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ABSTRACT

In the first part of this account, the antimalarial drug artemisinin
is presented, and the current hypotheses on the mechanism of
action of this endoperoxide-based drug are reviewed. The alkylating
ability of artemisinin and synthetic analogues toward heme related
to their antimalarial efficacy are underlined. Some possible ways
for discovery of new drugs, especially the design of trioxaquines,
new active molecules recently patented that have been prepared
by covalent attachment of a trioxane residue having alkylating
ability to a quinoline moiety known to easily penetrate within
infected erythrocytes, are presented.

Introduction

The world population is exposed to three major infectious
diseases: tuberculosis, AIDS, and malaria. There is an
urgent need to develop new efficient drugs to cure these
diseases because of the increasing resistance of Mycobac-
terium tuberculosis, HIV, and the malaria parasite to
classical drugs. Malaria was successfully reduced after
World War 1l because of the easy access to a cheap
insecticide, such as DDT, and readily available drugs, such
as chloroquine and, later, mefloquine (two mimics of
quinine, the natural antimalarial drug extracted from the
bark of the cinchona tree, Figure 1). These drugs were
highly efficient against the different species of the malaria
parasite, including Plasmodium falciparum, responsible
for severe malaria (four different species of the parasite
are responsible for the contamination of 200 million
people and the death of more than 1 million people each
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FIGURE 1. Quinoline-based antimalarial drugs: quinine, chloroquine,
and mefloquine.
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year: Plasmodium vivax, Plasmodium malariae, Plasmo-
dium ovale, and Plasmodium falciparum).? Malaria is
transmitted by inoculation of sporozoites during the bite
of an infected female Anopheles mosquito. The parasite
invades and develops within hepatocytes to release mero-
zoites, which quickly invade erythrocytes to grow from
“rings” to mature trophozoites, then to schizonts, and
finally to release merozoites that invade more erythrocytes®
(Scheme 1). The multidrug-resistant falciparum malaria
is now widespread in many tropical countries. In addition,
the spread of malaria is also dependent on the increase
in the total population, the development of transportation
and migrations, and finally, climate modifications related
to global warming. These different aspects of malarial
evolution allow the prediction of a major health problem,3®
not only in tropical countries but also in areas that used
to be affected by malaria, namely the southern parts of
the U.S. and of Europe. What are the possible weapons
to “roll back malaria” as demanded by the World Health
Organization (WHO) in 1998? Many different courses of
action are currently being explored, such as
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FIGURE 2. Structure of artemisinin and its derivatives.

(i) The Development of Drug Combinations To Over-
come the Antimalarial Resistance. This resistance can be
due to single mutations on parasite proteins (for example,
pyrimethamine or sulfadoxine*) or multigenic factors, as
for aminoquinoline derivatives.> The mechanism of the
widespread chloroquine resistance is still not completely
elucidated. Many genes have been invoked: cg2,® pfmdr,
a mdr-like gene,” and more recently, pfcrt.®

To prevent drug resistance, a combination of drugs
having different modes of action has been developed in
antituberculosis therapies, cancer chemotherapies, and
more recently, for antiretroviral treatments. In the case
of malaria, several combinations of different drugs are
used: quinine/tetracycline, pyrimethamine/sulfadoxine,
chloroquine/proguanil, atovaquone/proguanil, and chlor-
proguanil/dapsone, artemisinin derivatives with meflo-
quine or benflumetol.®

(ii) The Search for an Effective Vaccine against Malaria
That Would Protect Nonimmune Individuals from the
Disease. Twenty years of antigen identification and gene
cloning and expression have produced many vaccine
candidates.' But there are many difficulties in the elabo-
ration of malaria vaccines: none of the available in vitro
assays is predictive of functional immunity in vivo, and
the cycle of the malaria parasite is complex, the several
stages in humans are morphologically and antigenically
distinct, and immunity is stage-specific. Then multivalent
antigen vaccines are required. Hybrid proteins that con-
tains sequences from a number of asexual blood-stage
antigens or sporozoite and merozoite antigens have been
produced and are currently being evaluated.'®° The vaccine
approach will benefit from the complete sequencing of
the entire genome of P. falciparum. DNA vaccines are
currently under investigation.!!

