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Synopsis

Malaria has been a scourge to the human civilization for centuries and remains a major
health concern even today with 241 million new cases and 627,000 deaths documented in
2020 (WHO, 2021b). Plasmodium falciparum is the most virulent of all malaria causing
parasites that infect humans. The asexual development of parasites within the red blood
cells (RBCs) is associated with the manifestation of clinical symptoms and pathologies of
malaria. Recovery from P. falciparum infection relies on the administration of effective
anti-malarials, in particular, treatment with the frontline Artemisinin-based Combination
Therapies (ACTs). ACT co-formulates the fast-acting artemisinin (ART)-based drugs with
long-lasting anti-malarial partner drugs (sulfadoxine-pyrimethamine, mefloquine,
lumefantrine, piperaquine, or amodiaquine) that effectively remove residual parasites
(Aweeka and German, 2008; WHO, 2016; White et al., 2014). ART and its derivatives are
highly potent and can rapidly induce a parasiticidal effect that eliminates all asexual
parasite stages (Balint, 2001). Therefore, the ongoing malaria control programs and further

eradication efforts depend heavily on the efficacy of ART.

ART is a sesquiterpene lactone that is naturally derived from the herb Artemisia annua
(Sweet Wormwood). ART activation by heme derived from hemoglobin catabolism causes
widespread damage to the parasite. Cleavage of the endoperoxide bond upon activation
releases Reactive Oxygen Species (ROS), which further act promiscuously on protein
targets, causing alkylation. This leads to the accumulation of misfolded proteins in the ER
lumen, initiating ER stress (Bridgford et al., 2018; Wang et al., 2015; Xie et al., 2020). In
general, cells are equipped with multiple stress response pathways for processing misfolded
proteins and regulating ER homeostasis. As the major site of protein synthesis and folding,
ER plays an important role in maintaining cellular protein homeostasis. Accumulation of
misfolded protein in the ER lumen stimulates the Unfolded Protein Response (UPR)
signaling pathway (Schroder and Kaufman, 2005). UPR acts by increasing the ER's
capacity to accommodate protein aggregates and facilitating their re-folding by initiating
its transcriptional and translational stress sensors. Bioinformatic analyses indicate that P.
falciparum lacks the transcriptional branch of UPR and therefore relies primarily upon the

translational regulatory arm (Chaubey ef al., 2014; Gosline et al., 2011). The latter acts by
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reducing general protein translation and increasing the translation of proteins necessary for
survival during stress. P. falciparum shows growth retardation and latency upon ART
treatment, suggesting the participation of UPR translational arm in reducing protein
synthesis. ART mediated ER stress, if remain unresolved, ultimately leads to parasite death
(Bridgford et al., 2018). Maintenance of the cellular proteome is thus essential for parasite

viability.

Regardless of the efficacy of ART, emergence of ART resistant strains in the Greater
Mekong Sub-region (GMS) of Southeast Asia has weakened the effectiveness of ACT
(Ashley et al., 2014; Noedl et al., 2008). Reports of reduced susceptibility to the ACT
regime are also appearing from Africa (Borrmann et al., 2013). Interestingly, resistance to
anti-malarials such as sulfadoxine, pyrimethamine, and chloroquine has also emerged from
the Pailin Province of the GMS before spreading to malaria-endemic countries of Africa
(Mita et al., 2011; Roper et al., 2004; Verdrager, 1986). Thus, ART resistance poses a
serious concern for the emergence of multi-drug resistance in these regions and its spread
to other malaria-endemic countries. Understanding the molecular mechanisms of ART
resistance, therefore, is crucial for controlling the disease and for future development of

novel anti-malarials.

Resistance manifests as decreased susceptibility to ART in P. falciparum carrying
mutations in the S-propeller domain of the Kelch13 (PfK13) protein (Ariey et al., 2014;
Miotto et al., 2015). The major PfK13 variants identified in P. falciparum include C580Y,
R539T, Y493H, 1543T and N458Y; C580Y being prevalent in >50 % parasites across
Southeast Asia (Anderson et al., 2017; Ariey et al., 2014; Imwong et al., 2017; Siddiqui et
al., 2020). Further, background mutations in genes encoding coronin, atgl8, ubpl, crt,
mdr2, etc., are also reported to regulate the degree of ART resistance (Demas et al., 2018;

Henrici et al., 2020; Miotto et al., 2015; Wang et al., 2016).

Recent studies investigating the role of PK13 C580Y mutation in ART resistance have
proposed two mechanisms involving the ‘proteostasis pathways in the ER and cytoplasm’
(Bhattacharjee et al., 2018; Suresh and Haldar, 2018) and the ‘reduced hemoglobin
endocytosis’ (Birnbaum et al., 2020). The first mechanism encompasses increased ER-
phosphatidylinositol-3-phosphate (ER-PI3P) vesiculation, UPR, and the oxidative stress
response pathway (Suresh and Haldar, 2018). As a predicted substrate adaptor for the E3
ligase, PfK13 binds to and ubiquitinates phosphatidylinositol-3-kinase (P/PI3K),
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facilitating its proteasomal degradation. The P/K13 C580Y mutation prevents PfPI3K
ubiquitination and degradation resulting in increased levels of P/PI3K and its product PI3P
(Mbengue et al., 2015). Elevation of PI3P increases ER-PI3P vesiculation and these
vesicles are disseminated throughout the parasite and in the host RBC. Since the PI3P
vesicles are enriched in proteins related to the UPR and oxidative stress response pathways,
they are presumed to enhance the parasite’s capacity to overcome damage from ART
mediated protein alkylation and proteopathy (Bhattacharjee et al, 2018). Thus,
amplification of PI3P vesiculation is proposed to be a major determinant of ART resistance.
Next, a link between the PfK13 C580Y mutation and diminished hemoglobin endocytosis
by the parasite proposes another mechanism for resistance (Birnbaum et al., 2020). PfK13
and its associated proteins participate in the parasite hemoglobin endocytosis pathway and
thus can regulate hemoglobin uptake. The C580Y mutation reduces availability of heme
derived from hemoglobin degradation at the ring stage, leading to dormancy and a
consequent delay in progression to the trophozoite stage. Since ART is activated by iron
derived from hemoglobin, the diminished availability of hemoglobin confers ART

resistance (Birnbaum et al., 2020).

Each of these pathways as well as PI3P vesiculation, can independently activate autophagy,
a process involving degradation and recycling of part of the cytoplasm containing protein
aggregates and damaged organelles (Mizushima, 2007). Cells utilize autophagy as a stress
response pathway to restore cellular homeostasis (Ryter et al., 2013). While various
theories hypothesize the participation of parasite autophagy-like machinery in mechanisms
of ART resistance (Haldar et al., 2018; Suresh and Haldar, 2018), it has not yet been
experimentally demonstrated. P. falciparum has a limited set of partially conserved
autophagy-related (ATG) proteins encoded in its genome such as PAATG1, PATG18, and
the two ubiquitin-like conjugation systems PfATGS5-PfATG12 and PATGS8-PE. PfATG8
and PfATG18 are associated with apicoplast biogenesis and are also involved in the parasite
autophagy-like pathway (Agrawal et al., 2020; Bansal et al., 2017; Joy et al., 2018; Pang
et al., 2019; Tomlins et al., 2013). As a member of the PROPPIN (f-propellers that bind
polyphos-phoinositides) family, ATG18 binds to PI3P, which facilitates its localization to
the autophagosomes (Dove et al., 2004; Rieter et al., 2013). Similar to its yeast counterpart,
PfATGI18 also utilizes PI3P for its association with membranes for carrying out
downstream functions (Bansal et al., 2017). This is consistent with reports demonstrating

that PFATG18 participates in parasite autophagy-like pathway along with being trafficked
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to the food vacuole (FV) through hemoglobin containing vesicles (HCv) in a PI3P
dependent manner (Agrawal et al., 2020). Also, a particular mutation in PAATG18, T38I,
is strongly selected under ART resistance and confers fitness advantage to parasites by
providing faster growth rates under nutrient limited conditions (Breglio et al., 2018; Wang
et al., 2016). With this backdrop, the study presented in this thesis attempts to decipher the

role of parasite autophagy in the two proposed mechanisms underlying ART resistance.

Chapter 1 provides a review of the literature relevant to the present thesis. Following a
brief overview of malaria, the chapter introduces the pressing problem of ART resistance
in P. falciparum that has threatened global malaria elimination. The mechanism of ART
activation leading to increased ER stress response and proteotoxicity mediated parasite
death are highlighted. Following this, a detailed description of the two proposed
mechanisms of ART resistance involving the ‘proteostasis pathways in the ER and
cytoplasm’ mitigating ART mediated proteopathy and the ‘reduced hemoglobin
endocytosis pathway’ mediating decreased ART activation are presented. A link between
PfK13 C580Y mutation and increased PI3P vesicles, UPR and oxidative stress response
pathways is elaborated with emphasis on the amplification of ER-PI3P vesiculation as the
key mediator of resistance. As various theories have hypothesized the involvement of
parasite autophagy in mediating ART resistance, an overview of the general autophagy
process is presented. Several stages in the autophagy pathway in eukaryotes that require
the coordinated activity of various ATG proteins are discussed. Finally, the partially
conserved autophagy process in early-divergent eukaryotes, in particular, Plasmodium is

summarized, highlighting the known roles of a few key parasite ATG proteins.

Chapter 2 describes the materials and methods used in the study. Materials such as
chemical reagents, small molecule inhibitors, antibodies, strains, plasmids and primers are
listed. Experimental methodologies for in vitro P. falciparum culturing of the wildtype
3D7, ART resistant K13%8%Y and isogenic K13WT strains, growth-inhibition assays,
cloning, transformation in S. cerevisiae and generation of transgenic parasite line are
elaborated. This chapter also includes details of live cell imaging using various markers
such as ER-Tracker, Mito-Tracker, and GFP as well as the analytical methods such as

quantitative Real-time PCR, Immunofluorescence and Western blot.

Chapter 3 encompasses the results obtained in this study and is divided into two parts. The

first part elucidates the crosstalk between ER stress, UPR and autophagy-like pathway in
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P. falciparum. To determine activation of the UPR signaling pathway upon ER stress,
parasites were treated with dihydroartemisinin (DHA), an active ART metabolite. DHA
exposure was found to elicit expansion of the parasite ER as well as induction of the UPR
translational stress sensors, consistent with previous reports showing DHA mediated ER
stress responses (Bridgford ef al., 2018). To understand the involvement of autophagy-like
pathway in P. falciparum during ER stress, quantification of the number of
autophagosome-like structures as well as relative expression levels of two key parasite
ATG proteins, PFATG8 and PfATG18, were analysed. Compared to control parasites, the
number of PAATGS (the autophagosome marker) labelled puncta denoting autophagosome-
like structures and the expression levels of PAATGS and PfATG18 protein increases in the
parasites exposed to DHA. Additionally, the impairment of autophagy activation upon
treatment with the mammalian PERK inhibitor GSK2606414, which specifically blocks
UPR/PERK activation, confirms the observed increase in expression levels of autophagy
proteins upon DHA exposure is directly mediated through UPR. Altogether, this study
establishes parasite autophagy as an ER stress response pathway in P. falciparum triggered

upon UPR activation (Ray et. al., 2022, mBio).

To further expand our understanding of how ER stress stimulates parasite autophagy, it is
essential to explore protein complexes involved in initiating autophagy. The yeast/human
protein ATG1/ULKI is a kinase which initiates autophagy upon activation by recruiting
other ATG proteins to the PAS (Mizushima, 2010). Thus, functional characterization of
putative PfATGI1, an ortholog of yeast ATG1, will provide mechanistic insights into
processes that integrate ER stress response to autophagy in the malaria parasite. This work
demonstrates that putative PAATG1 expresses during all the blood stages of P. falciparum
and is present as distinct cytoplasmic puncta which colocalize partially with PAATGS, the
autophagy marker protein, and organelle such as ER, which serves as membrane source for
autophagosome biogenesis (Shibutani and Yoshimori, 2014). A specific small molecule
inhibitor of HsULK1, MRT68921 (Petherick et al., 2015), inhibits parasite growth and
decreases expression levels of autophagy proteins downstream of putative PAATG]1. This
study thus suggests the role of putative PFATG]1 as a canonical autophagy protein in P.

falciparum.

