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Malaria: Autophagy as a Potential Therapeutic Target
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Abstract: Malaria, where the causative agent Plasmodium is rapidly gaining resistance to practically all the antimalarial drugs in
clinical use, requires the identification of new drug targets to enable the discovery of novel, more effective and safer drugs to treat the
disease. Advancements in molecular techniques have provided the proof of existence of autophagy in Plasmodium; however, its role(s)
in malaria is only becoming to be understood. Nevertheless, some of the recently explored dimensions of autophagy in Plasmodium
have indicated its fairly larger role in parasite survival and growth. But then, autophagy is also essential for host cell survival and
defence. There is thus need to explore chemotherapeutic strategies to specifically target autophagy in both the parasite and host. This
review focuses on autophagy pathways in Plasmodium and in host with a view to identify autophagy-related new drug targets for the
discovery of novel antimalarial drugs.
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1. Introduction But, there is now growing evidence for the declining
o ) . efficacy of some of the ACTs, such as
Malaria is one of the world’s major public health . . .
] o ) artesunate-mefloqine at the Cambodia-Thailand border
burdens due to its huge toll of morbidity and mortality.
According to the latest (released September 2015)
WHO estimates, in 2015, there were around 3.2 billion

people at the risk of malaria, and there were 214

[6]. The therapeutic treatment and control of malaria
has become more challenging due to growing parasite
resistance to current antimalarial drugs, most crucial
o o being the emergence of P. falciparum resistance to
million clinical cases and 438, 000 deaths [1]. Human o S ]
o ) ) ] artemisinins, which is an urgent public health concern
malaria is caused by six different species of the ) ) )
. . . and imperils the ongoing global efforts to reduce the
protozoan  parasite  Plasmodium, which are
Plasmodium falciparum, P. vivax, P. malariae, P.
ovale, P. knowlesi [2] and P. brasilianum [3]; all of

them transmitted by the bite of female Anopheles

burden of malaria [7]. Therefore, there is an urgent
need to discover and develop newer and effective
antimalarial drugs that act on novel targets within the

. parasite, and thus, in all probability, ensure a hitherto
mosquitoes. X .
) L unknown mechanism of action.
In most regions of the world, chloroquine is viewed L ) )
. . . . To maintain cellular homeostasis, the eukaryotic
to be ineffective against P. falciparum, and there are o )
o ] cells have developed specialised mechanisms such as
reports of clinical treatment failures for most . . . .
. . ) o lysis of intracellular proteins and organelles, which
antimalarial drugs currently in clinical use [4]. . ) ) ..
o o regulate cellular functions like enzymatic activity,
Presently, artemisinin-based combination therapy . . .
) . ) removal of toxic or misfolded proteins, and the
(ACT) is considered the best treatment option for the . ) ) .
. ) . production of free amino acids to ensure cell survival
uncomplicated malaria caused by P. falciparum [5]. . .
under stressful conditions. The eukaryotic cells are

) known to perform these functions by the process of
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human beings have developed several adaptations; one
such adaptation being the complex processes known as
autophagy. Homologues of many of the genes which
regulate autophagy in humans have been reported in P.
falciparum [9]. Autophagy is a mechanism for the
degradation of cellular components in the cytoplasm,
and it serves as a cell survival mechanism under
stressful conditions [10]. The effects of autophagy on
the pathogenesis and progression of malaria are
apparently not yet known clearly and in entirety. The
identification of new enzyme targets in the autophagy
pathway in Plasmodium, and to exploit them to
discover novel antimalarial drugs continues to be a key
focus and a major challenge.

2. Autophagy: A Cell Survival Mechanism

The term autophagy, derived from the Greek words
‘auto’ (self) and ‘phagy’ (eating) was first mentioned
by Christian de Duve in 1960s [11]. Autophagy is a key
cellular homeostatic process which regulates cellular
clean-up of cytoplasmic portions and degrade their
constituents. The process of autophagy begins with the
formation of an isolation membrane, which then
encloses certain portions of the cytoplasm, leading to
the formation of a double membrane organelle, termed
as the autophagosome. The enclosed cytoplasmic
material in the autophagosome gets degraded when
autophagosome fuses with the late endosomes or
lysosomes [12], or vacuoles in yeast [13]. Autophagy is
mostly a cytoprotective, catabolic process which also
functions in cell death, but its precise role(s) in cells
undergoing death is not clear [14]. Several types of
autophagic processes have been suggested till date, and
these are macroautophagy [15], microautophagy,
chaperone-mediated autophagy, and the other related
processes like LAP (LC3-associated phagocytosis),
autophagic degradation of cellular organelles such as
mitochondria (mitophagy), peroxisomes (pexophagy),
endoplasmic reticulum (reticulophagy), ribosomes
(ribophagy), autophagic degradation of ubiquitinated