(iii) The Genomic Approach. The complete sequencing
of the genome of P. falciparum is now close to comple-
tion.'? This work will undoubtly reveal many genes that
code for yet unknown proteins that may be new candi-
dates for vaccine development or targets for new enzyme
inhibitors.

(iv) The Search for New Antimalarial Drugs. Soon,
because of the troublesome evolution of the disease (WHO
is predicting that the number of people suffering from
malaria will double by the year 2010 in the absence of
new antimalarial strategies), there is an urgent need for
the discovery of cheap, well-tolerated, oral-efficient drugs
to fight chloroquine-resistant strains of P. falciparum. The
search of new antimalarial drugs can be efficiently guided
by considering that free heme within the food vacuole of
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the parasite is a key pharmacological target. Many anti-
malarial drugs are active only on the erythrocytic forms
of Plasmodium when the parasite is digesting between 25
and 80% of the 5 mM concentration of hemoglobin within
erythrocytes to use the resulting amino acids.®®* The
released free Fe(ll)-heme, which is able to generate a
strong oxidative stress, is potentially toxic for the para-
site: Fe(ll)-heme can be oxidized by molecular oxygen,
leading to superoxide anion, to hydrogen peroxide, and
then to hydroxyl radicals via heme-catalyzed cycles in-
volving reductants, such as glutathion or NAD(P)H, both
present in high concentrations within erythrocytes. The
polymerization of the released heme to hemozoin assisted
by the parasitic histidine-rich protein (HRP) is the means
for Plasmodium to avoid the heme-mediated oxidative
stress.'*15 Chloroquine has a high affinity for ferric heme
(Kg = 3.5 nM) as a result of a strong m-stacking between
the quinoline ring and the porphyrin macrocycle.’® We
will see below that the released heme is also one of the
main targets of endoperoxide-containing drugs, such as
artemisinin derivatives. The specificity of heme-targeted
antimalarial drugs is due to the absence of free (or easily
accessible) heme in normal erythrocytes.

The present review is focused on the mechanism of
action of artemisinin, a peroxide-containing drug. The
preparation of new antimalarial agents named “triox-
aquines” will be also briefly reported.

Artemisinin and its Derivatives. Among the molecules
that emerged over the past three decades as antimalarial
drugs, artemisinin has a peculiar structure (Figure 2). The
potential value of this sesquiterpene (from decoctions of
leaves of Artemisia annua) has been used in traditional
Chinese medicine for the treatment of fevers for more
than 2000 years."18 Artemisinin is present in 0.01 to 0.8%
of the leaves dry weight.*® This trioxane is highly active
against multidrug-resistant strains of human malaria and
is recommended for the chemotherapy of cerebral malaria
(severe malaria, the encephalitis responsible for fatal
issues). Artemisinin is absorbed rapidly, the peak plasma
concentration is reached within 1-2 h, and the elimina-
tion is fast, the half-life time of the drug being 2—3 h.?0
Semisynthetic analogues of artemisinin, artemether, and
artesunate (Figure 2), are currently used in the curative
treatment of life-threatening infections with P. falciparum.
These compounds are well-tolerated, and no major side
effects are observed in patients.?%?? It is now the WHO’s
policy to develop the use of these artemisinin derivatives
as first-intention drugs to treat severe malaria. Another
key advantage of these endoperoxide-containing antima-
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larial agents is the absence of drug resistance. When
parasites are exposed to selection pressure within mice
infected by Plasmodium berghei, a low level of resistance
has been observed which disappears as soon as the drug-
selection pressure is withdrawn.?® Remarkably, the intro-
duction of artemisinin derivatives in routine treatment in
some areas of Southeast Asia was associated with a
significant reduction of falciparum malaria. However, the
poor pharmacokinetic parameters of this natural com-
pound make necessary the development of new synthetic
endoperoxide-based antimalarials based on the under-
standing of the mechanism of action of artemisinin at the
molecular level.