The second part of Chapter 3 focuses on investigating the role of parasite autophagy in

regulating the mechanisms of ART resistance. An ART resistant field isolate carrying the
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C580Y mutation in P/K13 (K13¢38%Y) shows basal level increase in expression of PAATG8
and PfATGI18, both at the transcript and protein levels compared to its isogenic counterpart
(K13%T). Additionally, increase in the number of PfATG18 labelled puncta colocalizing
with PAATGS decorated autophagosome-like vesicles in the ART resistant parasites relative
to its isogenic one indicates activation of the autophagy-like pathway in resistant parasites.
The increased number of PI3P labelled puncta observed in the K13¢38%Y parasites relative
to K13WT is consistent with previous reports showing induced ER-PI3P vesiculation upon
resistance (Suresh and Haldar, 2018). Further, a decrease in the IC50 value of MRT68921
in the resistant parasites compared to its isogenic one emphasizes the importance of

autophagy in the survival of ART resistant parasites. Also, K13¢380Y

parasites show an
increase in PfATG18 labelled puncta colocalizing with PI3P compared to K13WT at the
basal levels as well as upon induction of autophagy by incubating parasites with starvation
media. Since PI3P is known to induce autophagy in yeast and eukaryotes by providing a
platform for recruitment of various ATG proteins (such as ATG18) to the autophagosomes
(Dall’Armi et al., 2013), these results demonstrate a functional autophagy pathway that

responds to autophagy induction under starvation.

To determine if PfK13 decorated vesicles are the same subcellular compartments on which
PfATG18 and PI3P colocalize, localization of PfK13 with respect to PAATG18 and PI3P
were analysed. PfK13-PI3P and P/K13-PfATG18 were found to partially colocalize on
HCv which are discrete vesicles transporting host derived hemoglobin to the parasite FV.
The data also shows increased colocalization of PfK13 and PATG18 towards the parasite
periphery at ring stage while they are localized close to the FV in trophozoites, which is
speculated to be due to their enhanced co-trafficking to the FV in the trophozoite stage (Ray
et. al., 2022, mBio).

Chapter 4 encompasses an overall summary, presents an outlook of the findings, followed
by future directions for the work. The present study demonstrates that the stress induced
parasite autophagy underpins various mechanisms of ART resistance and advances the
understanding of the two recently proposed ART resistance mechanisms. DHA induced
UPR results in increased autophagy in the parasite, which may render fitness advantage
during resistance. Although DHA reduces global protein synthesis through phosphorylation
of PfelF2a, increased expression levels of ATG proteins signify the importance of

autophagy in alleviating the effect of protein misfolding as a result of DHA exposure. Given
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the increased levels of PAATGS8 and PfATG18 and their colocalization in resistant parasites,
relative to its isogenic counterpart, the role of parasite autophagy in regulating various
mechanisms of ART resistance is discussed. As PfK13 mutant parasites display increased
number of PI3P bound PATG18 vesicles at the basal level and upon autophagy induction
by starvation, it establishes a conserved role of P/ATGI8 in parasite autophagy and
proposes the presence of PFATG18 on the ER-PI3P vesicles. Activation of autophagy is
significantly higher in the resistant isolate than in the sensitive one, indicating the reliance
on autophagy for parasite fitness. Next, co-trafficking of PfK13 with P/ATG18 and PI3P
on parasite hemoglobin trafficking vesicles reveals an association between autophagy and
hemoglobin endocytosis, a pathway proposed to be involved in ART resistance. As the
putative PfATGI is found to be localized to autophagosome-like structures in nutrient-rich
conditions in P. falciparum, the role PfATG1 in basal autophagy is hypothesized.
Additionally putative PAATG1 responds to inhibition by a specific ULK1 inhibitor by
inhibiting parasite growth and decreasing expression levels of autophagy proteins
downstream of PfATG]1, thus proposing a conserved role of PAATG1 as a member of the

parasite autophagy initiation complex.

As a future perspective, insights into the role of PAATG18 in proteostasis mechanisms of
ART resistance and the hemoglobin endocytosis pathway can be obtained by identifying
interacting partners of PfATGI18. Additionally, since modulation of autophagy by
starvation or pharmacological inhibition by MRT68921 has a more profound effect on the
resistant parasites than its isogenic counterpart, exploring the possibility of the parasite

autophagy-like pathway as a novel target for developing anti-malarials is presented.
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Chapter 1

Introduction

1.1 Malaria

The earliest evidence of Plasmodium, the causative agent of malaria, was found in 30
million years old mosquitoes preserved in amber, predating human civilization (Poinar,
2005). The first written account of repeated paroxysmal fever with occurrences of enlarged
spleen, symptoms typically associated with malaria, dates back to 2700 BC in the ancient
Chinese medical text Nei Ching. Multiple other written records, such as the Mesopotamian
clay tablets (2000 BC), the Egyptian Eberus papyrus (1570 BC) and Indian scriptures (600
BC), all mention similar malaria fever occurrences. In 400 BC, Hippocrates linked the
disease with close proximity to foul air or “miasma” rising from swamps, which, if inhaled,
caused malaria (Cox, 2010). The term “malaria” also derives its origin from the miasma
theory, having been coined from the Italian words, “mal” and “aria”, which refer to “bad”

and “air", respectively (Hempelmann and Krafts, 2013).

The advent of microscopes in the 1600s enabled the identification of microorganisms as
the main cause of various infectious diseases. Naturally, the hunt for a malaria-causing
microbe began, but it took nearly 250 years to definitively identify the underlying cause.
Scientific studies on the parasite intensified only after Alphonse Laveran, a military
surgeon, observed pigmented parasites in the blood samples of patients suffering from
malaria and identified them as unicellular protozoa. About 2 decades later in 1897, Sir
Ronald Ross showed transmission of avian malaria by mosquitoes. Both these discoveries
were awarded the Nobel prize in 1907 and 1902, respectively. Subsequently, scientists were
able to conclusively demonstrate that human malaria is transmitted through the Anopheles

mosquitoes. A more comprehensive account of the parasite life-cycle took another 70 years
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to uncover. At present, the genomes of the malaria mosquito Anopheles gambiae, as well
as the human infecting parasite P. falciparum, have been sequenced (2002) and our
knowledge of both the vector and the parasite has greatly improved (Cox, 2010; Dagen,
2020; Gelband et al., 2004).

As we now know, malaria is caused by a unicellular protozoan parasite of the genus
Plasmodium and is transmitted to humans through the bite of a female Anopheles mosquito
carrying the parasite. The five Plasmodium species that most commonly infect humans are
P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi. P. falciparum and P. vivax
are the most prevalent ones, but P. falciparum is responsible for the vast majority of
malaria-related deaths worldwide (WHO, 2021a). Clinical symptoms of malaria include
periodic high fever, muscle aches, shaking chills, and vomiting. If left untreated, the disease
can result in splenomegaly, or enlargement of the spleen. Infection with P. falciparum also
causes fatal damage to multiple organs such as the liver, kidneys, and lungs, as well as
severe anemia, altered consciousness, and coma in cases of cerebral malaria, which usually

results in the patient’s death (Phillips, Burrows and Manyando, 2017).

1.1.1 Global burden of Malaria

As of 2020 (WHO, 2021b), malaria is still an endemic in 85 countries, putting nearly half
of the world’s population at high risk of contracting the disease. The majority of these
countries are located in tropical and sub-tropical regions of Central and Southern America,
Africa, South-east Asia, Middle-east, the Indian subcontinent, and Oceania (Figure 1.1).
Pregnant women, children, patients with HIV/AIDS, and people with low immunity levels
dwelling in areas with high rates of malaria transmission are significantly more likely to
contract the disease. In 2020 alone, an estimated 241 million malaria cases and 627,000
malaria-related deaths were reported, with the majority of deaths occurring in children
under the age of five. The statistics indicate a significant increase in 2020 owing to service
disruptions caused by the COVID-19 pandemic, with additional 14 million cases and
69,000 deaths reported (WHO, 2021b). According to these estimates, malaria is among the

most lethal communicable diseases encountered by humans.

While approximately 1.7 billion cases and 10.6 million deaths have been averted over the

last two decades owing to various successful malaria elimination programs, the disease is
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far from being eradicated (WHO, 2021b). Even today, malaria remains a threat to public
health as well as a burden to the socio-economic systems of endemic countries.
Additionally, resistance to anti-malarial drugs used to combat this disease has evolved in

lockstep with the increasing caseloads.

t

b

N g

Il One or more indigenous cases I Certified malaria free after 2000
Zero indigenous cases in 2018-2020 | No malaria
Zero indigenous cases in 2019-2020 Not applicable

Il Zero indigenous cases (>3 years) in 2020

Figure 1.1 Global distribution of malaria-endemic regions

A map showing the trend of malaria incidence from 2000-2020 in different countries. (Data sourced

from World Malaria Report, WHO, 2021).

1.1.2 Malaria burden in India

The public health care system of India, the second most populated country in the world,
has faced various obstacles including the appropriate execution of surveillance programs
aimed at containing the spread of malaria. The country recorded its worst malaria outbreak
in the 1950s with 75 million cases and 0.8 million deaths. The situation improved
significantly following the National Malaria Control Program (NMCP) in 1953, which
resulted in a dramatic reduction in the number of cases, to less than 50,000 and reported
zero mortality until 1961 (Das et al., 2012). However, malaria resurfaced in the 1970s, and
India now accounts for an astounding 83 % of all malaria cases and 82 % of all deaths from
the region of South-East Asia as reported in 2020 (WHO, 2021b). P. falciparum and P.
vivax are the two major Plasmodium species that infect humans in India and have

contributed equally to the overall malaria burden in 2019 (“NCVBDC, 20217, n.d.).



1.1.3 Diagnosis, prevention and cure

The WHO-recommended method of diagnosing malaria focuses on two important
components of the disease, namely, detection of symptoms such as fever and presence of
parasites in the patient’s blood. Clinical diagnosis is made by monitoring the patient’s
symptoms (fever, perspiration, chills, headache, vomiting etc.) which are more often non-
specific and overlap with those of other infectious diseases. Knowledge of the patient's risk
of exposure, including travel history to malaria-endemic regions can aid in diagnosis.
Microscopic diagnostics detect the presence of parasites by examining a thin blood smear
under a light microscope. Prior to examination, the smear is stained with Giemsa stain to
distinctively identify the parasites. Additionally, the ‘Rapid Diagnostic Tests’ (RDTs) are
used to immunologically detect parasite antigens in the patient’s blood. RDTs give rapid
detection within 2-15 minutes of the test, enabling healthcare personnel to make timely

decisions regarding the course of treatment (Phillips, Burrows, Manyando, ef al., 2017).

