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Background

Since their introduction in 2002, Artemisinin-based combination
therapies (ACTs) represent the most effective antimalarial drugs
available for the treatment of uncomplicated P. falciparum malaria.
ACTs clearly contributed to the 60% decline of malaria mortality rates
observed between2000 and 2015, anyway, malaria eradication remains
an elusive goal because from 2014 the decline of malaria incidence
slowed dramatically, with some areas of the world now showing an
increase in the incidence of malaria [1]. Although the precise causes of
this trend are not easily definable, artemisinin resistance is considered
a contributing factor [2,3].

The major feature of ACTs relies on the combination of two drugs
with different mechanisms of action and with markedly different
pharmacokinetics: a fast acting/short lived artemisinin derivative
combined with a slow acting/long lived standard antimalarial drug
such as mefloquine, amodiaquine or piperaquine, commonly defined
as “partner drugs’.

The rationale of their antimalarial effectiveness is therefore based
on the sequential action of two drugs: i) artemisinin derivatives
acting within hours on most of parasite blood stages but relying
on the formation of very short-lived radical intermediates (limited
compliance); and ii) quinoline-based antimalarial drugs with a
prolonged plasma half-life but affected by established forms of
resistance. In addition, those partner drugs are prevalently active only
on mature parasite stages. No synergistic interactions between the two
components of ACTs have been observed, therefore ACTs rely on the
sequential action of two different drugs.

Because the contribution of artemisinin to parasite clearance
was dominant in the activities of the various ACTs, artesimisinins
remarkable potency is thought to have obscured the effects of
mutations that would normally have rendered the parasite resistant
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to the partner drugs. While this in effect acted to suppress re-
emergence of resistance to piperaquine, mefloquine, and amodiaquine
for many years, it also set up situation where the eventual advent of
resistance to artemisinin would enable the rapid re-emergence of
resistant mutations to the long-lived partner drugs. Indeed, resistance
to ACTs is now being observed, and as no alternatives to ACTs
are currently available, discovery of strategies for preserving and,
possibly, improving the efficacy of the ACTs is increasingly urgent.
For this reason, the efficacies of triple combination therapies (TACTs)
involving artemisinin plus two former partner drugs are now being
explored. [4].

The Emergence of Artemisinin Resistance

In 2009 the first evidence of artemisinin resistance was identified
in a small cohort of patients in western Cambodia [5], where a delay
in parasite clearance half-time was observed in patients treated with
either artesunate monotherapy or artesunate plus mefloquine therapy.
Increased recrudescence was observed only in the group treated
with artesunate monotherapy, although, artemisinin as a single drug
was always characterized by variable rates of treatment failure. It
should be also considered that parasite clearance half-time has been
demonstrated to be affected by different factors, including: the viability
of the parasites detected by microscopy, the level of pre-existing anti-
plasmodial immunity and the stage of parasite maturation at time of
treatment [6-9].

In 2014 a well-defined mutation in the PF3D7_1343700 kelch
propeller domain (‘K13-propeller’) was shown to be strongly
associated with delayed parasite clearance in vivo and with drug
resistance in vitro [10].

Although complex mechanisms of resistance have been proposed
[11], the causal relationships between K13-propeller mutations and
artemisinin resistance are still unclear. Interestingly, in a large cohort
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study, low levels of antibodies directed to P. falciparum antigens
correlated both with the prevalence of K13 mutations and with
prolonged parasite clearance half time following ACT treatment
[12] confirming a substantial role of host immunity on parasite
clearance and, possibly, on the deselection of the K13 mutations.
In agreement with this htypothesis, 3.4-fold higher pretreatment
parasitemia in patients presenting both the K13 (C580Y) mutation
and high prevalence of delayed parasite clearance following ACT
(dihydropiperaquine-dihydroartemisinine) treatment [13].

Considering that the mechanism of resistance to artemisinin
remains unknown and that no unequivocal marker for artemisinin
resistance currently exists, the indicator to identify “suspected
artemisinin partial resistance” to artemisinin is the proportion of
patients who are parasitaemic on day 3 [14]. The discrimination
between artemisinin resistance and/or resistance to the partner drug
remains, therefore, unprecise.

Clinical ACT Resistance

ACTs are currently the treatment of choice for uncomplicated
malaria, anyway, recent reports showed high rates of treatment failure
leading the change of treatment policies in SMS countries [14-16] and
in some African countries [17]. In general, ACT failure have been
reported in areas where both artemisinin resistance and resistance to
the partner drug has been shown to be endemic. In conclusion, besides
the sub-clinical effects of artemisinin resistance, available ACTs
are showing decreased clinical effectiveness in different countries
where established resistance to the partner drug was documented.
While several new drugs are undergoing clinical development, no
replacement for current ACTs will be available for several years,
raising serious concern regarding the ability to successfully treat all
strains of malaria in the future.

Triple Artemisinin Combination Therapies (TACTs)

To counteract the loss of efficacy of ACT, an apparently promising
solution to prevent further diffusion of ACT resistance lies in the
development of new TACTs [18,19].

In general, the design of TACTs has focused on either
compensating for the insufficient activity of artemisinin adding a third
fast-acting drug or compensating for the loss of activity of the slower
acting partner drug by adding a related partner drug. Importantly,
both strategies have been tested in clinical trials (Table 1).