protein aggregates (aggrephagy) and pathogens

(xenophagy), autophagy for antigen presentation and
selectively directing inflammosome components and
pro-inflammatory cytokines (inflammophagy and
cytokinophagy) [16]. The term autophagy typically

refers to macroautophagy, if not delimited [12].

3. Autophagy in Plasmodium

De Brito et al. (1969), for the first time, reported
autophagy in P. falciparum- and P. vivax-infected
human liver tissues. They observed the presence of
several vacuoles of various sizes, defined by single or
double membranes, and identified those bodies as
malaria pigment [17]. Chloroquine (a lysosomotropic
agent which increases lysosomal pH and inhibits
autophagy) has been reported to produce prominent
structural changes in lysosomes, and within 30 minutes
of its administration many autophagy vacuoles have
been observed [18]. This was probably due to the
inhibition of autophagy by chloroquine, which resulted
in the accumulation of vacuoles of autophagy. Totino
et al. (2007) have demonstrated that under choroquine
treatment, P. falciparum blood-stage parasites die by a
process similar to autophagy, as confirmed by the
observation of cytoplasmic vacuoles [19]. Nevertheless,
only the visualisation of autophagy vacuoles observed
through electron microscopy does not confirm the
occurrence of autophagy [20]. However, information is
now available regarding the functioning of autophagy
in P. falciparum despite the absence of a typical
lysosome for fusion with autophagosomes [21].

All the three forms of cell death: apoptosis (type 1),
autophagy (type II) and necrosis (type III) have been
suggested to occur in P. falciparum [22]. However, if
only we can identify and understand the molecular
mechanisms behind these cell death pathways, it may
be possible to trigger them to eliminate the parasite.
Plasmodium is known to have conserved certain
aspects of autophagy pathway, and homologues of
some of the proteins essential for macroautophagy
have been found in Plasmodium [23]. But the actual
purpose of autophagy in Plasmodium, though not yet
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properly and fully known, appears to be quite different
from canonical autophagy. Some of the roles of
autophagy proteins (Atg) in Plasmodium have been
suggested, like vesicular trafficking (including protein
secretion, organelle expulsion and trafficking to food
vacuole), programmed cell death and apicoplast
maintenance [24], though the roles of several
plasmodial Atg continue to remain unknown. In case of
protein secretion, it is known that Plasmodium, after
entry into host cell, carries out extensive remodelling
of the host cell by exporting its own proteins into host
cell through parasite plasma membrane and the
parasitophorous vacuole. The process of exophagy
(non-conventional protein secretion pathway), which
involves movement of autophagosomal proteins to
plasma membrane might occur in this case, where the
role(s) of some of the Atg has been demonstrated [25].
In case of organelle expulsion, it is known that during
the morphological transformation of Plasmodium in
the early liver stages, certain organelles used for liver
cell invasion (rhoptries, micronemes and others) get
expelled from parasite. =~ The presence of
double-membraned structures, morphologically similar
to autophagosomes containing micronemes, indicates
that exophagy might be important for parasite
differentiation in liver stages [22]. Atg8 is an
autophagy marker protein which remains attached with
the pre-autophagosome and autophagosome during
lysosomal fusion. Vesicular trafficking of haemoglobin
and other nutrients from host erythrocytes to
plasmodial food vacuole is also known as an important
process for parasite survival, where the involvement of
P. falciparum Atg8 (PfAtg8) has been suggested [25].
Prolonged treatment with chloroquine has been
reported to result in the accumulation of such
haemoglobin-containing vesicles, which do not fuse
with digestive vacuoles, and result in the prevention of
haemoglobin digestion and amino acid starvation of
malaria parasite [21]. Under the treatment of autophagy
inhibitors like chloroquine or wortmannin, no change