Over the last 2 decades, increased access to malaria prevention tools and effective tactics
such as mosquito vector control and the use of preventive chemotherapies has had a
substantial impact on reducing the global malaria burden. In malaria-endemic regions,
WHO-recommended tools to prevent infection include the use of bed-nets, indoor
insecticides and repellents, periodic preventive treatment for children and pregnant women,
prompt diagnosis and testing, and a swift treatment of confirmed cases with antimalarials,
primarily Artemisinin-based Combination Therapy (ACT). Additionally, the use of
seasonal malaria chemoprevention, intermittent preventive treatment of infants (IPTi) and
pregnant women (IPTp), chemoprophylaxis, and mass drug administration have
complemented the ongoing malaria control campaign (Phillips, Burrows, Manyando, et al.,
2017). Since October 2021, broad use of the world’s first malaria vaccine, RTS, S has been
recommended. RTS, S targets the pre-erythrocytic stage of the parasite and is engineered
with P. falciparum circumsporozoite protein (CSP), repeat region (R), T-cell epitope (T),
and hepatitis B virus surface antigen (S). The recombinant vaccine has been shown to
provide significant protection against P. falciparum malaria in young African children,
providing much needed optimism towards malaria control (Heppner Jr et al., 2005; WHO,

2018).
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1.2 Biology of the Plasmodium species

1.2.1 Taxonomic classification

Plasmodium is a member of the Apicomplexa, a large phylum of parasitic alveolates.
Unicellular parasites from the phylum Apicomplexa are characterized by the presence of
specialized complex of apical secretory organelles such as micronemes, rhoptries, and
dense granules. These apical complexes are required during invasion of host cells (Cowman
and Crabb, 20006). Plasmodium is classified as an Apicomplexan parasite in the order
Haemosporida, which includes all parasites that live inside red blood cells (RBCs). Based
on the method of asexual reproduction and the presence of a pigment called hemozoin, the
order is further classified into four families, of which Plasmodium belongs to the
Plasmodiidae. Over 200 species of Plasmodium have been discovered to date, each capable
of infecting a wide variety of hosts, most notably, amphibians, reptiles, birds, and
mammals. Only five of these 200 species, however, are capable of infecting humans (Table

1.1) (Perkins, 2014).

Domain Eukaryota
Superphylum Alveolata
Phylum Apicomplexa
Class Aconoidasida
Order Haemosporida
Family Plasmodiidae
Genus Plasmodium
falciparum
vivax
Species malariae
ovale
knowlesi

Table 1.1 Classification of the human malaria parasite

1.2.2 Dynamic lifecycle of Plasmodium species infecting humans

Characteristic features of the parasite lifecycle are largely conserved across Plasmodium
species that infect humans. Plasmodium parasites alternate their lifecycle between a female
Anopheles mosquito and a human host and require unique “zoite” forms to invade various
cells at specific stages. Multiple rounds of asexual replication occur throughout the
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lifecycle, spanning various stages and cell types. Asexual replication occurs in both human
liver cells and RBCs, whereas sexual stages are initiated by the formation of gametocytes
in the RBCs. Gametogenesis and meiosis require transmission to the mosquito host.
Numerous parasites are formed during asexual replication in the circulating RBCs, though

only a small fraction of these differentiate into sexual stages (Cowman et al., 2016).

Once the infected mosquito takes a human blood meal, it injects sporozoites (‘sporos’
means ‘seeds’) into the skin. Due to their motile nature, sporozoites enter the bloodstream
and travel to the liver, where they are able to escape the host immune cells. After crossing
the liver sinusoids, sporozoites invade the hepatocytes where they establish a
parasitophorous vacuole (PV) and differentiate. Sporozoites undergo multiple rounds of
asexual replication, forming a multinucleated schizont/meront that encloses thousands of
daughter merozoites (‘meros’ means ‘piece’), establishing the ‘Exo-erythrocytic
schizogony’. This marks the asymptomatic stage of malaria infection (Figure 1.2). At this
stage, parasite species such as P. vivax and P. ovale can enter a state of latency through the
formation of a non-replicating ‘hypnozoite’ that allows their long-term survival (Vaughan

and Kappe, 2017).

A second phase of asexual replication begins with the egress of merozoites from the
hepatocyte that then enter the bloodstream (Cowman et al, 2012). The erythrocytic
schizogony phase begins with the invasion of RBCs by merozoites. This phase is divided
into three developmental stages, namely, ring, trophozoite, and schizont. Intraerythrocytic
schizogony results in asexual replication at the schizont stage with the formation of 8-32
merozoites over a course of 24—72 h period (number of merozoites and time of replication
varies between species). Merozoites re-invade fresh RBCs to complete one
‘Intraerythrocytic Developmental Cycle’ (IDC). Parasites establish infection through
repeated rounds of invasion and growth (Figure 1.2). The clinical symptoms of malaria are
associated with the IDC stage, during which infected RBCs hemolyze, releasing parasite

materials that trigger the host-immune response (Cowman et al., 2012).

A few asexual parasites undergo differentiation to form gametocytes, initiating the sexual
cycle. Mature gametocytes circulate in the peripheral blood for several days before being
ingested by a new mosquito during a blood meal. Shortly after entering the mosquito

midgut, the female gametocyte differentiates into a macrogamete while the male
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gametocytes into 8 microgametes. A single microgamete fuses with the macrogamete to
form a diploid zygote. The zygote develops into a motile ookinete that crosses the midgut
epithelial wall, forming an oocyst. The third cycle of asexual replication begins with
replication of the oocyst which results in the formation of thousands of haploid daughter
sporozoites. These sporozoites mature inside the salivary glands of the mosquito and
remain there until they are transmitted to a new human host (Figure 1.2), commencing a

new cycle (Baton, 2005; Venugopal et al., 2020).
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Figure 1.2 The life cycle of Plasmodium

The life cycle of Plasmodium involves an invertebrate vector i.e., female Anopheles mosquito and
a vertebrate host i.e., human. Figure adapted from Centres for Disease Control and Prevention,

2020.



1.2.3 The intraerythrocytic developmental cycle of P. falciparum

The merozoite stage: Invasion of erythrocytes by parasites is a rapid process mediated by
crucial molecular interactions between the merozoite and the RBC surface. Merozoites are
oval-shaped structures measuring 1.6 um in length and 1 um in width with a protruding flat
end. Regardless of their small size, merozoites are sufficiently equipped to egress from the
RBC of'its origin and invade a new RBC. Once on the RBC surface, the merozoites reorient
themselves toward their apical pole, which aids in the formation of a tight junction between
the parasite and the host, initiating its entry into the RBC, and later, the feeding process.
The apex of the merozoites contain secretory vesicles such as rhoptry and micronemes that
facilitate their attachment to the host RBC. Additionally, the merozoite harbors organelles
necessary for survival within the RBC, including a basally placed nucleus, numerous
ribosomes, a single mitochondria and plastid, and a minimal cytoskeleton system that
assists in maintaining its shape (Figure 1.3a). Antigens present on the merozoite surface,
such as the P. falciparum merozoite surface protein 1 (PfMSP1) and apical membrane
antigen 1 (PfAMA1) mediate the initial attachment and apical reorientation, respectively.

(Bannister et al., 2000; Crabb et al., 2004; Mitchell et al., 2004)

The ring stage: Following invasion, the merozoite form develops into a ring-shaped
structure that resembles a biconcave disc, thick at the ends and thin in the middle. The thick
rim includes major organelles like the nucleus, apicoplast, ER, mitochondria, Golgi, and
ribosomes. At this stage, the parasite begins feeding on the hemoglobin present in the RBC
cytosol, which enters the parasite via small, dense ring-like vesicles on the parasite
periphery called cytostomes (Figure 1.3b). Hemoglobin is degraded inside the parasite food
vacuole (FV), generating amino acids and a by-product, ‘heme’. While amino acids are
used for synthesizing new proteins, the heme is polymerized into inert, non-toxic crystals
termed hemozoin which remain inside the FV throughout the intraerythrocytic cycle
(Coronado et al., 2014). As the ring grows, the parasitophorous vacuolar (PV) membrane
extends into RBCs and alters the RBC membrane by enhancing its adhesion to blood

vessels, including the placenta (Bannister et al., 2000; Goldberg and Zimmerberg, 2020).

The trophozoite stage: The development of a ring into a young trophozoite is facilitated
by expansion of its PVM which stretches to form narrow finger-like projections collectively

known as the ‘tubovesicular network’ (TVN) that extends into the RBC. Along with its size
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and shape, the ring alters the functioning of its key organelles, upon development into the
trophozoite. This stage exports a large number of parasite proteins into the RBC surface
and cytoplasm. Thus, the parasite ER as well as the number of ribosomes involved in
synthesizing and folding nascent proteins are abundant in trophozoites and help in
increasing their protein synthesis capacity. The mitochondria and apicoplast grow in size
to facilitate increased metabolism. The increased surface area of the parasite aids in the
extension of the TVN into the RBC cytosol. Maurer’s clefts are parasite-induced vesicular
structures in the RBCs that originate from the TVN. They serve as a platform for trafficking
parasite proteins to the RBCs, promoting knob formation on the RBC surface (Figure 1.3c).
Among the proteins that are exported, PAEMP1 promotes the selective adhesion of infected
RBCs to the blood endothelial membrane, resulting in sequestration of trophozoites and
schizonts. Sequestration of parasitized RBC in brain and placenta blood capillaries leads to
the development of cerebral and placental malaria, respectively (Bannister et al., 2000;

Elliott et al., 2008).

The schizont stage: At this stage, the parasites are involved in repeated nuclear divisions.
Endomitotic nuclear division takes place, with chromosomes and spindle apparatus
remaining within the nuclear envelop. Following this, the mitotic spindle elongates and
separates a set of attached chromosomes into two nuclei without disintegrating the nuclear
envelop. This process is repeated until 8-32 daughter nuclei are formed. Nuclear division
is accompanied by continuous uptake of host hemoglobin and export of parasite proteins
into the RBC. Following nuclear division, the PVM and RBC membranes are ruptured,
releasing merozoites that invade fresh RBCs (Figure 1.3d) and the intraerythrocytic cycle

continues (Bannister et al., 2000).
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Figure 1.3 Three-dimensional organization of the interaerythrocytic stages of P.
falciparum

Schematic representation of (a) Merozoite, (b) Ring, (c) Trophozoite, and (d) Schizont. Adapted

from Bannister et al., 2000, with permission from 2000 Elsevier Science Ltd.

1.3 Stress pathways in P. falciparum

Protozoan parasites have complex life cycles, often alternating between multiple hosts or
persisting in the environment as a cyst until the availability of a new host. The capacity of
the parasites to adapt to environmental stimuli and stress, as well as to persist in sub-optimal
circumstances, is critical to their viability and successful growth through their life cycle.
Similar to higher eukaryotes, parasitic protozoa are known to employ various stress
response pathways to cope with stressful environment. The activation of antioxidants, heat
shock proteins, or acidocalcisomes assists in reducing various extra and intracellular stress
stimuli by stabilizing misfolded proteins as well as regulating stress response pathways.
Cellular damage may also activate several stress signaling cascades, such as those mediated
by elF2 kinases or MAPKSs (Vonlaufen et al., 2008), resulting in changes in gene expression
related to stress alleviation (Figure 1.4).
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Reproduced from Vonlaufen et al., 2008, with permission from the 2008 Blackwell Publishing Ltd.

P. falciparum too is exposed to a variety of stressors during its life cycle, including host
immune responses, nutrient deprivation, microaerophilic conditions, temperature
variations, and drug exposure (Babbitt ef al., 2012; Chaubey et al., 2014; Engelbrecht and
Coetzer, 2013). Hemoglobin breakdown in the parasite releases toxic free heme, resulting
in substantial oxidative stress and disruption of the cell's redox equilibrium (Becker ef al.,
2004; Percario et al., 2012). In addition, P. falciparum has a high replication rate and relies
on its protein trafficking system to export numerous parasite proteins to the host RBC for
membrane remodeling. Approximately 8 % of parasite proteome involved in structural and
antigenic alteration of the RBC, as well as supplying enough machinery for host nutrient
uptake and protein export, is folded and secreted from the parasite ER. (Hiller ez al., 2004;
Marti et al., 2004). All the proteins secreted by a cell are initially checked for quality-
control by the ER resident chaperones and then transported to their final destination via the

Golgi complex. Given the critical role of protein trafficking to the host in malaria
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pathogenesis, P. falciparum 1is likely to experience ER stress throughout its

intraerythrocytic life cycle.