Current Hypotheses on the Mechanism of Action of
Artemisinin. Artemisinin and its derivatives are toxic to
malaria parasites at nanomolar concentrations, but micro-
molar concentrations are required for toxicity to mam-
malian cells. One reason for this selectivity is the enhanced
uptake of the drug by the parasite: P. falciparum-infected
erythrocytes concentrate [*H]-dihydroartemisinin and [**C]-
artemisinin to a >100-fold higher concentration than do
uninfected erythrocytes.'” An artemisinin derivative lack-
ing the endoperoxide bridge (deoxyartemisinin) is devoid
of antimalarial activity,?* indicating that this peroxide
function is the key factor of the pharmacological activity
of these trioxanes.

Oxidative Stress. An artemisinin-mediated oxidative
stress killing the parasite has been proposed on the basis
of in vitro experiments with infected human red blood
cells or with parasite membranes.?® In fact, the intraeryth-
rocytic activation of the drug peroxidic bond by iron(I1)-
heme produced during hemoglobin degradation should
generate radical oxygen species. In vitro, hemin catalyzes
the reductive decomposition of artemisinin and dihydro-
artemisinin.?® When incubated with normal erythrocytes,
artemisinin was shown to increase the concentration of
methemoglobin and to slightly reduce the intracellular
glutathione and membrane fatty acid concentrations,
resulting in a dose-dependent increase of cell lysis.?’
However, these experiments were made at concentrations
ranging from 50 to 1000 mM, that is, at doses 10° to 10°
times higher than effective in vitro drug concentrations.
Actually, the parasite death in the presence of artemisinin
is probably not due to a nonspecific or random cell
damage caused by freely diffusing radical oxygen species,
but might involve specific radicals and targets which have
yet to be identified at the molecular level.?8

Acid-Mediated Opening of the Peroxide Bridge. Recent
articles proposed an acid-mediated opening of the per-
oxidic function of artemisinin, generating a hydroperoxide,
the source of an electrophilic oxygenating species. Such
an endoperoxide opening has been produced in vitro by
sulfuric acid-impregnated silica gel.?® However, artemisi-
nin was recovered unchanged after incubation with 10%
aqueous acetic acid (pH 2.1) during 18 h at 37 °C.3%
Artemisinin derivatives are also highly stable as a suspen-
sion in simulated stomach acid (hydrochloric acid pH 2
at 37 °C).3% In these conditions, the half-life of artemisinin
is 24 h, far longer than its half-life in humans. Further-

more, an artemisinin derivative without lactone at C10
(i.e., deoxoartemisinin) was found to be 10 times more
stable than artemisinin itself. This clearly indicates that
(i) the lactone ring is much more acid-sensitive than the
peroxidic bond, and (ii) the biological activity of artemisi-
nin derivatives cannot be imputed to the acid decomposi-
tion of the peroxide.3%®

The Iron—0xo Route. The transfer of an oxygen atom
from the peroxide function of artemisinin to a chelated
iron ion to generate an Fe(IV)=0 species has also been
proposed.1”1831 The Raman resonance spectra proposed
as “direct evidence for a heme ferryl intermediate” exhibit
a signal/noise ratio below 2.3 Metal—oxo RR signals have
signal/noise ratios as high as 10, 20, or more when they
undoubtedly exist.3® Furthermore, most of the experiences
supporting the iron—oxo hypothesis, namely, the radical-
chain aromatization of hexamethyl Dewar benzene,** the
sulfide oxidation to sulfoxide, and the allylic hydroxylation
of tetrahydronaphthalene, can be performed by efficient
one-electron oxidants. To check the possible generation
of a high-valent metal—oxo species using artemisinin as
the oxygen atom donor, we tried to epoxidize reactive
olefins, such as cyclohexene® and 3,4-dihydro-2H-pyran3®
with artemisinin associated with manganese(lll)-tetraphe-
nylporphyrin. No conversion occurred after several hours.
Alternatively, when artemisinin was replaced by NaOClI,
a very efficient oxygen-atom donor in metalloporphyrin-
catalyzed epoxidations,®” we observed a complete conver-
sion for both cyclohexene and dihydropyran in a few
minutes.®® The oxygen atom transfer from artemisinin
peroxide to create an iron—oxo species with epoxidizing
ability was also unsuccessfully investigated with FeCl,.38
These results confirmed that artemisinin, with its rather
symmetrical O—0 bond, is not an efficient oxygen atom
donor. Only peroxides with a good leaving group, such
as KHSOs, are able to transfer an oxygen atom on a
metalloporphyrin in order to generate a high-valent
metal—oxo species. The differences between oxidations
involving metal—oxo species and autoxidation reactions
has been pertinently reviewed by Ingold.%®

