalarials and started
the project again in a completely different manner.

2.1 The Industrial Perspective — The Academic
Perspective
In this collaboration, we from the industry side (Actelion

Pharmaceuticals at the time, Idorsia Pharmaceuticals now) and we

from the academic side (Swiss TPH, University of Basel) made

the following key learnings:

* In the extreme specialist field of malaria research, the aca-
demic specialists are key in developing an understanding of
the biology, the mode of action investigations, the target iden-
tification efforts, the in-depth characterization of the drug in
preclinical development (activities on the different parasite
stages, comparative data generation with marketed antimalar-
ials, characterization of the drug in humanized mouse models,
resistance development frequency assessment).

e With respect to medicinal chemistry optimization and DMPK
characterization of potential drug candidates, the industrial
partner are the specialists. The infrastructure at the university
in these areas is not comparable and not competitive to what
industry can offer.

e All aspects of production of drug substance and drug product
have to be led and guided by the industry partner.

e Phase I and Phase II clinical development activities were
driven by the industry partner.

e Switzerland has a long-standng commitment to international
cooperation and hosts, e.g. the WHO since 1946, the Red
Cross since 1863 and more recent organizations such as the
Medicines for Malaria Venture (MMYV, since 1999) or the
Drugs for Neglected Diseases Network (DNDi, since 2003).
Swiss TPH is used to collaborate with those organizations
since its foundation in 1943 and provides as such a solid net-
work to advance drugs in the field of malaria, for example.l’

* A collaboration can only be effective if all IP aspects are
agreed on early. The situation is easy in fields where not much
profit can be envisaged.

2.2 The New Attempt

We decided to perform a screen of 5000 randomly selected
compounds from the Actelion screening compound collection in
an erythrocyte-based phenotypic assay against the chloroquine-
resistant K1 strain of Plasmodium falciparum at the Swiss TPH.
We identified several hits, among them the phenylalanine based
compound 1 (Fig. 2). Compound 1 is very attractive as a start-
ing point for lead optimization as it already exhibited significant
activity (IC50 K1 alb = 3.8 nM) in the RBC assay. In addition,
it offers immediately seven areas to be investigated during lead
optimization.

The influence of the chirality of the amino acid needs to be
clarified (A). The active enantiomer exhibiting the chirality of the
natural amino acid would be an advantage, certainly for the cost

of goods. The question if the phenylalanine core can be replaced
by other amino acids (a)) needs clarification and if the phenyl-
alanine remains, investigation of potential substitution patterns
on the phenyl ring will have to be done. The piperazine moiety
(B) immediately triggers ideas for variations (e.g. ring size; open
chain analogues) and the benzyl amine unit (b)) asks for investiga-
tion of heteroaromatic replacements and substitution patterns at
the aromatic ring and to check if the basic nature of the piperazine
N-atom is required or if amide formation or lactam formation is
tolerated. The pentyl-benzyl moiety (¢)) inspires many ideas for
replacements, certainly the pentyl chain should immediately be
replaced by more drug-like substituents. The cinnamic acid moi-
ety (C) raises the question of the importance of the C=C double
bond for activity and with respect to safety, the potential reactivity
as a Michael acceptor needs to be clarified. It also has to be inves-
tigated if the phenyl ring (d)) can be replaced by heteroaromatic
systems as well as the substitution pattern has to be clarified.

a)

Cc A

io

X N ©
d)

[:j‘iB

c) 1 b)

Fig. 2. Phenylalanine based screening hit from phenotypic RBC assay

An important aspect in antimalaria drug discovery is the cost
of goods. As can be seen in Fig. 3,4l the chemical accessibility of
compound 1 and its derivatives is simple and straightforward. This
is an important advantage. The synthesis was started by coupling
the Boc-protected phenylalanine (2) with benzylpiperazine (3)
applying standard peptide bond forming conditions, followed by
Boc-cleavage with TFA in dichloromethane to obtain compound
4. The use of HCI in dioxane to cleave the Boc group often re-
sulted in the decomposition of the piperazinyl-amide. Derivative
4 was transformed into compound 6 in a reductive amination reac-
tion with the substituted benzaldehyde S using dichloromethane
or acetonitrile as a solvent and sodium tri-acetoxy borohydride
as the reducing agent. In order to obtain the final compound 1,
precursor 6 was reacted with a cinnamic acid derivative 7 in a
simple acylation reaction. Details on the synthetic procedures can
be found in the patent literature.5! Following this general strategy
(sometimes changing the order of the steps), we prepared approxi-
mately 5000 compounds by students during their master thesis,
over about seven years.