Stress response is primarily mediated through the regulation of gene expression, which is
achieved by modulating the transcription and translation processes. Most eukaryotic cells
have stress activated kinases, such as c-Jun N-terminal Kinases (JNKs) and p38 Mitogen-
Activated Protein Kinases (MAPs), that respond to a wide range of stress conditions
(Engelberg, 2004). Although there are two MAPK homologs in the parasite kinome, none
of them is involved in stress response. The P. falciparum kinome, on the other hand, has a
phylogenetic cluster of three kinases with similarity to eukaryotic Initiation Factor 2a
(elF2a) kinases, which regulate translation in other organisms in response to stress (Ward

et al., 2004).

Phosphorylation of elF2a at Serine 51 in response to stress is a well-studied post-
transcriptional regulatory mechanism that regulates translation initiation (Murtha-Riel ef
al., 1993; Proud, 2005). In eukaryotes, the process of phosphorylation is mediated by four
different elF2a kinases, namely, general control non-derepressible-2 (GCN2), RNA-
dependent protein kinase (PKR), heme-regulated inhibitor kinase (HRI), and PKR-like
endoplasmic reticulum kinase (PERK). These enzymes have a common catalytic domain,
which enables them to phosphorylate the same substrate, but they possess distinct accessory
domains that control kinase activity in response to diverse signals. The histidyl-tRNA
synthetase (HisRS) like domain in GCN2 is the primary amino acid sensing motif that is
stimulated upon starvation and triggers kinase activation (Wek et al., 1995). The
transmembrane domain of PERK enables its localization to the ER membrane. The N-
terminal domain of PERK extends into the ER lumen to detect misfolded proteins, whereas
the catalytic domain towards the cytoplasm binds to substrate and initiates its effector
mechanisms. PKR has an RNA binding domain that is able to detect viral infection, while
HRI harbors heme binding sites that regulate translation of the globin chain in response to
heme availability. Thus, the elF2a kinases are able to integrate a variety of stress signals
into a single pathway (Chen and London, 1995; Holcik and Sonenberg, 2005; Proud, 2005;
Wek et al., 2006).

Translation initiation is dependent on the assembly of the 80S ribosome on the mRNA,

which is regulated by a set of proteins called the eukaryotic initiation factors (elFs).
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Assembly of the 43S pre-initiation complex is dependent on attachment of the ternary
complex consisting of the heterotrimeric G-protein elF2 (a, f and y subunits), GTP, and
the methionyl-initiator tRNA (met-tRNA1) (Holcik and Sonenberg, 2005). The process of
initiating translation and releasing the initiation factors requires the hydrolysis of GTP to
GDP, which results in the formation of an inactive eIF2-GDP complex. Prior to initiating
further rounds of translation, elF2 should be reactivated by conversion of GDP for GTP. A
phosphate group present on the & subunit of elF2 restricts conversion of inactive el[F2-GDP
to the active elF2-GTP by decreasing the activity of the eIF2f guanine nucleotide exchange
factor (Sudhakar et al., 2000). This results in global translation repression, which aids in
energy and nutrient conservation and provides time for the cell to adjust to the stress
conditions (Figure 1.5). Despite the widespread decrease in translation, some mRNAs are

translated, and their products eventually modulate the stress response (Fennell et al., 2009).
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Figure 1.5 Stress response integration through phophorylation of eukaryotic
initiation factor-2a
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Four elF2a kinases, GCN2, PKR, HRI and PERK integrate various stress signals into a single
pathway. Reproduced from Holcik and Sonenberg, 2005, with permission from 2005, Nature
Publishing Group.

1.3.1 Endoplasmic reticulum stress

Several studies on cellular adaptative mechanisms to cope with ER stress have identified
the Unfolded Protein Response (UPR) as a signaling pathway that is triggered upon
accumulation of misfolded protein in the ER. UPR acts by maintaining a balance between
the folding capacity of the ER and the amount of misfolded proteins. In yeast and other
eukaryotes, the three ER integral membrane-sensing proteins that control activation of the
UPR signaling pathway during ER stress include the inositol-requiring enzyme la
(IRE1la), activating transcription factor-6 (ATF6), and protein kinase RNA (PKR)-like ER
kinase (PERK) (Smith and Wilkinson, 2017).

Upon the accumulation of misfolded proteins, the ER resident BiP chaperone dissociates
from the luminal domains of these sensors to bind misfolded proteins, thus converting the
monomeric UPR sensors to active dimeric states. Splicing of X-box binding protein 1
(XBP1) transcripts by IRE1a leads to the formation of a transcription factor XBP1-S that
increases expression levels of genes such as ER chaperones and components of the ER-
associated degradation (ERAD) machinery. While chaperones increase protein folding
capacity of the ER, the ERAD aids in the degradation of misfolded proteins from the ER,
thereby promoting ER homeostasis (Lee ef al., 2003; Vembar and Brodsky, 2008).
Cleavage of ATF6 by cellular proteases produces a transcriptionally active polypeptide that
migrates to the nucleus where it upregulates transcription of ER luminal chaperones, ERAD
components and XBP1 (Wu et al., 2007; Yamamoto et al., 2007; Yoshida et al., 2001).
PERK is a serine threonine kinase that phosphorylates elf2a, protein involved in translation
initiation, causing attenuation of global protein translation. This relieves the load on the ER
to invest chaperones in the folding of freshly prepared protein. The cell does, however,
allow translation of the transcription factor ATF4, which in turn increases transcription of
several stress response genes such as the C/EBP homologous protein (CHOP), driving
transcription of the pro-apoptotic gene, as well as several core autophagy genes (ATG3,
ATG7, ATGS, ATG10, ATG12, ATG16l11) involved in the degradation of misfolded
protein aggregates (B’chir et al., 2013; Marciniak et al., 2004). Taken together, the
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inhibition of protein translation combined with increased expression of ER chaperones and
other stress response proteins decreases accumulation of misfolded proteins. In the event
that UPR fails to maintain homeostasis and ER stress prolongs, apoptotic factors are

activated, resulting in cell death (Figure 1.6).

Bioinformatic analysis revealed absence of a UPR transcriptional response (IREla and
ATF6) in P. falciparum, thus relying on the translational arm of the UPR due to the
presence of a conserved PERK like elf2« kinase (Figure 1.6) (Chaubey et al., 2014; Gosline
et al., 2011). P. falciparum encodes three elF2a kinases, namely, PfelK1, PfelK2, and
PfPK4. Although, the PfeIK 1 responds to amino acid starvation during the intraerythrocytic
stage, it is not essential for parasite development (Babbitt e al., 2012; Fennell et al., 2009).
The PfelK2 regulates sporozoite latency during the sexual stage inside the mosquito
salivary glands (Zhang et al., 2010). PfPK4 is essential for development of the parasite
inside the RBCs and mediates antimalarial drug-induced latency, causing parasite
recrudesce and treatment failure (Zhang et al., 2012, 2017). Additionally, P. falciparum
harbors a conserved BiP chaperone localized to the parasite ER, indicating a functional
UPR machinery based on BiP-PERK signaling (Cortés et al., 2020). Several proteins
involved in the ERAD and autophagy degradation pathways are also conserved in the
protozoan parasite (Hain and Bosch, 2013; Harbut ef al., 2012). Taken as a whole, the
PERK-elf2a mediated UPR and its downstream effector pathways can work in concert to

process misfolded proteins and restore ER homeostasis.
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Figure 1.6 Molecular mechanism involved in UPR signaling

The three UPR sensors on the ER membrane: PERK, ATF6 and IRE1. Adapted from Cyr
and Hebert, 2009, with permission from 2009 European Molecular Biology Organization.

1.4 Antimalarial drug targets and resistance

The antimalarial drugs currently in use can be broadly classified into three categories based
on their chemical composition and mechanism of action. Quinine, quinidine, chloroquine,
mefloquine, lumefantrine, halofantrine, amodiaquine, cycloquine, etc., are all examples of
aryl amino alcohol compounds. Antifolate compounds include pyrimethamine,
trimethoprim, proguanil, etc. The endoperoxide compounds include artemisinin,
dihydroartemisinin, artemether, artesunate, etc. All currently available antimalarial classes
are directed against the asexual trophozoite and schizont stages. Antifolates, primaquine,
and atovaquone are also effective against parasites at the liver stage. Endoperoxides are

active against all asexual blood-stage parasites (Figure 1.7). Drug resistance can arise as a
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consequence of randomly occurring genetic mutations in a parasite population.
Antimalarial resistance is mediated by one of four mechanisms: by processes that diminish
drug toxicity, by a direct catalytic mechanism, by amplification of a gene encoding target
enzymes, or by transporters that expel the drug out of the parasite. (Haldar et al., 2018;
Kumar et al., 2018).

Chloroquine prevents the polymerization of free heme released during the digestion of host
hemoglobin, thus disrupting hemozoin formation. The reactive free heme lyses membranes
resulting in parasite death. Chloroquine resistance occurs as a result of reduced chloroquine
accumulation in the parasite FV. Mutations in the P. falciparum chloroquine-resistance
transporter (PfCRT) present at the FV lead to rapid chloroquine efflux from the digestive
vacuole. Chloroquine was used for four decades until the emergence of chloroquine-
resistance in Southeast Asia, followed by its spread to other malaria-endemic countries.
Replacement of chloroquine with mefloquine also faced the wrath of resistance. Mutations
in another efflux pump present on the FV membrane and encoded by the P. falciparum
multidrug resistance protein (P/MRDI1) confer resistance to mefloquine (Haldar et al.,

2018).

Antifolates such as pyrimethamine are used in combination with long-lasting sulfadoxine
to treat P. falciparum malaria. While sulfadoxine targets the P. falciparum dihydropteroate
synthase (PfDhps), pyrimethamine inhibits the activity of dihydrofolate reductase (PfDhfr),
both enzymes involved in the folate pathway. Unfortunately, resistance to this combination
has increased as a result of mutations in the catalytic sites of the enzymes or gene
amplification. Sulfadoxine—pyrimethamine resistance in Africa has been conferred by
multiple mutations in the PfDhps (A437G, K540E) and P/Dhfr (N51I, C59R, S108N)
genes. Additionally, mutations in the gene encoding P. falciparum mitochondrial electron
donor cytochrome b (PfCytB) render resistance to atovaquone, a naphthoquinone class of
drug. When combined with proguanil, atovaquone targets PfCytB, resulting in the

dissipation of parasite mitochondrial membrane potential (Haldar et al., 2018).

The artemisinin class of drugs (ARTs) has multiple targets inside the parasite and has been
suggested to induce stress mediated parasite death (Tilley et al., 2016). Due to their
excellent safety profile and rapid parasitocidal effect, remission of fever is rendered faster

than any other known antimalarial (Nosten et al., 2007; White, 2008). Treatment with ARTs
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results in a 10,000 fold decrease in parasite load every 48-hrs that corresponds to one
intraerythrocytic lifecycle of the parasite (White, 2008, 2014). Clinical failures and spread
of chloroquine resistance in the latter half of the 20" century replaced the existing treatment
regime with Artemisinin-based Combination Therapy (ACT) as the frontline treatment for
uncomplicated P. falciparum malaria. ACTs co-formulate ARTs with partner drugs viz
sulfadoxine-pyrimethamine, mefloquine, lumefantrine, piperaquine, or amodiaquine
(Aweeka and German, 2008; Chawira and Warhurst, 1987; Cui and Su, 2009). The
underlying rationale is that ARTs rapidly clear parasites from a patient’s bloodstream,
while their short half-life (~1-3h) is compensated by the action of partner drugs that are

effective in removing residual parasites (Tilley et al., 2016).