The Target(s) of Artemisinin. When artemisinin or other
active trioxanes were incubated at pharmacologically
relevant concentrations within human red blood cells
infected by P. falciparum, a heme-catalyzed cleavage of
the peroxide bond was reported to be responsible for the
alkylation of heme*® and a small number of specific
parasite proteins, one of which has a molecular size
similar to those of a histidine-rich protein (42 kDa).*®
Another possible target protein is the P. falciparum
translationnally controlled tumor protein (TCTP).*! Arte-
misinin may also be involved in the specific inhibition of
malarial cysteine protease activity.*? Furthermore, the
incubation of purified hemozoin with artemisinin at a pH
value close to that of the parasite vacuole (pH = 5),
resulted in the loss of hemozoin, indicating that hemozoin
may be dismantled by drug interactions, leading to the
building up of the free heme pool.*?

Alkylation Reactions. The importance of alkylating
species generated by the homolytic cleavage of the arte-
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FIGURE 3. General reactivity of artemisinin after reductive activation of the endoperoxide function (reactions also observed with synthetic
trioxanes). 2 Most of the route 2 is inspired from ref 19. ? Ref 29. ¢ Ref 50.

misinin endoperoxide function, in particular the alkyl
radical centered at position C4 of artemisinin or related
trioxanes, was earlier proposed by Meshnick and Posner.*

Product analyses in model studies using either iron(ll)
salts or iron— or manganese—porphyrin complexes sup-
port the formation of alkoxyl radicals (2 and 5, Figure 3)
after reductive activation and homolysis of the peroxidic
bond. These radicals quickly isomerize to produce the
alkyl radicals 3 and 6 via a C—C f-scission or a 1,5 H-shift,
respectively, although the distance for the H-atom transfer
from C4 to O1 probably exceeds the critical limit distance
of 2.1 A for such migration.* Release of iron(ll) from the
C4-centered radical 6 produces the intermediate 3,4-
epoxide 8 first postulated3! and later isolated in low yield.*®
The intramolecular attack of the hydroxyl of 8 on C3
induces the epoxide ring opening, giving rise to the 3o.-
hydroxy-deoxyartemisinin 9. The deoxyartemisinin 7 may
be produced from 6 by H-atom abstraction and Fe''OH
release. This compound, produced during the metabolism
of artemisinin,*8 is probably the result of an adventitious
enzymatic deoxygenation not related to the antimalarial
activity.®47 Route 1, namely the evolution of the alkyl
radical 3, may be interpreted as the loss of M'"" (M = Fe or
Mn), which generates the tetrahydrofuran derivative 4.
However, the nonsterically hindered radical 3 also exhibits
alkylating properties that have been evidenced by isolation
of covalent adducts either with synthetic metalloporphy-
rins used as heme models,*® with heme itself,*® or with
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cysteine or glutathione® via a thioether linkage (epoxide
8, route 2, may also be able to act as electrophilic agent
with alkylating ability). When artemisinin is activated by
hemin plus thiol in tetrahydrofuran or by ferrous chloride
in acetonitrile, route 1 is the major one, as compared with
route 2 (the amount of isolated compounds indicates a
ratio route 1/route 2 of 90/10 and 86/14, respectively,
in these cases)® and is the only one evidenced with
Mn'"TPP in dichloromethane.®® Route 2 becomes signifi-
cant only in the presence of iron(ll) bromide in tetra-
hydrofuran. Route 1 is also the major pathway for bio-
logically active trioxane derivatives, whereas route 2 is
more important with inactive trioxanes.5!