was observed in the PfAtg8 localization [26]. However,

chloroquine treatment at cytocidal concentration has
been shown to provoke PfAtg8 relocalization to RBC
cytoplasm in chloroquine-sensitive strains, which gets
significantly altered in chloroquine-resistant strains
[27]. These observations suggest that PfAtg8 may be
important for vesicular trafficking of haemoglobin.
Gaviria et al. (2013) have reported that a process
similar to autophagy is associated with the emergence
of resistance against cytocidal doses of chloroquine
against intra-erythrocytic P. falciparum trophozoites
[28]. In several studies involving cancer cell-lines, the
antimalarial  artemisinin and its = metabolite
dihydroartemisinin have been reported to induce
autophagy. The results of these studies suggest
excessive intracellular reactive-oxygen species
production as one of the probable mechanism of
autophagy induction, which, in turn, further enhances
the apoptotic response in such cells [29, 30]. The
generation of free-radicals leading to the reduction of
RBC antioxidants and glutathione is considered to be
one of the antimalarial mechanisms of action of
dihydroartemisinin [31].

Mizushima and Sahani (2014) have shown that
PfAtg8 is usually located at the apicoplast membrane
of Plasmodium throughout liver- and blood-stages, but
there is no evidence of autophagic membranes
surrounding apicoplast [32]. This contention suggests
that Atg8 may not be involved in the autophagic
degradation of apicoplast. Hain and Bosch (2013) have
reported that rapamycin (an autophagy inducer)
treatment (500 nM) of malaria parasite ensues in the
reduction of its size and change in the morphology of
apicoplast. Surprisingly, rapamycin treatment did not
affect P. berghei Atg8 (PbAtg8) localisation, which
might be possible because of the absence of the target
of rapamycin orthologue in P. berghei, and might be
mediated through its effects on host autophagy or
through other targets [25]. In another study, rapamycin
has been shown to inhibit the growth of P. falciparum,
in vitro, at concentrations of 7.2 umol/L (ICso) and 12.5

umol/L (ICs) [33].



Malaria: Autophagy as a Potential Therapeutic Target 301

Tomlins et al. (2013) have shown that in the
erythrocytic stage, under amino acid deprivation,
PfAtg8-containing structures (likely autophagosomes)
fuse with P. falciparum Rab7 (PfRab7)-containing
vesicles (likely late endosomes) to generate acidified
vesicles. These vesicles, in turn, fuse with the digestive
vacuoles of parasite (the final lytic compartment)
which
eukaryotes. Rab7 is a small GTP-binding protein

resembles lysosomal network of higher
important for late endosomal transport, lysosomal
biogenesis and, hence, progression of autophagy. This
view-point suggests that under starvation, P.
falciparum may use the food vacuole for an
autophagy-like process, and undergoes
transcriptionally silent hibernation-like state, which
might be responsible for the remodelling of subcellular
organelles to remove dispensable cellular material
during intra-erythrocytic growth [21]. In a similar
study, Cervantes et al. (2014) have shown that under
mild nutrient starvation, autophagy cannot be induced
in P. falciparum. This observation supported the
absence of an increase in the amount of
PfAtg8-containing autophagosomes, which indicates
that unlike mammalian autophagy, P. falciparum lacks
the genes required for nutrient-dependent autophagy
induction [24].

PfAtg8 has been implicated in both autophagy and
apicoplast maintenance [21]; however, the actual
mechanism of PfAtg8 in apicoplast maintenance
remains unknown. To understand the underlying
mechanism, there is need to determine the effect of
various inhibitors of apicoplast biosynthetic pathways
on the growth of P. falciparum, sufficient or deficient
in PfAtg8. One such study has reported that PfAtg7 (P.
falciparum Atg7, an autophagy protein essential for the
normal growth of parasite)-attenuated parasites are
relatively more sensitive to fosmidomycin (an inhibitor
of apicoplast isoprenoid biosynthetic pathway) [34],
which indicates that PfAtg7 is essential for properly
functioning apicoplast, and PfAtg7 inhibitors can be

developed as a novel class of potential antimalarial

drugs.