A decreased susceptibility of P. falciparum towards ARTs and the partner drugs has
emerged in Southeast Asia's Greater Mekong Sub-region (GMS), declining efficacy of the
ACT regime (Dondorp et al., 2009; Noedl et al., 2008). Clinical evidence of ART
resistance was first reported in western Cambodia in 2009, shown as reduced susceptibility
of P. falciparum to artesunate monotherapy. The resistance manifested itself as an
increased average clearance time of 84 hours following a seven-day course of artesunate,
compared to 48 hours in patients from outside Cambodia (Dondorp et al., 2009).
Unfortunately, resistance to sulfadoxine-pyrimethamine and chloroquine also emerged
from the Pailin Province of the GMS before spreading to malaria endemic countries of
Africa (Mita et al., 2011; Roper et al., 2004; Verdrager, 1986; Vinayak et al., 2010). Thus,
ART resistance poses a serious concern for the emergence of multi-drug resistance in these
regions and its spread to other malaria-endemic countries. Consequently, monitoring the
sensitivity of the currently used ACT drugs has become critical for effective treatment of
malaria. Novel antimalarial drugs are currently being developed but are not commercially
available yet. In the future, decreased susceptibility to ART may develop into full-blown
resistance, making it critical to decipher the molecular mechanism of ART resistance for

disease elimination.
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Figure 1.7 Antimalarial drug targets in P. falciparum

Stages of P. falciparum targeted by known antimalarials. Reproduced from Haldar et al., 2018,

with permission from 2018, Nature Publishing Group.
1.5 Mechanisms of Artemisinin action

In 1967, a nationwide search by the Chinese government for novel antimalarial drugs led
to the development of ART. The Chinese herb Artemisia annua, also known as Sweet
Wormwood, exhibited significant inhibitory activity against malaria parasites. TU You-
You’s extraction of the active compound, ART, from the herb using ether at low
temperatures earned her the 2015 Nobel Prize in Medicine. Numerous ART derivatives
have been synthesized following initial purification, including the active in vivo metabolite
of all ARTs, dihydroartemisinin (DHA), artesunate, and artemether (Figure 1.8a), which
offer improved efficacy and bioavailability as compared to ART (Lu et al., 2019).
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Figure 1.8 (a) Structure of Artemisinin and its derivatives and (b) activation of
dihydroartemisinin

(a) The parent molecule, Artemisinin, is naturally derived from the herb Artemisia annua. DHA,
Artesunate and Artemether are synthetic derivatives of artemisinin. Images licensed under CC-BY
(b) Activation of DHA. Heme (Fe*’-FPIX) initiates the cleavage of the endoperoxide bond,
generating a short-lived alkoxy radical. Thermodynamic rearrangement results in the formation of
a primary carbon-centered free radical (red), which alkylates heme and parasite proteins.
Reproduced from Rosenthal and Ng, 2020, with permission from 2020, American Chemical
Society.
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1.5.1 Activation of Artemisinin

ART and its derivatives are sesquiterpene lactones integrating a 1,2,4-trioxane moiety and
an endoperoxide bridge (Wang et al., 2019). ARTs are considered as prodrugs since several
derivatives are rapidly converted in vivo to the active DHA form, and their mode of action
depends on activation by cleavage of the endoperoxide bond (O’neill et al., 2010).
Activation involves the iron-catalyzed reductive scission of the endoperoxide bond that
generates a highly reactive carbon-centered free radical (Figure 1.8b). This reaction is
essential for its antimalarial activity, as compounds such as deoxyartemisinin, which lack

the endoperoxide bridge, remain inactive even in the presence of iron (Tilley et al., 2016).

The primary source of iron in Plasmodium parasites is heme, which is generated from
degradation of the host hemoglobin. A series of proteases, including falcipains and
plasmepsins, are involved in degradation of hemoglobin inside the parasite FV. Cleavage
of hemoglobin by these proteases generates small peptides which are further acted upon by
amino peptidase to generate the final breakdown product: amino acids, which are
subsequently released into the cytoplasm. Additionally, the degradation of hemoglobin
produces toxic heme, which is detoxified by conversion to Fe** heme dimers, culminating
in the formation of chemically inert hemozoin crystals. The majority of the proteolysis
reaction occurs during the trophozoite stage of the IDC when parasites intake large
quantities of hemoglobin from the host RBC and transport it to the FV. While parasites
sequester the majority of heme into hemozoin, some heme remains in the reduced Fe?* form

and is able to activate ARTs (Tilley et al., 2016).

As ART activation is mostly reliant on hemoglobin degradation, its activity is limited to
parasitized RBCs (Wang et al, 2015), which explains why ARTs are non-toxic to
uninfected RBCs, mature gametocytes, and liver stages (Adjalley et al., 2011; Meister et
al., 2011), which do not digest hemoglobin. This also explains why ART susceptibility
varies with the parasite stage. Trophozoites degrade hemoglobin at a higher rate than other
intraerythrocytic stages, making them especially sensitive to ARTs. Mid-ring stages digest
less hemoglobin and are thus less susceptible to ARTs. Interestingly, ARTs are effective
against early ring stages. This is assumed to be owing to the digestion of host hemoglobin

obtained from the de novo heme biosynthesis pathway. However, because of the limited
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quantity of heme generated by the biosynthetic pathways, activation in early rings is limited

(Tilley et al., 2016; Wang et al., 2015).

1.5.2 Cellular targets of activated Artemisinin

Till date, the exact mechanism of ART action remains elusive. Free radicals generated
during ART activation are believed to react rapidly with accessible nucleophiles on
proteins, unsaturated membrane lipids, as well as heme present in the parasite, resulting in

widespread alkylation and eventually parasite death (Tilley et al., 2016).

Recent studies have identified protein targets of ART in the parasite using chemical
proteomic approaches. The proteins identified are localized to various sub-cellular
compartments and are involved in vital functions such as hemoglobin digestion, antioxidant
defence, and glycolysis. ART activation also leads to disruption of multiple cellular
processes crucial for parasite viability, such as hemoglobin degradation, glycolysis,
ribonucleoside biosynthesis, and the regulation of protein translation. Given the wide range
of parasite proteins targeted by ART, it was hypothesized that parasite killing occurs as a
result of ART mediated promiscuous alkylation of parasite proteins, disrupting essential
homeostasis pathways. Interestingly, PATP6, the P. falciparum orthologue of mammalian
Sarco-ER Ca-ATPases (SERCA) which was initially considered as a potential target of
ART (Eckstein-Ludwig et al., 2003), was also identified in these chemical proteomics
studies as one of the many targets of ART (Ismail et al., 2016; Tilley et al., 2016; Wang et
al., 2015). In addition to this, studies have demonstrated DHA mediated inhibition of the
parasite proteasome machinery, leading to the accumulation of polyubiquitinated proteins,
indicating widespread protein damage that can lead to parasite death (Bridgford et al.,

2018).

Another direct target of ART that has not been identified in the chemical proteomic studies
is the P. falciparum phosphatidylinositol-3-kinase (PfPI3K), an ortholog of mammalian
Vps34. DHA reversibly binds to, and inhibits the enzyme activity of P/PI3K in ring stage
parasites, hence inhibiting the phosphorylation of phosphatidylinositol (PI), which
consequently prevents production of the lipid phosphatidylinositol 3-phosphate (PI3P).
Treatment of parasites with wortmannin, a known PfPI3K inhibitor, restricts delivery of

host hemoglobin to the parasite FV, suggesting that the kinase plays a role in hemoglobin
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endocytosis. Incubation of parasites with ART also yields a similar inhibitory effect on
hemoglobin endocytosis, implying a role of PfPI3K in ring stage infection. This study
uncovered the possibility of many unidentified reversible targets of ART that play a crucial

role in parasite survival (Mbengue et al., 2015; Tilley et al., 2016).

In addition to protein damage, toxicity of ARTs is also mediated through alkylation of
reactive heme species, leading to formation of cytotoxic ART-heme adducts, as well as
generation of reactive oxygen species (ROS). Accumulation of ROS in the parasite impairs
its antioxidation capacity and damages organelles such as mitochondria and

macromolecules like DNA (Siddiqui et al., 2021).

Altogether, these reports suggest that ART mediated parasite death is a culmination of
various stresses, such as ER stress due to widespread protein damage, oxidative stress
caused by ROS generation, and proteasome stress because of the loss of proteasome
function (Figure 1.9). With the wide range of sub-cellular targets, ART activation results

in significant cellular damage (Siddiqui ef al., 2021).

1.5.3 Mechanisms for maintaining cellular homeostasis

The ART mediated promiscuous alkylation of cellular targets damages the parasite
proteome, resulting in a buildup of misfolded proteins and activation of the stress responses.
Accumulation of misfolded proteins upon parasite exposure to DHA was demonstrated
through the binding of a thiol reactive and fluorogenic dye, tetraphenylethene maleimide
(Chen et al., 2017). Additional studies with parasites expressing a destabilized form of the
fluorescently tagged GFP (GFP-DD) observed a decrease in fluorescence activity below its
baseline signal upon exposure to DHA (Bridgford et al, 2018), further indicating
misfolding of proteins as a consequence of ART action. Reports have shown growth
retardation in ring and early trophozoite stage parasites following exposure to sub-lethal
doses of DHA, implying initiation of an ER stress response signaling through PERK-elF2a
mediated translational attenuation (Dogovski et al., 2015). The phosphorylation status of
PfelF2a later revealed evidence of the activation of the ER stress response pathway in
response to DHA exposure. Increased phosphorylation of PfelF2a in parasites exposed to
very short pulse of DHA, and its decrease upon inhibiting the activity of PERK,

demonstrates activation of the PERK-elF2a mediated ER stress response pathway
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(Bridgford et al., 2018). Interestingly, studies have shown that ART promotes dormancy in
parasites through the phosphorylation of PfelF2a. Inhibiting the Plasmodium elF2 kinase
PK4 prevents parasites from entering latency and completely eliminates recrudescence
after ART treatment. Thus, the malaria parasite appears to rely on the UPR signaling
pathway for survival in the face of cellular damage caused by ART (Zhang et al., 2017).
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Figure 1.9 Artemisinin induced stress responses in P. falciparum

Artemisinin exposure results in ER, oxidative and proteasome stress.

1.6 Mechanism of Artemisinin resistance

ARTs are known to rapidly kill parasites and clear the load of parasite biomass from the
bloodstream. Clinical resistance to ART, therefore, is attributed to the persistence of
residual parasitemia in patients beyond three days of treatment with either ART

monotherapy or ACTs. A more precise way of defining clinical ART resistance is to
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quantify the parasite clearance half-life which exceeds 5.5h in resistant P. falciparum
compared to ~2h in sensitive ones (Ashley et al., 2014; Dondorp et al., 2009; Noedl et al.,
2008; Van Der Pluijm et al., 2019). Patients infected with ART resistant parasites, however,
can still completely eliminate their remaining parasite load following prolonged therapy
with ACTs. Thus, failure to respond to the standard three-day course of ACT can be
overcome by increasing the duration of ART monotherapy to 7 days or by sequential
treatment with ART monotherapy for 3 days followed by 3 days of ACT. (Ashley et al.,
2014; Sutherland et al., 2021). Additionally, slow clearance of parasites under ACT
treatment imposes an additional burden on the partner drugs which has led to the emergence
of partner drug resistance (Phyo et al., 2016). Increased occurrence of resistance to partner

drug can result in complete failure of the ACT regime.