Heme and Heme Model Alkylation. Alkylation of heme
by artemisinin was first reported by Meshnick after
identification of heme—drug adducts by mass spectrom-
etry, but no structures were proposed for the resulting
covalent adducts.*® We investigated this crucial feature
of the reactivity of artemisinin with synthetic metallopor-
phyrins. Because of the variety of possible alkylation sites
on iron protoporphyrin-IX, we first studied the alkylating
activity of artemisinin with manganese(ll) tetraphenylpor-
phyrin, a synthetic metalloporphyrin having a fourth-order
symmetry and only the eight equivalent S-pyrrolic posi-
tions as possible alkylation sites. By reacting Mn""TPP with
artemisinin, artemether, or several synthetic trioxanes in
dichloromethane, chlorin-type adducts were formed by
reaction of the macrocycle with an alkyl radical generated
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FIGURE 4. Alkylation of manganese(ll) tetraphenylporphyrin by artemisinin or artemether.

by reductive activation of the drug endoperoxide.*® The
structure and mechanism of formation of the artemisinin-
and artemether-TPP adducts are reported in Figure 4. [The
reduction of the porphyrin macrocycle to a chlorin was
mediated by the borohydride used to generate Mn'"TPP
from Mn"'(TPP)CI. In the absence of a hydride able to trap
the cation generated at C3', a proton release at C2'
regenerates the porphyrin ring. This rearomatization of
the macrocycle is competitive with reduction by hydride,
and a mixture chlorin/porphyrin adducts was obtained
in the activation of the trioxane BO7 by Mn!'TPP4&°]

By studying a large series of trioxanes,*¢4852 it has been
possible to correlate the alkylating ability toward Mn''TPP
and the pharmacological activity: efficient drugs behaving
as good alkylating agents and most of the inactive drugs
being unable to alkylate the porphyrin ring. Furthermore,
it appeared that trioxanes bearing a bulky substituent on
the o face close to the endoperoxide (i.e., on the same
side of the endoperoxide with respect to the mean drug
plane) were inactive on infected cells and unable to
alkylate the macrocycle (Figure 5). These data confirmed
that (i) a close interaction between the metal center and
the peroxide bond is required, suggesting that this activa-
tion occurred through an inner-sphere electron transfer,
(ii) the alkylation ability that is crucial for the antimalarial
activity of artemisinin is a general feature required for the
biological activity of endoperoxide-containing antimalarial
drugs.

It was of particular interest to investigate the reactivity
of artemisinin toward iron''—heme itself, the biological
activating system and one of the expected targets. For this

purpose, iron(lll) protoporphyrin-IX dimethylester was
exposed to artemisinin in the presence of a hydroquinone
derivative (or a thiol) used as a mild reducing agent to
generate the iron(ll) heme. Heme was readily converted
in high yield to heme—artemisinin adducts.*®® The de-
metalation of this mixture of three adducts to facilitate
the NMR characterization indicated that the a, 5, and o
meso carbons were alkylated (Figure 6).4°® Heme—arte-
mether adducts were also obtained.*%

No bis-alkylated adducts could be obtained, either with
heme or with the heme model Mn'"TPP, not even in the
presence of an excess of drug, although the metal center
is expected to keep its redox properties after the first
alkylation. That means that a bulky drug-derived sub-
stituent at the periphery of the macrocycle precludes the
close interaction of a second drug molecule required for
bis-alkylation.

The artemisinin chemistry generated by the monoelec-
tronic reduction of the peroxide bridge in the presence
of heme or models can probably be considered as a radical
chemistry occurring within a cage and, therefore, with a
relatively high selectivity. Such results suggest that the low
and transient concentration of free heme generated by
hemoglobin degradation in vivo is probably responsible
for the reductive activation of the endoperoxide function
of active trioxanes. This pathway generates alkylating
species, such as radical 3, and is likely to disrupt vital
biochemical processes of the parasite via alkylation of
biomolecules located in the close vicinity of the free heme.