In a test of the former approach, methylene blue, a fast-acting
redox compound that is toxic to both intra-erythrocyte and gametocyte
forms of P falciparum, was shown to synergize with artesunate in
vitro. While a subsequent clinical study in Burkina Faso of the triple
combination of methylene blue plus artesunate plus amodiaquine
showed fast parasite clearance, the therapy was compromised by some
degree of hemolysis [20-22]. Consequently, this promising TACT may
require further investigation to evaluate the risk of severe hemolysis
in G6PD deficient individuals. In a recent example of the second
approach, mefloquine, a commonly utilized partner drug in ACTs,
was added to a dihydroartemisinin plus piperaquine ACT to augment
the activity of the slower acting piperaquine [23]. Importantly, the
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triple combination therapy showed high efficacy in areas of Cambodia,
Thailand and Vietnam known to have significant ACT resistance, and
more importantly, the TACT was well tolerated. However, because both
mefloquine and piperaquine resistant strains are diffuse in the same areas
[14], in presence of delayd parasite clearance/artemisinin resistance, the
selection of resistant strains to both partner drugs may occur.

Therefore, in our opinion, an ideal TACT, to prevent further
resistance, should not only contain a fast-acting drug and a standard
partner drug but also a totally novel third component with an
orthogonal mechanism of action to which the parasite has never
been exposed. Such a triple combination would also include the best
properties of the existing ACTs plus the additional benefit of a new
anti-malarial drug with a unique but potent mechanism of action.

New TACTs based on Syk Inhibitors

One possible TACT that could meet the above requirements would
be comprised of dehydroartemisinin + piperaquine + an inhibitor of
the erythrocyte tyrosine kinase, Syk, a red blood cell enzyme that plays
a central role in the remodeling of the red cell membrane following
P. falciparum invasion. From the early stages of parasite maturation,
Syk phosphorylation of band 3 is markedly enhanced by the oxidative
stress-induced inactivation of the erythrocyte’s tyrosine phosphatases
and oxidative cross-linking of band 3 [24-26]. This elevated
tyrosine phosphorylation of band 3 is then known to cause radical
destabilization of the membrane, which in turn has been demonstrated
to be essential for the effective egress of the merozoites and for the
propagation of the infection to new erythrocytes [27]. Thus, treatment
of P, falciparum-infected erythrocytes with a Syk kinase inhibitor has
been demonstrated to prevent parasite egress from the red blood cell,
thereby terminating the parasite’s life cycle.

Onthe other hand, Sykinhibitors act synergistically in combination
with various artemisinin derivatives through the accumulation of
redox active hemichromes [28]. Therefore, Syk inhibitors exert at least
two relevant effects on infected erythrocytes: they quickly catalyze the
activation of artemisinin in its pharmaceutically active radical form
and, lately, they inhibit the parasite egress phase.
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Figure 1: Scheme showing the complex mechanism of action of Syk inhibitors and their
interactions with ACTs
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Table 1: Different strategies for TACTs development.

ADDED DRUG EXPECTED EFFECTS COMMENTS
1) Short-lived,freeradical drugsactinginparallel Enhancement of the effectivenessofthe ACTwith thepotentialto Free radical drugs can be hemolytic in G6PD deficient subjects.
with artemisinin (methyleneblue) compensate forartemisininresistance Furtherstudiesmaybe needed toevaluatetherisk
2) Long-lived drugs currently utilized as partner Enhancement of the effectivenessofthe ACT Establishedresistancetoall availablepartnerdrugs.Riskof
drugs (mefloquine, amodiaquine, etc) compensating for the resistancetotheoriginal partner drug selecting multi-resistant parasites (?)
3) Targetingahostenzyme topreventtheselection Fast synergistic action on artemisinin and delyed effect on the egress | Needoffurtherclinicaldatato determine the clinical efficacy in areas
of resistant parasites (Sykinhibitors) phase to potentiatetheefficacy ofboth components of ACTs. [26] with demonstrated ACT resistance.

Our proposal for addition of a Syk kinase inhibitor as the third
component of a TACT would successfully contribute to a totally
orthogonal mechanism of action that should minimize the emergence
of resistant strains to any of the TACT components (Figure 1).

A clinical trial to assess safety and effectiveness of a TACT
composed by dihydroartemisinin, piperaquine and imatinib (a drug
with a relevant inhibitory activity on Syk) is currently undergoing in
Vietnam (in a site with demonstrated delayed parasite clearance) and
Laos (no delayed parasite clearance). Good safety and effectiveness
have been observed in a relatively small cohort of patients, the results
will be published in short.

Concluding Remarks
o ACT resistance is a tangible worldwide menace.

o ACT effectiveness is based on the result of the sequential action
of two different drugs. Any factor (artemisinin resistance and/
or partner drug resistance, changes of the immune status of
patients, etc.) capable to interfere with this mechanism of
action may determine treatment failure.

o New strategies to counterbalance the demonstrated default of
both components of ACTs should be rapidly identified and
tested.

o TACTs have been introduced to counteract ACT resistance
but the development of multiresistant parasites should be
considered very carefully.

« Human Syk inhibitors, acting on a non-parasite target and
potentiating the action of artemisinin should not lead to the
selection of resistant strains.
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