1.6.1 ART resistance in the early ring stage P. falciparum

Due to the short half-life of ARTs (~1h), standard in-vitro drug susceptibility studies
involving 72 hours of drug exposure to the parasites have proved ineffective in
distinguishing slow clearing ART resistant parasites from fast clearing susceptible parasites
(Fairhurst and Dondorp, 2016; Klonis et al., 2013). Modelling studies have indicated the
slow clearance phenotype observed in ART resistant parasites is a result of reduced
sensitivity of early rings to ART (Saralamba et al, 2011). Experiments with
pharmacologically relevant exposures of ART show the greatest variation in ART
susceptibility between slow and rapid clearing isolates occurs at the early ring stages.
Witkowski et al. developed a reliable assay for the definitive identification of ART resistant
parasites, taking into consideration that the delayed parasite clearance phenotype is a
consequence of decreased ART sensitivity at the ring stage (Witkowski et al., 2013). The
Ring Survival Assay (RSA) measures the viability of tightly synchronized early ring stage
parasites (0-3h hpi) which are exposed to a pulse dose of 700 nM DHA for 4-6 h. The drug
containing medium is then removed and parasites are restored to normal culturing
conditions. The percentage of surviving parasites is estimated by microscopic analysis after
72 hpi (Witkowski et al., 2013). The survivability of ART resistant parasites ranges
between 2 % and 45 %, while sensitive parasites are most often completely eliminated

(Sutherland et al., 2021; Witkowski et al., 2013).
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1.6.2 PfK13 as the major molecular maker for ART resistance

Genetic background has a profound effect on the acquisition and maintenance of ART
resistance. The reduced P. falciparum clearance phenotype observed after ART treatment
allowed for the determination of the genetic basis for decreased drug sensitivity. The
seminal discovery that sparked the uncovering of the genetic architecture of ART resistance
occurred in 2014, when a specific mutation, M476l, was found in the P. falciparum
Kelch13 (PfK13) gene on chromosome 13. The mutation was identified in a parasite strain
F32 from Tanzania after exposing the in vitro cultures to intermittent ART drug pressure
for ~5 years. A whole genome sequencing analysis of parasite field isolates revealed
numerous mutations in the carboxy terminus of the “f-propeller” domain of the PfK13
protein. These mutations exhibited strong correlations with both increased RSA values and
a prolonged parasite clearance half-life, implying that P/K13 is a major determinant of the

reduced clearance phenotype (Ariey et al., 2014).

Nearly 200 PfK13 mutations have been reported from Southeast Asian countries and other
malaria-endemic areas to date (Ménard et al., 2016; Project, 2016). However, through gene-
editing experiments, a small number of them have been linked to ART resistance. These
PfK13 mutations include C580Y, Y493H, R539T I543T, N458Y, M4761 and R591H;
C580Y being prevalent in >50 % of parasites across Southeast Asia (Ariey et al., 2014;
Siddiqui et al., 2020; Straimer et al., 2015). The increased incidence of C580Y is partly
due to epistatic interactions from background genetic mutations that compensate for the
fitness loss incurred by parasites during resistance. (Miotto et al., 2015; Nair et al., 2018;

Straimer et al., 2017).

The geographical distribution of the P/K13 C580Y mutation in GMS reveals distinct
patterns, with C580Y being more prevalent in the eastern GMS countries of Vietnam,
Cambodia, Laos, and eastern Thailand, whereas F4461 is more prevalent in the western
GMS countries of Yunnan province of China, Myanmar, and western Thailand. The
observed disparity is thought to be the result of different demographic histories, drug use,
parasite strains, genetic background, and mosquito vectors in these regions. ART resistant
strains in Cambodia, for example, include diverse background mutations in the gene
encoding P. falciparum ferredoxin, multidrug resistance-2 (PfMDR2), chloroquine
resistance transporter (PfCRT), and apicoplast ribosomal protein-S10 (PfAPRS10). It is
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thought that as P/K13 mutant alleles present the parasite with growth disadvantages, these
background genetic mutations may compensate for the loss through activation of
pathways/proteins that aid in parasite growth. Additionally, the parasite's genetic
background influences resistance, as parasites with the identical C580Y mutation but a
different genetic background proved to be either less fit or neutral in in vitro studies

(Siddiqui et al., 2021).

1.6.3 PfK13 structure and mechanism of action

Following the elucidation of its importance in ART resistance, P/K13 has become the focus
of various studies. Sequence analysis has revealed that P/K13 constitutes of 726 amino
acids with an N-terminal sequence specific to Plasmodium spp., followed by a putative
BTB/POZ (BR-C, ttk and bab/ Pox virus and Zinc finger) domain and six Kelch S-propeller
domain at the C-terminus (Ariey ef al., 2014). The domain architecture of PfK13 is similar
to the other Kelch-like (KLHL) protein family found in humans, wherein the BTB/POZ
domain is present at the N-terminus and 5-6 Kelch motifs at the C-terminus (Dhanoa et al.,
2013). The BTB/POZ domain helps in protein-interaction and is found in proteins with
diverse functionality, including those involved in protein degradation as well as
transcriptional and cytoskeletal regulation (Chaharbakhshi and Jemc, 2016). The BTB/POZ
domain is known to bind with a member of the family of E3 ubiquitin ligases, cullin 3, and
the downstream Kelch region acts as a substrate adaptor. Thus, Kelch-like proteins serve
as substrate adaptors for the E3 ligase, leading to polyubiquitination of specific substrates
by an E2 ubiquitin-conjugating enzyme (Figure 1.10), followed by their degradation within
the ubiquitin proteasome machinery (Furukawa et al., 2003; Stogios et al., 2005).

The sequence of PfK13 Kelch domain shares 25-30 % of its identity with the human Kelch-
like proteins, namely KLHLS8 (Kelch-like protein 8) and Keap1 (Kelch-like ECH associated
protein 1). In other eukaryotes, Keap1 acts as a negative regulator of the transcription factor
Nrf2 (nuclear erythroid 2-related factor 2), which regulates cellular pathways in response
to oxidative stress. As a substrate for the cullin E3 ligase/Keapl complex, Nrf2 is rapidly
ubiquitinated and degraded inside the proteasome during normal conditions. Oxidative
stress modifies a few cysteine residues in Keap1, reducing its ability to bind to and degrade
Nrf2 by the proteasomal machinery. Accumulated Nrf2 traffics to the nucleus, where it

binds to the promoter regions of antioxidant response genes, hence increasing their
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expression levels. Reports suggest a Keap1-like function of PfK13 in the malaria parasite.
Mutations in the S-propeller region of PfK13 that are associated with ART resistance, can
impair its interactions with a transcription factor, resulting in increased levels of the
transcription factor. P/PI3K is one of the known substrates of PfK13, although it is not a
transcription factor (Cullinan et al., 2003; Tilley et al., 2016).

Although PfK13 is considered indispensable for parasite survival (Bridgford et al., 2018),
very little is known about the protein’s exact function in the parasite. Recent studies,
however, have proposed two mechanisms of ART resistance that link the mutant PfK13
with increased protein homeostasis (Suresh and Haldar, 2018) and a reduced hemoglobin

endocytosis pathway (Birnbaum et al., 2020) in the parasite.

/ ‘ ‘ ‘ Proteasome

Degraded

Kelch-like protein

Figure 1.10 Mechanism of action of Kelch-like proteins under normal and stressed
conditions

The BTB/POZ domain interacts with an E3 ubiquitin ligase complex, aiding the ubiquitylation of a
specific substrate (S) bound via the Kelch propeller domain, resulting in the substrate's proteasome-
mediated degradation. Under conditions of cell stress, the interaction of the Kelch-like protein with
the substrate is disrupted, allowing the substrate to function. Reproduced from Tilley ef al., 2016,
with permission from 2016 Elsevier Ltd.
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1.6.4 Proteostasis mechanisms of ART resistance

Activation of ART generates free radicals through the cleavage of the endoperoxide bond
causing promiscuous alkylation of parasite proteins and, eventually, parasite death. The
killing mechanism could be mediated by proteopathy, which is defined as death caused by
widespread protein-toxicity. To mitigate ART induced proteopathy, parasites require
multiple cellular functions for the removal of misfolded proteins and their replacement by
enhancing the protein folding capacity, increasing protein translation, and vesicular
expansion mediated dissipation of stress-responsive factors attributed to proteostasis. The
proposed mechanisms for ART resistance in P. falciparum unify the ER and cytoplasmic
proteostasis pathways, involving the phosphatidylinositol-3-phosphate (PI3P) vesicle
expansion and upregulation of parasite stress response pathways mediated through the UPR

(Haldar et al., 2018; Suresh and Haldar, 2018).

Global transcriptional profiling of ART resistant clinical isolates demonstrated an increase
in the transcription of two major parasite chaperone complexes, namely, the reactive
oxidative stress complex (ROSC), which is linked to the UPR signaling pathway, and the
T-complex protein 1 (TCP1) ring complex (TRiC) of small cytoplasmic chaperonins. The
study proposes that increased chaperone complexes have a role in alleviating levels of
harmful protein aggregates that accumulate in the ER and cytoplasm following ART
activation, which may contribute to the parasite's ART resistance mechanisms (Mok et al.,

2015).

PfK13, a predicted substrate adapter of cullin E3 ligase, regulates the expression levels of
the protein P/PI3K. Wildtype PfK13 binds to and ubiquitinates P/PI3K, facilitating its
proteasomal degradation. On the other hand, mutant PfK13 C580Y undergoes
conformational changes that prevent PfPI3K ubiquitination and degradation, thereby
causing increased levels of P/PI3K and its product PI3P. Elevation of PI3P during ART
resistance or transgenic expression of HsVPS34, the human homolog of P/PI3K, in
parasites lacking the P/K13 mutation results in increased ART resistance, as shown by
higher RSA values (Mbengue et al., 2015). Increased PI3P levels lead to amplification of
ER-PI3P vesicles, which are dispersed throughout the parasite and are also transported to
the host RBC (Figure 1.11a). To unveil the constituents of the PI3P vesicle, biochemical

and proteomic analysis of the vesicles were performed (Bhattacharjee et al., 2018). Firstly,

29



ART resistant parasites with increased ER-PI3P vesiculation displayed P/K13 on these
vesicles. These PfK13 decorated PI3P vesicles are enriched in proteins involved in folding,
quality control, and export. The vesicle proteome shows high overlap with various UPR
and oxidative stress responses that are associated with ART resistant field isolates.
Additionally, these PI3P vesicles contain P/BiP that can enhance the protein folding
capacity of the parasite ER and activate the UPR stress sensor PERK. This could lead to
the observed phosphorylation of the PfelF2a in ART resistant parasites, which is followed
by translational repression and lowering of general protein synthesis. Additionally, the
presence of Pf/TRiC in these PI3P decorated vesicles can enable proper folding of misfolded
proteins accumulated in the parasite cytoplasm (Suresh and Haldar, 2018). The parasite
degradation system consisting of the ERAD-proteasome and the autophagy pathways, can

remove the remaining misfolded proteins from the ER and cytoplasm.
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Figure 1.11 Proteostasis mechanisms of ART resistance

(a) Model depicting expansion of PI3P vesicles in sensitive (K13%T) and ART resistant (K133%")

P. falciparum. (b) A unifying model depicting proteostasis in the ER and cytoplasm of K135
parasites. Adapted from Suresh and Haldar, 2018, licensed under CC-BY.
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Altogether, amplification of PI3P vesicles is proposed to be a major determinant of ART
resistance. The model proposed by Suresh et al., (Figure 1.11b) unifies the aforementioned
mechanisms to overcome damage caused by protein alkylation and proteopathy, leading to
parasite death by proposing expanded ER-vesiculation, the major reason for proteostasis

(Suresh and Haldar, 2018).

1.6.5 P. falciparum hemoglobin endocytosis pathway mediated ART resistance

The interactome of PfK13 suggests involvement of a variety of cellular processes. PfK13
is known to localize adjacent to the parasite cytostomes and interact closely with proteins
involved in the endocytosis pathway. The study identified P. falciparum Epidermal Growth
Factor receptor substrate-15 (PfEps15) as an interactor of PfK13. In other eukaryotes, the
homolog of Epsl5 functions as an ubiquitin receptor that interacts with the Adaptor
Protein-2 (AP-2) complex to mediate both clathrin-dependent and independent
endocytosis. PfK13 also interacts with the P. falciparum Ubiquitin Binding Protein-1
(PfUBPI1), a homolog of which is implicated in promoting endocytic recycling in yeasts
(Birnbaum et al., 2020). Furthermore, immunoprecipitation and immunofluorescence
analyses revealed that proteins from the Rab family GTPase involved in endocytosis and
secretion, as well as transport vesicles related proteins, interact with PK13 (Gnédig ef al.,
2020). This indicates a strong association of PfK13 with proteins of the endocytosis and
vesicle transport pathway. The pulldown study results were supplemented with fluorescent
microscopic analysis, which established P/K13 as a part of the parasite endocytosis

machinery involved in host hemoglobin uptake (Xie ef al., 2020).