The final compounds were tested for inhibition of parasite
growth in RBCs infected with the P. falciparum parasite strain K1
(chloroquine resistant) and/or with the chloroquine-sensitive strain
NF54. Our compounds were active against chloroquine-resistant
as well as -sensitive strains, as both assays produced comparable
results. Parasites were cultured in vitro according to Trager and
Jensen.[®l IC50 values were determined by measuring incorpora-
tion of the nucleic acid precursor [3H]hypoxanthine after 72 hours
of incubation.781 IC50 values were usually determined in the pres-
ence of 0.5% Albumax (a serum substitute corresponding to a final
assay concentration of 10% bovine serum albumin).
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Fig. 3. Synthesis of screening hit 1 to illustrate the general accessibility
of the phenyl-glycine based derivatives.

Depicted in Fig. 4 is the small cluster of compounds, with
closely related chemical structures, initially prepared for a com-
pletely different project, which were all identified as hits in the
phenotypic antimalarial screen. This added confidence to the re-
sults and gave firstinsights into the Structure-Activity Relationship
(SAR). Varying the position of the substituent of the phenyl ring
of the cinnamoyl moiety, pointed out that substitution of the para
position resulted in more active compounds (1, 10) as compared
to the meta-substituted analogues (8, 11) and the ortho-substituted
derivative 9.
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Fig. 4. Hit cluster with initial SAR on cinnamic acid substitution.

A question of key importance was the influence of the chiral-
ity of the phenylalanine core on antimalarial activity. In view of
cost of goods, a necessity of unnatural amino acid chirality for
antimalarial activity could be an immediate showstopper.

The two compounds 12 and 13, depicted in Fig. 5 differ only
by the chirality of the phenylalanine core and indicate that the
naturally occurring S-configuration present in 12 results in the
compound exhibiting significantly higher antimalarial activity as
compared to 13 with the unnatural R-configuration present in the
amino acid core, being almost inactive.

Next questions we wanted to answer were the importance of
the C=C double bond, the length of the linker between the aryl
moiety and the N-terminus of the core phenylalanine and also
the importance of the aryl moiety for antimalarial activity. A few
relevant datapoints are summarized in Fig. 6.

In the examples given in Fig. 6 we also replaced the originally
present n-pentyl substituent with a pyridine ring as a step toward
better molecular properties. Substantial activity can be retained by
replacing the C=C-double bond with a single bond as can be seen
in 14. The addition of a methylene moiety to a C3-linker resulted

(@] ke :
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IC50K1 alb: >100 nM

e

12: S-chirality, natural AA
IC50K1 alb: 13 nM

Fig. 5. Impact of the chirality of the amino acid core on inhibitory activity.
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Fig. 6. Removal of the cinnamic acid C=C-double bond.

in a loss of activity (15). The indane system, used as a rigidi-
fied C3-linked analogue (16) resulted in a further loss of activity.
Replacing the phenyl ring by a cyclohexyl ring (17) or complete
removal of the phenyl ring and leaving a butyl chain (18) both had
negative consequences on antimalarial activity. This investigation
pointed out that we needed an aromatic ring system linked by
a C2-linker via an amide bond to the amino acid core to obtain
highly active compounds. We can play with hydro cinnamoyl and
cinnamoyl moieties in this part of the molecules.

Next, we describe a summary of replacements we investigated
for the n-pentyl-benzyl moiety present in the initial hit cluster de-
picted in Fig. 4 and keeping the rest of the molecules constant as
found in compound 1 except that we worked with S-chirality of the
amino acid core and avoided racemates. A selection of results is
given in Fig. 7. In these investigations, we realized that our screen-
ing assay, using Albumax as culture medium supplement, suffered
from limitations. Binding of our compounds to serum components
reduced the free compound concentration in the assay and resulted
in an overestimation of the compound’s potency in the absence of
serum components. The assay environment was therefore opti-
mized by adding 50% of human serum (final assay concentration)
to the media. Under these conditions, the relevance of the physi-
cochemical properties of our compounds for antimalarial activity
was significantly increased. The results became more meaningful
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for subsequent planning of in vivo experiments based on in vitro
results. In antimalarial drug discovery, in vivo experiments are usu-
ally performed in mice infected by the naturally occurring rodent
malaria parasite P. berghei and not by P. falciparum, which infects
only humans. Therefore, we developed an in vitro assay to deter-
mine the activity of our compounds toward the rodent malaria para-
site P. berghei. This assay was done in Albumax-containing media
and had an incubation time of 24 h. We learned that our antimalari-
als were less effective against the murine P. berghei parasites than
against the human parasite strains. This compelled us to work with
a humanized P. falciparum SCID mouse model to generate relevant
in vivo assessments of our best compounds.