Before the beginning of the blood-stage of malaria
infection, sporozoites continue to develop in liver,
wherein parasites undergo sporozoite-to-trophozoite
differentiation by the elimination of certain organelles
like micronemes and rhoptries, which get enclosed
within double-membraned structures similar to
autophagosomes. These observations suggest the
occurrence  of  autophagy  during  parasite
morphological remodelling [35], and have been
supported by the observations made following parasite
treatment with 3-methyladenine, an autophagy
inhibitor that targets Vps34 (class III phosphoinositide
3-kinase, essential for membrane trafficking process
during autophagy), which significantly retarded the
sporozoite differentiation process [36]. Similarly, P.
berghei Atg8 (PbAtg8) is also known to be involved in
organelle degradation (microneme disposal) via
autophagy and in vesicular trafficking between
organelles during intrahepatic development. However,
PbAtg8 may not be involved in autophagosome
formation in the liver stage of the P. berghei, because it
remains localised exclusively to the apicoplast

membrane, and remains associated with the

functioning of mitochondrion in parasite [22].
Therefore, PbAtg8 cannot be considered as a typical
autophagy marker during intrahepatic stages of P.
berghei. Hence, there is a need to understand the
molecular mechanisms of autophagy in plasmodial
liver-stages in a more comprehensive manner to enable
to target its components, specifically, which result in
parasite death, including even the death of dormant

hypnozoites.

4. Autophagy in Host

Autophagy in hosts evolved along with the disease
causing organisms in a contemporaneous manner, as a
selective pressure and cellular mechanism of protection
from such microbes. It is, therefore, considered an
antimicrobial defence mechanism that can degrade
intracellular pathogens. However, the physiological
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and the pathophysiological roles of autophagy in

mammalian cells are vast, like starvation adaptation,

transportation (sequestration and packing),
intracellular  protein and organelle clearance,
development, antiaging, elimination of

microorganisms, cell death, tumour suppression, in
innate immunity, and in adaptive immunity [12].

Autophagy plays vital roles in the survival,
maintenance, functioning and death of the cells of
immune system. Another major role of autophagy
recognised till date is in antigen presentation to MHC
(major histocompatibility complex) class II molecules,
and their further recognition by CD4" T cells [37]. For
antigen presentation to take place, endocytosed
materials need to be transported to lysosomes, and their
fragments then presented to T cells. Phagocytosis, an
endocytosis pathway, is known to be regulated by Atg,
particularly during LC3 (microtubule-associated
protein 1A/1B- light chain 3, an autophagosomal
membrane protein)-associated phagocytosis [38]. The
autophagy components (particularly Atg5) regulate the
process of phagocytosis in such a way that it appears to
enhance the MHC class II antigen presentation [39].
Atg also regulates the secretion of some of the immune
mediators elaborated by macrophages such as IL1o and
IL1B, which indicates that autophagy in macrophages
is a potent regulator of inflammation [40].

Autophagy is also involved in the elimination of
macromolecules and cellular organelles including
intracellular pathogens. It has been already reported
that autophagy is involved in the restriction of the
replication, growth and survival of intracellular
pathogens (viral, bacterial, protozoal and fungal)
[41-44]. This type of autophagy has been selectively
termed as xenophagy. In case of Mycobacterium
tuberculosis infection, when autophagy was induced in
infected macrophages, there was restoration of
phagosome maturation and mycobacterial killing [45].
The LC3 protein, a mammalian orthologue of Atg8
subfamily and an autophagosome membrane protein,

can engage in xenophagy against Salmonella in the

absence of upstream Atg proteins [46].

During infections, many aspects of autophagy
pathway have been suggested like the regulatory
pathways [PRRs (pathogen recognition receptors),
PAMPs (pathogen associated molecular patterns), and
downstream signalling pathways], xenophagy of
microbes, and the events in autophagosome formation
during infection [47]. As has been already discussed,
innate immune mechanisms of autophagy restrict
infection by removing the microbes from cytosol
through lysosomal degradation as well as by other
aspects of innate and adaptive immunity. Innate
immunity signalling pathways also regulate autophagy
induction, and autophagosomes may help to deliver
ligands for innate and adaptive immune activation. One
of the defence mechanisms against invading pathogens
is the recognition of PAMPs by PRRs, including TLRs
(Toll-like receptors), and these essential innate
immune receptors have also been reported to regulate
autophagy [48]. Apart from the recognition of PAMPs
by PRRs, there is a complex interplay between other
immune signals and autophagy regulation. Autophagy
itself is known to be regulated by different immune
signalling pathways [49].
of P. berghei
hepatocytes, lipidation and incorporation of LC3 into