A recent study established a link between PfK13 C580Y mutation and diminished
hemoglobin endocytosis by the parasite, proposing another mechanism for ART resistance
(Birnbaum et al., 2020). PfK13 and its associated proteins participate in the parasite
hemoglobin endocytosis pathway and thus can regulate the amount of host hemoglobin
taken up by the parasite. The study suggests destabilization of P/K13 that harbors the
C580Y mutation, resulting in decreased PfK 13 abundance and reduced availability of heme
derived from hemoglobin degradation at the ring stage. Since ART is activated by iron
derived from hemoglobin, the diminished availability of hemoglobin results in decreased
ART induced proteotoxic stress and parasite killing, thus conferring ART resistance.

Additionally, inactivating PfK13, particularly at the ring stage, decreased endocytosis and

32 | Introduction



brought resistant parasites to levels comparable to those with the P/K13 C580Y mutation
(Birnbaum et al., 2020).

The study demonstrates PfK13 and its associated proteins as regulators of host hemoglobin
endocytosis in the parasite, which in turn controls the availability of hemoglobin for
degradation and consequently the concentration of activated ART, as depicted in the model

(Figure 1.12).

sensitive & @ resistant

&
S8 HOST CELL
~{~ O L0
> & hemoglobin
+*
+ o+
+ nd -
+ nd -
+ ndpg=
+ nd +
nd nd +
+ IS keichidS
+ + 0I5 UBP1E=S
: B reduced rate
+ nd + of endocytosis
+ + +

amino, hemoglobin
acids—P® . . _~linactive ART
growth hemozoin peplides heinalmc‘,
_Food vacuole hemozoin

_Food vacuole

Figure 1.12 Model depicting the mechanism of ART resistance associated with
PfK13 mutations in P. falciparum

Mutations in PfK13 and its associated proteins mediates ART resistance by decreasing endocytosis
of host hemoglobin. Reproduced from Birnbaum et al., 2020, with permission from American

Association for the Advancement of Science.
1.7 An overview of Autophagy

Organisms rely on continuous synthesis and degradation of cellular components to
maintain a proper balance between the organelles, proteins, and metabolites within the cell
(Ohsumi, 2014). The process of autophagy is an intracellular degradation pathway that

eliminates damaged or unwanted cellular components through the lysosome-mediated
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degradation system (Mizushima, 2007). Based on the mechanistic and morphological
features, autophagy is classified into macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA). Macroautophagy, subsequently referred to as ‘autophagy’, is
the most predominant form of autophagy. It entails the sequestration and transport of
damaged organelles and toxic proteins to the lysosomes via double-membrane vesicles
(Feng et al., 2014; Yorimitsu and Klionsky, 2005). Microautophagy derives its name from
the ‘micro’ sized cytoplasmic segment that is directly engulfed by the lysosome. The
cytoplasmic cargo is enwrapped by lysosome membrane invaginations and taken up for
degradation (Mijaljica et al., 2011). CMA refers to the chaperone mediated selective
degradation of a specific pool of cytosolic proteins. The chaperone Hsp70 recognizes
substrate proteins with a particular KFERQ-like sequence (Massey et al., 2004), and the

proteins are directly shuttled across the lysosomal membrane (Figure 1.13).
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Different types of autophagy: (a) Macroautophagy, (b) Chaperone-mediated autophagy and (c)
Microautophagy. Reproduced from Boya et al., 2013, with permission from 2013, Nature
Publishing Group.

1.7.1 The discovery of Autophagy

The term “autophagy” has been in use since the 1860s to refer to the concept of the human
body feeding off itself as a means of self-nourishment during times of nutrient deprivation.
Almost a century later, the discovery of lysosomes in rat liver cells by Christian de Duve
in 1955 allowed the identification of autophagy as a mechanism for delivering intracellular
materials to the lysosome for degradation (De Duve et al., 1955, 1963). The process of
degradation of intracellular components was initially provided by S Clark, who observed,
in addition to lysosomes, amorphous substances and mitochondria within irregularly
shaped vacuoles in mouse kidney cells (Clark, 1957; Novikoff, 1959). These substances
were subsequently identified as lysosomal enzymes. Shortly after that, Arstila and Trump
demonstrated the existence of double membrane-bound structures encapsulating
cytoplasmic components and organelles but lacking hydrolytic enzymes. These structures
form first and then fuse with lysosomes (Arstila and Trump, 1968). Based on these
discoveries, in 1963, Christian de Duve coined “autophagy”, a term derived from the Greek
word for “self-eating”, as the process of delivering intracellular components to lysosomes
for their degradation (De Duve et al., 1963), in contrast to endocytosis, which encompasses

the route taken by particles from outside to the lysosomes.

An understanding of the molecular mechanisms of autophagy facilitated the detection and
genetic manipulation of the pathway, culminating in a rapid unravelling of the field. In the
late 1990s, genetic screens identified 15 yeast mutants showing defects in protein turnover.
This resulted in the identification of the first set of autophagy-related genes (Tsukada and
Ohsumi, 1993). Yoshinori Ohsumi and his colleagues made the breakthrough, earning him
the 2016 Nobel Prize for elucidating mechanisms underlying the process of autophagy.
Following his work, independent genetic screens identified other autophagy-related mutant
genes affecting the cytoplasm-to-vacuole targeting (CVTs) pathway, autophagic
degradation of peroxisomes, and glucose-induced selective autophagy (GSAs) to mention
a few (Harding et al., 1995; Sakai ef al., 1998; Yuan et al., 1997). The first autophagy-
related (ATG) gene to be identified was ATGI. At present, about 42 ATG genes have been
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identified in yeast, the majority of which have homologs in other eukaryotes. 18 of these
are classified as ‘core’ autophagy genes, whereas the remainder are involved in certain
specific types of autophagy. Deciphering the role of autophagy in human health and
disorders such as ageing and longevity, cancer, neurodegenerative diseases, and the innate
and adaptive response to pathogens has resulted in significant advancements in autophagy

research.

1.7.2 Functional roles of Autophagy

Autophagy is involved in a variety of physiological and pathological roles, including cell
survival, intracellular quality control, maintenance of homeostasis, protein transport, anti-
aging, cell differentiation and development, innate and adaptive immunity, tumor
suppression, and cell death. The diverse roles of autophagy can be attributed to either
“induced” or “basal” autophagy. The former acts as an adaptive catabolic process that is
initiated in response to various metabolic stresses, whereas the latter performs the routine
housekeeping function that eliminates defective proteins and organelles. The broad
functions of autophagy have been discussed subsequently (Levine and Kroemer, 2008; Yin

etal., 2016).

1.7.2.1 Physiological roles of Autophagy

Quality control and homeostasis: The cell disposes damaged proteins and worn-out
organelles via autophagy. Basal autophagy functions at a low level for quality-control
mechanism, and is vital for maintaining homeostasis, especially during cell division. As a
result, autophagy-deficient mutants in numerous types of cells have a higher amount of
abnormal proteins and damaged organelles. The process is also useful for eliminating
undesirable organelles, such as peroxisomes and mitochondria, in order to maintain steady-

state quantities of these organelles. (Mizushima, 2007).

Development: The ability of autophagy to rapidly respond to external cues, and to alter the
intracellular architecture, is crucial for cellular remodelling during organism development.
Thus, the inability of autophagy-defective mutants in various model organisms to survive
beyond a certain stage demonstrates the significance of this system during development.

(Yin et al., 2016).
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Cell death: In terms of cell fate determination, there is a substantial interplay between
autophagy and apoptosis. Both processes occur downstream of common signals involving
the tumor suppressor p53 and BH3-only proteins, which send both internal and external
death signals. They also share regulatory components and mutually regulate each other.
The process of autophagy precedes apoptosis as the primary response to cellular damage.
In case where autophagy is unsuccessful in eliminating the damage, apoptosis is induced

by blocking the autophagy pathway (Yin et al., 2016).

1.7.2.2 Pathological roles of Autophagy

Diseases: In addition to maintaining a normal cellular physiology, autophagy plays
fundamental role in cellular health. Dysfunction of autophagy has been linked to a variety
of pathophysiologies, including cancer and neurodegenerative diseases. Among the
essential functions of autophagy is the removal of damaged proteins and organelles.
Therefore, defects in the process result in accumulation of protein aggregates in neuronal
cells, causing diseases such as Parkinson, Alzheimer, and Huntington. Autophagy is also
implicated in cancer. In the early stages, autophagy acts as a tumor suppressor by disposing
damaged proteins and organelles. However, in the later stages, it functions as a tumor
protector by supplying the cancer cells with abundance of nutrients that promote cell

survival (Klionsky and Codogno, 2013; Mizushima, 2007).

Aging and longevity: Cells’ ability to perform autophagy reduces significantly with age.
Studies in human cells, rodents, and C. elegans, have indicated an age-related reduction in
lysosomal function, which inhibits autophagic flux. Short lived S. cerevisiae mutants, when
screened for age related factors, identified several ATG null mutants including ATGI,
ATG18, ATG7 and Beclinl. ATG knockouts mice are not viable upon arrival in the
postnatal period. Aging in drosophila is also associated with decreased expression of

various ATG genes (Aman ef al., 2021; Rubinsztein et al., 2011).

1.7.3 Molecular mechanism of Autophagy

The most important phase in the autophagic process is the sequestration of a portion of the
cytoplasm by a new double-membrane compartment called the “autophagosome”. A series
of dynamic events leads to the formation of an autophagosome, which includes the

development of a membrane sac (phagophore) that extends on both sides, culminating in a

37



cup-shaped structure that seals, forming a double membrane autophagosome enveloping a
part of the cytoplasm. The fusion of the autophagosome with the lysosome results in the
formation of a single-membrane vesicle called the “autolysosome”, which is degraded by
lysosomal hydrolases. The degradation products, such as amino acids, are exported to the
cytoplasm and repurposed as a source of energy or in the synthesis of macromolecules

(Ohsumi, 2014).

The field of autophagy has witnessed extensive research efforts, which have resulted in a
detailed understanding of the functions of the core ATG proteins. In yeast cells, their
functions are categorized into six distinct complexes: the ATG1 kinase complex, the
ATG14-containing class III phosphoinositide 3-kinase (PI3K) complex I, the PI3P-binding
ATG2-ATG18 complex, the ATG5-ATG12 conjugation system, the ATG8 conjugation
system, and the integral membrane protein ATG9 (Figure 1.14). The process of autophagy
involving the participation of these core ATG proteins can be divided into several
sequential steps: induction and nucleation, expansion, maturation, fusion, degradation and
efflux (Kirkin, 2020; Mizushima, 2018; Yin et al., 2016). Following sections discuss the

various autophagy events and the machinery involved.

Induction and nucleation:

Physiological stress stimuli such as nutrient deprivation or treatment with pharmacological
molecules trigger an intracellular signaling cascade that results in the onset of autophagy.
The target of rapamycin complex 1 (TORC1) detects the decrease in nutrient availability
and inhibits the activity of TOR, a negative autophagy regulator. In yeast, the core ATG
proteins assemble at the phagophore assembly site (PAS) thereby commencing phagophore
nucleation. The ATGI kinase, regulatory protein ATGI13 and the scaffolding ternary
subcomplex consisting of ATG17, ATG31, and ATG29 comprise the initiation complex
recruited to the PAS (Figure 1.14). While the exact membrane source for PAS is uncertain,
several intracellular compartments have been identified as its probable source. These
include the ER, Golgi, ER-Golgi intermediate compartment, mitochondria, plasma
membrane, and recycling endosomes (Delorme-Axford et al., 2015). Further, the
recruitment of ATG proteins to the PAS is crucial for phagophore expansion. The class II1
PI3K complex I consisting of the lipid kinase Vps34, Vpsl15, ATG6, ATG14, and ATG38
is recruited to the PAS after autophagy induction. At the PAS, Vps34 generates PI3P from
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PI which is essential for accurate localization of the ATG18-ATG2 complex (Figure 1.14).
This complex then recruits ATGS, ATG9, and ATGI12 to the PAS (Yin et al., 2016).