ICsp values in nM

Klalb  Kiser NF54alb NF54ser P berghei

19 NC\>_© - 05 87 20 >20 27
20 G_Q - 11 63 37 32
=N

>200

21 7N - 0.9 18 3.8 >20 ND
N=
22 NN - 0.4 10 22 26 29
o,
23 N N - 0.9 5.2 52 28 112
J
24 Jd N - 4.8 34 36 >100 ND
s

25 HOh\O—Q - 34 70 26 243 ND
* NC\>4°©” 15 1
Fig. 7. Replacement of the n-pentyl-benzoyl moiety.

In general, all compounds depicted in Fig. 7 exhibited signifi-
cant antimalarial activity under Albumax conditions, against the
K1 as well as against the NF54 parasite strain. Moving toward
the serum assay conditions, for each parasite strain a loss of ac-
tivity was observed. As discussed, the activity of our antimalari-
als against the murine P. berghei strain was reduced, which is
confirmed with all compounds summarized in Fig. 7. This was
a rather surprising finding, as most of the modern antimalarials
exhibit similar potency against the human and rodent parasites.

The data given in Fig. 7 were interpreted taking the diverse
assumptions explained above into account. We did not only want
to see low absolute antimalarial potency but also low shift fac-
tors between the assay conditions.

Taking this into account, compound 23 was the most inter-
esting compound for us exhibiting shift factors of 5 to 6 between
the Albumax and the human serum conditions, combined with
very good antimalarial potency. We started to check the com-
pounds for their cytochrome inhibition. Compound 23 resulted
in an unproblematic CYP3A4 inhibition of 8.4 uM with testos-
terone as a marker substrate, as compared to e.g. 19 exhibiting
sub-micro molar potency in the CYP3A4 inhibition assay, due
to the 4-pyridyl moiety presentin 19. This could be prevented by
introducing a substituent next to the pyridyl-N-atom as shown
in 22, resulting in an improved CYP3A4 inhibition value of
5.3 uM. For further investigations we therefore often focused on

the 4-N-acetylpiperazine-substituted benzyl group as present
in 23.

We clarified the question of the optimal substitution posi-
tion of the benzyl ring by preparing a few meta- as well as or-
tho-arranged bis-aryl and related systems (results not depicted
here). This investigation confirmed that the para-arrangement
always resulted in significantly more active derivatives. In ad-
dition, a broad investigation on the substitution pattern of the
aryl and heteroaryl moiety of the cinnamic acid was performed
and the detailed results were published elsewhere.[*l Most in-
teresting results were obtained with a trifluoromethyl, a t-butyl
Or an iSo-propoxy group in para-position.

We also did extensive SAR work on the phenylalanine
core by replacing the phenyl ring with heteroaromatic systems
such as different pyridyl, pyrimidinyl, pyridazinyl isomers or
5-membered heteroaromatic groups such as pyrrolyl, pyrazo-
lyl, imidazolyl or isoxazolyl as well as saturated heterocycles
such as piperidinyl, morpholinyl or piperazinyl. None of these
replacements resulted in significant advantages and were there-
fore not further pursued. In Fig. 8 (compounds 27 to 29) the
results of a fluorine scan at the phenyl ring of the phenylalanine
core are summarized. No advantage of additional substitution
on the amino acid core phenyl ring was identified. The natural
phenylalanine still resulted in the best compounds. This clearly
is an advantage with respect to cost of goods.

ICsp values in nM

Compd R Klalb  Kiser NF54alb NF54ser P berghei
F
27 @ <7.8 84 8.6 20 >100
28 ©\ <78 168 16 32 >100
P F
<7.8 69 49 >20 135

Fig. 8. Fluorophenylalanine derivatives.

Fig. 9 depicts a representative summary of the variations per-
formed at the benzyl-piperazine part of the initial hit. Compounds
30 and 31 revealed that an electron-withdrawing substituent in
the para-position of the phenyl ring had a positive effect on an-
timalarial activity, which disappeared when the nitrile substitu-
ent was put in meta-position. Compound 32, bearing a chlorine
atom in para-position resulted in lower activity and a tendency
for a higher shift between the Albumax and the serum condi-
tions, especially in the NF54 assay. Compound 33 showed that
polar substituents are tolerated in this area. We further profiled
this compound but it turned out to be less convincing compared
to ACT-451840.141 The benzoyl derivative 34 was significantly
less potent as compared to the basic amine analogues, especially
under human serum containing assay conditions. Acylation was
not further pursued. Replacing the phenyl ring with small alkyl
units with a polar head group (35, 36) resulted in less active anti-
malarials as well as increasing the linker length by an additional
methylene group as depicted for compound 37.