In case sporozoite-infected
PVM (parasitophorous vacuolar membrane) have been
observed, which incite an autophagy-like pathway to
eliminate parasites [50]. It has also been suggested that
genetically attenuated P. berghei sporozoites, which
are unable to produce a mature PVM within
hepatocytes, might get readily detected by the host cell,
which in turn, may trigger xenophagy [51]. So, the
attenuated sporozoites may survive as long as the
defence mechanisms of host cell allow, or as long as
the sporozoites themselves can nullify the host cell
defence mechanism. Further, in a mice model of ECM
(experimental cerebral malaria), rapamycin treatment
has been reported to protect against ECM by reducing
the migration of CD4+ and CD8+ T cell to the brain,
which protects the blood-brain barrier and activates the
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Fig. 1 Autophagy in the pathogenesis of malaria.

macrophages for the augmented clearance of
infected-RBCs [52]. Thus, during malaria, autophagic
defence may protect host cells from infection.

Because autophagy has been suggested to be a
significant host defence mechanism, microbes also
undergo strong selective pressure under its influence,
and develop mechanisms to evade host autophagic
defence. Such instances have been observed in case of
HIV and M. tuberculosis infections [48]. During
schizogony, many of the Plasmodium parasites are able
to evade the host cell autophagic defence by removing
LC3 from PVM (LC3 targeting of PVM is a common
feature of autophagy-related processes which occur
during LC3-associated phagocytosis), and hence avoid
lysosomal attack, while obtaining additional nutrients
from host cell. Thus, it appears that a balance exists
between the parasite and the host cell to regulate the
extent of infection [50]. P. yoelii sporozoites have also

been shown to disturb hepatocyte autophagic survival

Host cell survival

Host immunity

Autophagy

Pathogen
removal

Use of host
autophagy for
parasite survival

—~—

all these
observations suggest that a proper understanding of

pathways [53].

Thus, taken together,

host autophagy and its interaction with Plasmodium
(Fig.1), may help us to find newer and novel targets to
discover and develop new therapies for malaria.

5. Conclusions and Future Prospects

The emergence of malaria parasite strains resistant
to drugs in clinical use draws out the necessity to
discover and develop new drugs, especially those
which act on novel targets. The process of autophagy,
which is essential for parasite survival, virulence, and
growth, and for host as well, is an expedient target of
interest. The plasmodial autophagy, which appears to
be different from that of mammalian autophagy, is
considered responsible for the vesicular trafficking of
parasite proteins into host cell, which results in the
remodelling of host cell and parasite organelle
expulsion. These two seemingly different but related
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biological events, in turn, ensue in morphological
transformation of malaria parasite in hepatic stages and
thus ensure parasite differentiation. Therefore, the
inhibitors of both these processes can be developed as
potential novel antimalarial compounds, which may
plausibly exert their antimalarial action by the
restriction of parasite differentiation and growth. The
chloroquine inhibition of autophagic vesicular
trafficking of haemoglobin from host RBC to parasite
food vacuole, and the consequent energy starvation of
the parasite indicates that similar compounds which
target
inhibitors of PfAtgS8, can be designed, identified and
The

maintenance of parasite apicoplast by PfAtg8 suggests

haemoglobin trafficking, particularly the

developed as potential novel antimalarials.

that compounds which target autophagy-related
apicoplast biosynthetic pathways can also be expected
to have potent antimalarial activity [54]. Further, a
deeper understanding of the role(s) of autophagy in the
liver-stage parasites, especially the dormant stages
(hypnozoites), is essential to enable discovery of novel
anti-relapse drugs for the radical treatment of malaria.
Additionally,  the

augmentation of host autophagy may also enhance

selective  chemotherapeutic
protection against malaria. Nevertheless, it must be
emphasized here that such approaches warrant a fine

balance of caution and optimism.
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