The retention of configuration observed with drug-
derived chiral C-centered radicals®® suggests that alkyla-
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FIGURE 5. Activation of trioxanes by an inner-sphere electron transfer: possible correlation between pharmacological activity and alkylating

properties.

tion reactions are very fast, occurring within few nano-
seconds. Within 1-3 ns, a small organic molecule can
move over a distance of 8 to 14 A in a water solution at
room temperature.>® Such displacement is sufficient for
a C-centered radical generated by a free-heme molecule
to escape and alkylate an essential parasite protein located
in the close proximity of heme before being trapped by
molecular oxygen.

New Antimalarial Modular Molecules: “Trioxaquines”.
For reasons mentioned in the first part of this review, there
is an urgent need for highly effective, well-tolerated and
affordable antimalarial drugs. New targets have been
proposed. Drugs have been designed to inhibit the phos-
pholipid (PL) metabolism of infected erythrocytes, which
is specific. The malaria parasite needs large amounts of
phosphatidylcholine (PC) to grow and divide. The supply
of choline, vital for the parasite, is achieved via a choline
carrier. Quaternary ammonium and bis-ammonium salts,
designed as choline analogues, are highly active in vitro,
even against multiresistant isolates.>*

The free heme liberated in the parasite food vacuole is
an “old” but always attractive pharmacological target, the
most specific one since it comes from the hemoglobin
digestion by the parasite, that occurs only in infected
erythrocytes. Chloroquine and artemisinin are directed
toward this target. Many chemical modifications on the
chloroquine skeleton have been performed to obtain
molecules active on resistant strains: substitutions on the
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quinoline nucleus, variations on the side chain, synthesis
of bisquinolines, and more recently, introduction of a
ferrocenyl moiety.® Trioxane analogues of artemisinin
containing the crucial endoperoxide bridge have been
developped, but until now, none of them have been
successfully used in clinical trials.? In our group, we
decided to prepare new chimeric molecules by covalent
attachment of a trioxane moiety to a 4-aminoquinoline
entity.% These molecules, named trioxaquines (Figure 7a)
were designed according to the current knowledge of the
mechanism of action of artemisinin derivatives: they
combine in a single molecule a peroxidic entity acting as
a potential alkylating agent and an aminoquinoline known
to easily penetrate within infected erythrocytes. Better
than a simple combination of an aminoquinoline with a
short-life trioxane, this “covalent bitherapy” is expected
to considerably reduce the risk of drug resistance. For
obvious reasons, these molecules must be cheap and
easily accessible; thus, we used a convergent synthesis
based on classical reactions. Many simple modulations
(quinoline, diamine, diene, diketone) are possible, leading
to a large family of new potential antimalarial compounds.
The first synthesized trioxaquines (Figure 7b) have been
tested in vitro on laboratory strains (chloroquine-sensitive
and chloroquine-resistant ones) of P. falciparum: all I1Cs
values obtained ranged from 8 to 40 nM, depending on
the trioxaquine substituents, for both strains. DU-1102 has
also been tested in vitro on human isolates in Yaoundé



New Modular Antimalarial Drugs Robert et al.

4
HCE
1
X0
Cc3-c4 HaC\g:/O
cleavage 1
® cH
3
3 (o]

X = Fe
or X =H, M =283.2

= 589.3

M = 283.2

H,(PPIX-DME)-Art adducts

11a
11b
11c

substitution at o position
substitution at 3 position
substitution at & position

only 11b is depicted

M = 8725

FIGURE 6. (a) Formation of a C4-centered radical after reductive
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FIGURE 7. (a) General structure of trioxaquines. (b) Structures of

trioxaquines DU-1102 and DU-1108.

(Cameroon) and was found to be highly active (ICso mean
value = 43 nM) on chloroquine- and pyrimethamine-
sensitive or resistant isolates.5” No cross-resistance was
observed with chloroquine and pyrimethamine. Prelimi-
nary results indicated that some trioxaquines are active
by oral administration on infected mice (unpublished
data). We are currently working on the in vivo evaluation
of these drug candidates that can be developed for clinical
trials in a reasonable time frame in collaboration with a
newly created company named Palumed.%®

CNRS is acknowledged for financial support, and the French
Ministry of Education for Ph.D. grants to J.C. and O.D.C.
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