Further optimization work by combining identified substitu-
ents leading to attractive activities and properties finally resulted
in the selection of 38 (ACT-451840) as the compound we wanted
to further characterize and define if it qualified as a clinical de-
velopment candidate (Fig. 10).
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Fig. 9. SAR on the benzylpiperazine part.

ICsp values in nM

NF54 alb NF54 ser P berghei

(\N N
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o._N
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Fig. 10. In vitro data for compound 38 (ACT-451840). Selected DMPK
parameters (in vivo data generated in rats; 10mg/kg p.o. and 1mg/kg
i.v.); CL = 57 mL/(min*kg); Vss = 7.6 L/kg; t1/2 = 2.3 h; AUCp.o. = 1270
ng*h/mL; AUCi.v. = 291 nf*h/mL; Cmax = 288 ng/mL; tmax = 0.5 h; F
=44%; HLM CLint = 267 mL/(min*kg); RLM CLint = 111 mL/(min*kg);
hPPB = 99.9; rPPB = 99.9.

3. DMPK Assessment of ACT-451840 (Compound 38)
With respect to in vitro antimalarial activity, 38 showed excel-
lent potency against the CQ sensitive NF54 parasite strain with 0.4
nM under albumax conditions and 6.7 nM in the presence of 50%
serum. We selected interesting compounds based on the NF54 as-
say data for technical reasons. This assay resulted in more relevant
anti-malarial activity as compared to the K1 assay, where our com-
pounds usually behaved more efficacious. Also 38, as seen with
previous compounds, showed a reduced potency towards the mouse
malaria strain P. berghei. In the human liver microsomal (HLM)
assay, the Clint value was in the same range as the value obtained
in the rat liver microsomal (RLM) assay. In vitro-in vivo-estimation
(IVIVE) would therefore predict higher clearance in humans as
compared to rats. The half-life (t ) after intravenous (i.v.) admin-
istration was 2.3 h which fits well with a medium to high clearance
compound. The volume of distribution (Vss) is above total body
water, indicating high tissue distribution and limited concentra-
tions in the systemic compartment. This is consistent with the rather
high molecular weight and the resulting lipophilic character of 38.
Plasma protein binding (PPB) was high for humans as well as for
rats. The oral bioavailability is often limited by high clearance. The
rather high rat bioavailability of 44% for 38 was not completely
understood. Our DMPK characterisation work in this project result-

ed in the impression that working with compounds at the edge of
the guideline of five, for example having more than one parameter
above the given upper limits, increases difficulties in ‘predicting’
in vivo PK behaviour.[! Based on the pharmacology obtained with
38, we have shown that larger molecules may still have a potential
of becoming drugs, but rational approaches are more difficult under
these circumstances. We investigated 38 in in vivo pharmacology
experiments under various dosing regimens in P. berghei infected
mice. The results are summarized in Table 1. The dose-escalating
experiments with single doses from 10 to 60 mg/kg indicated that
38 started to exhibit significant anti-malarial effects (parasite reduc-
tion) in vivo at 20 mg/kg. Repeated administration on three con-
secutive days resulted in curative activity at a dose of 300 mg/kg
and significant antimalarial effects were seen already at 100 mg/
kg. Compound 38 showed excellent reduction in parasitemia at
30 mg/kg, resulting in 99.80% activity.

Table 1. In vivo antimalarial activity data for 38 (ACT-451840) in mouse
experiments.2

Dose Admini- Para- % of Activity Survival
[mg/kg] stration sitized Control [%] days
Repeats RBC/100
100 1x° 0.29 0.79 99.2 9.7
60 1x¢ 0.1 0.37 99.6 12.7
30 1x¢ 0.83 3.11 97 8.7
25 1x° 2.6 9.71 90 6.7
20 1x¢ 6.37 23.77 76 7.0
15 Ix¢ 16.33 60.99 <40 3.0
10 Ix¢ 23.80 88.87 <40 3.0
300 3x 0.17 0.39 99.6 30.0°
100 3xd 0.15 0.35 99.6 26.7
30 3xd 0.10 0.23 99.8 13
10 3x 28.63 67.75 <40 4.0
3 3x 50.98 120.65 <40 4.0

*Three mice per experiment;
®Compound was formulated in [Tween-EtOH]/water
(10:90) and administered p.o.;
¢Compound was formulated in corn oil and administered p.o.;
dRepeated administration was on consecutive days;
30 days survival is considered as cure

4. Preclinical and Clinical Results of ACT-451840
(Compound 38)

Based on the data generated so far with 38 it was decided to se-
lect the compound for full preclinical development.l'% Compound
38 showed excellent activity against several CQ-resistant as well
as CQ-sensitive P. falciparum strains. It exhibited a low frequency
of resistance development and a fast onset of action in vitro as
well as in vivo as described above in the P. berghei mouse experi-
ments and in a model of P. falciparum in humanized SCID mice
at GSK in Tres Cantos, Spain.l'!l Escalating oral dosing on four
consecutive days showed a rapid onset of action and an effective
dose resulting in 90% antimalarial activity (ED, ) of 3.7 mg/kg,
being similar to that of chloroquine after oral quadruple-dosing
in this model (ED,: 4.9 mg/kg). In the P. berghei infected mouse
experiment, administration of 300 mg/kg of 38 on three consecu-
tive days, resulted in cure and giving an ED, value of 13 mg/kg.
The almost 4x difference in ED,, values is likely due to the lower
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in vitro activity of 38 against the P. berghei parasites versus the
P. falciparum parasites. It was shown that the compound was
active against all asexual erythrocytic stages of P. falciparum
(i.e. rings, trophozoites, schizonts) and blocked gamete forma-
tion (gametocytocidal effect), which very likely explains the ob-
served transmission-blocking effect of 38. The compound nei-
ther exhibited CNS side effects nor cardiovascular side effects
and no genotoxicity nor local gastrointestinal toxicity.

In Phase I clinical trials, 38 was administered as single doses
of 10, 50, 200 and 500 mg to healthy male subjects to assess
safety, tolerability and pharmacokinetics.l'?l The effect of food
on the PK parameters was also studied in the 200 and 500 mg
dose groups. The compound was well tolerated across the whole
dose range. Under fed conditions, the AUC (1408 ng*h/ml) was
approximately 13 times higher than under fasted conditions.
The drug’s half-life of approximately 34 h was not affected by
food whereas Tmax was 3.5 h under fed conditions and only 2
h under fasted conditions. Compound 38 has then been tested
under fed conditions at a dose of 500 mg in an experimental
human malaria infection model, in a clinical trial developed by
Medicines for Malaria Venture (MMYV) and QIMR Berghofer
Medical Research Institute in Brisbane, Australia.l!3] With this
experiment, the rapid onset of action of 38 as well as its gameto-
cytocidal effect could be confirmed. To clarify the compound’s
potential to function as an artemisinin surrogate in ACTs, further
investigations are needed. Even though a food effect has been
detected and the doses of 38 required for full efficacy are at the
high end, the compound remains interesting due to its mode of
action distinct from the peroxide antimalarial drugs. It might
therefore be useful in overcoming the resistance issues recently
observed with these drugs.[2!

5. Conclusion

Inacollaborative effort between the Swiss TPH and Actelion/
Idorsia Pharmaceuticals Ltd we were able to identify attractive
starting points in a phenotypic antimalarial assay which we op-
timized over the years and finally culminated in the selection
of ACT-451840 (38) as a compound for further development.
In preclinical investigations we could show cure of P. berghei
infected mice and an excellent outcome in a humanized SCID
mouse model of P. falciparum. Further investigations confirmed
that the compound acts via a novel mechanism of actionl14.15]
and showed favourable fast onset of action. Broad in vitro and
in vivo characterization resulted in activity over a broad range
of malaria parasite strains, favourable behaviour with respect to
cross resistance and a potential for blocking transmission among
other positive aspects.l!9 In phase 1 clinical studies, the com-
pound showed good safety and tolerability, a rather short Tmax
and a reasonable t . Unfortunately, a rather strong food effect
was identified, resulting in more than 10-fold higher exposure
in the fed state as compared to the fasted state. A similar food
effect has been seen with other lipophilic antimalarial drugs,
e.g. lumefantrine.l'®) Compound 38 was finally investigated in
an experimentally induced blood stage malaria clinical trial to
characterize its antimalarial activity. The compound showed
clinical efficacy against P. falciparum infections. The PK/PD
model enabled prediction of therapeutic effects with cure rates
equivalent to artesunate monotherapy, with seven daily doses.[13]
Our exciting journey to ACT-451840 is an impressive example
of what can be achieved in an industry-academia collaboration
in the field of neglected diseases. Malaria is a highly complex
disease as the parasite life cycle is partially in humans and par-
tially in the Anopheles mosquito. Drug discovery and devel-
opment for malaria needs the academic expertise in parasite
biology, the access to clinical studies via the MMV and can
profit from the industrial expertise in lead optimization toward
clinical candidates.
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