Expansion:

The ATG12 and ATGS ubiquitin-like (Ubl) conjugation systems are involved in the
expansion of the phagophore membrane. Both ATG12 and ATGS8 are structurally similar
to ubiquitin but are not homologs. ATG12 forms a Ubl conjugation with ATGS5 which is
mediated by ATG7, an El-like enzyme, and ATG10, an E2-like enzyme. This conjugation
recruits a small coiled-coil protein ATG16 forming the multimeric ATG12-ATG5-ATG16
complex. In yeast and high eukaryotes, ATG12-ATG5 conjugation occurs constitutively
and permanently. A different type of conjugation attaches another Ubl protein, ATGS to
the lipid phosphatidylethanolamine (PE). The formation of ATG8-PE involves the protease
ATG4, which exposes the C-terminal glycine of ATG8. The E1 and E2-like enzymes ATG7
and ATG3, respectively and the ATG12-ATG5-ATG16 complex which functions as an
E3-like enzyme (Figure 1.14), accelerate ATGS8 conjugation (Geng and Klionsky, 2008;
Yin et al., 2016).

Additionally, the transmembrane protein ATG9 is involved in elongation of the
phagophore. ATG9 recycles between the PAS and peripheral sites which serve as
membrane sources for the PAS. ATGY9 multimerizes with other ATG proteins including
ATGI11, ATG23, and ATG27 which aid in the anterograde transport of ATG9 from the
membrane sources to the PAS (Figure 1.14). The retrograde transport from PAS to the
peripheral sites is mediated by the ATG1 initiation complex. The ability of ATG9 to traffic
and multimerize contributes towards recruiting membrane for phagophore expansion and

is thus crucial for autophagosome formation (Parzych and Klionsky, 2014).

Maturation and fusion:

The expanding phagophore matures and closes to form the double membrane
autophagosome. It subsequently tethers/docks and fuses with the vacuole (in yeast and plant
cells) or lysosome (in metazoans), forming the autolysosome. Autophagosomes can also
fuse with endosomes forming ‘“amphisomes” which are then fused with
vacuoles/lysosomes. The docking and fusion involve SNARE proteins such as VAM?7,

VAMY, and syntaxin 17. The outer membrane of the autophagosome fuses with the
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vacuole, while the inner membrane along with the cytoplasmic materials is released into

the vacuolar/lysosome lumen (Parzych and Klionsky, 2014; Yin et al., 2016).

Degradation and recycling:

Upon delivery of the cargo inside the vacuole/lysosome, the autophagosome membrane is
degraded by ATGI1S5, a putative lipase, leading to degradation of the cytoplasmic materials
by the resident hydrolases. Macromolecules generated during cargo degradation are
released into the cytosol by the help of various permeases including ATG22 (Yin et al.,
2016).
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The mechanical properties of autophagy and the protein machinery. The autophagy activators and
inhibitors, as well as the autophagy steps influenced by these modulators, are listed. Adapted from

Farré and Subramani, 2016, with permission from 2016, Nature Publishing Group.

1.7.4 Modulation of the autophagic flux

Autophagosomes are formed as an intermediary structure in the autophagy process. An
equilibrium between the rate of autophagosome generation and degradation inside the
vacuole is referred to as the autophagic flux. Induction of the autophagic flux is mediated
through amino acid starvation, mTOR inhibitor rapamycin, and ER stress inducers such as
Thapsigargin, Brefeldin A, and Tunicamycin. It is reduced when autophagy is inhibited
upstream of autophagosome formation using ATG1 inhibitor MRT68921 and PI3K
inhibitors such as 3-methyladenine (3-MA), wortmannin, and LY294002. The vacuolar-
type H'-ATPase inhibitor Bafilomycin A1l inhibits autophagy following autophagosome
formation, resulting in a decrease in autophagic flux but an accumulation of
autophagosomes in the cytosol and an increase in autophagosome number. Chloroquine
and hydroxychloroquine, lysosomal lumen alkalizers, limit lysosomal function, resulting
in a decrease in autophagic flux but an increase in autophagosome number, similar to
Bafilomycin Al therapy. Acid protease inhibitors like Leupeptin, E64d, and Pepstatin A
stop autophagosome components from degrading (Figure 1.14) (Mizushima et al., 2010;

Yang et al., 2013; Yin et al., 2016).

1.7.5 Signaling pathways regulating Autophagy

Autophagy plays an important role in maintaining cellular homeostasis as well as survival
under a wide range of stress conditions such as nutrient deprivation, absence of growth
factors, hypoxia, oxidative and ER stress. Thus, the process of autophagy requires
regulation at various stages to avoid either excessive or inadequate activity. Numerous
studies have focused on how autophagy is maintained at low levels during normal
conditions and its induction/downregulation upon exposure to various stimuli. A well-
defined regulatory network has been found to modulate the activity of the autophagy

pathway in response to both extracellular and intracellular stresses (Yin et al., 2016).

The TOR kinase and the cAMP-dependent protein kinase A (PKA) are involved in sensing

nutrient starvation. TOR is a negative regulator of autophagy that senses and integrates
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several environmental signals to prevent catabolism and coordinate cell growth. During
nutrient-rich conditions, the TOR kinase phosphorylates ATG1 and ATG13, preventing the
formation of the ATG1-ATG13-ATG17-ATG31-ATG29 complex and thus suppressing
activation of autophagy. Upon amino acid starvation or treatment with rapamycin, a TOR
inhibitor, ATG13 is rapidly dephosphorylated which increases its binding with and
activation of ATG1 and subsequent induction of the autophagy process. Given its role in
energy/glucose dependent regulation, PKA is activated in the presence of glucose.
Activated PKA phosphorylates ATG1 and ATG13, thus preventing autophagy activation.
Additionally, PKA can suppress autophagy by indirectly activating the TOR kinase via
inhibition of the AMP-activated protein kinase (AMPK). AMPK is another energy-sensing
kinase that responds to intracellular levels of AMP and ATP to regulate autophagy.
Decreased energy levels activate AMPK, which is a negative regulator of TOR and acts by
inhibiting activity of the TOR kinase, hence inducing the autophagy pathway (Parzych and
Klionsky, 2014; Yin et al., 2016).

ER stress can also trigger the process of autophagy by activating the three regulators of the
UPR signaling pathway (IRE1, ATG6 and PERK), in addition to releasing ER resident Ca**
into the cytoplasm, which, in turn, activates AMPK that inhibits TOR. Additional signals
that induce autophagy include hypoxia and the unavailability of growth factors, both of
which partially regulate autophagy via TOR. Thus, involvement of TOR in the regulatory
mechanism of autophagy marks its importance in the study of this pathway (Heyer-Hansen

and Jaatteld, 2007; Parzych and Klionsky, 2014; Yin ef al., 2016).
1.7.6 Role of Phosphatidylinositol 3-phosphate in Autophagy

Phosphatidylinositol 3-phosphate (PI3P) is a phospholipid found in cell membranes that
aids in the recruitment of a variety of proteins to the membranes, the majority of which are
involved in protein trafficking (Gillooly et al., 2001). PI3P and its effectors participate in
several aspects of autophagy, including the biogenesis, maturation, and intracellular
trafficking of autophagosomes. Studies have proposed local PI3P synthesis on the isolation
membrane, promotes its negative curvature and regulates autophagosome size. In
mammalian cells, PI3P production has also been observed on the elongating isolation
membrane tips, and it has been postulated that this process facilitates the expansion and

sealing of the edges of the membrane. The majority of hypotheses, however, explain PI3P's
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actions through effector proteins having PI3P-binding motifs, such as the FYVE, PX, or
WD40 domains. Additionally, localized PI3P synthesis has been proposed as a means of
establishing a membrane platform for concentrating and spatially coordinating particular

effectors required for downstream signal transduction and autophagy progression

(Dall’Armi et al., 2013).

Numerous PI3P effectors have been shown to be involved in the initiation of autophagy. In
mammalian cells, PI3P effector proteins include the PROPPIN family of WD-repeat
proteins that interact with phosphoinositides. The PROPPIN family is characterized by its
WDA40 repetitions, which contain a seven-bladed S-propeller fold and feature two pseudo-
equivalent PI3P binding sites as well as a FRRG motif essential for the PROPPIN family
to perform autophagic functions. The WIPI-1, and 2 PROPPINs are implicated in the
induction of autophagy in mammals. WIPI-1 and WIPI-2 are recruited to membrane
sources during autophagy initiation and are involved in the development and maturation of
the isolation membrane, respectively. These two proteins are phylogenetically related to
yeast ATG18, which has also been implicated in the initiation stage, albeit more indirectly
through the shuttling of ATG9 and ATG2 in both the Cvt and autophagy pathways.
Additional PI3P effectors involved in the initiation stage have been identified, in yeast,

including ATG21 and YGR223c (Dall’Armi et al., 2013).

1.7.7 Selective Autophagy

Activation of autophagy during conditions of nutrient and energy deprivation or metabolic
perturbations is essentially non-specific, and can be mediated by recycling components of
the cytoplasm via the bulk degradative pathway. Autophagy can also be highly selective to
facilitate cellular homeostasis by removing damaged or excess components before they
become toxic to the cells. Selective autophagy involves the presence of degradation cues,
and involvement of selective autophagy receptors that enable ATG proteins to recognize
their cargo. The yeast Cvt pathway is the best characterized selective autophagy-like
mechanism, utilizing the core ATG machinery to deliver a precursor form of the hydrolase,

aminopeptidase I, to the vacuole (Yin et al., 2016).

Several types of selective autophagy have been studied so far, including specific autophagic

cargoes such as mitochondria, peroxisomes, ER, bacterial pathogens, and ubiquitinated

43



proteins. Degradation of peroxisomes through autophagy, termed pexophagy, is initiated
under normal growth conditions to maintain the organelle turnover in the cells. As
peroxisomes are involved in a number of metabolic functions in the cell, dysfunction of the
organelle negatively affects human health. Thus, the role of pexophagy is important in
maintaining adequate cellular physiology. Another form of selective autophagy with
mitochondria as the cargo is termed mitophagy. It involves selective degradation of the
mitochondria in order to sustain steady-state turnover of the organelle, the development
and remodelling of certain cell types as well as clearance of worn-out mitochondria.
Damaged ER or accumulation of excess ER chaperones and membrane is degraded through
the process of ER-phagy. Cells also utilize autophagy to precisely target ubiquitin-tagged
proteins. Xenophagy refers to a process by which intracellular bacteria are targeted by
ubiquitin-binding proteins for degradation in the autolysosomes. Aggregates of
ubiquitinated proteins are also cleared through the process of aggrephagy. Overall, cells
utilize the processes of selective autophagy for maintaining cellular homeostasis, and

consequently, the organismal heath (Parzych and Klionsky, 2014).
1.8 Interplay between ER stress and Autophagy

Under ER stress, signals from the ER stimulate autophagy to either help cells cope with ER
stress or participate in the mechanism of non-apoptotic cell death. Intracellular Ca®*
released from the ER lumen in response to stress, activates the calmodulin-dependent
kinase beta (CaMKKf)/AMPK dependent pathway. Thus, TOR inhibition on the ATG1
complex is relieved leading to autophagy initiation. Additionally, ER stress mediated
activation of the UPR signaling transducers regulates autophagy at various stages in the
process, in particular, induction, nucleation, and elongation. Accumulation of misfolded
proteins in the ER lumen stimulates oligomerization and autophosphorylation of IRE1.
Activated IRE1 promotes autophagy by releasing free Beclin-1, the mammalian homolog
of yeast ATG6, from the Beclin-1/Bcl-2 complex, to form a complex with Vps34 and
initiate nucleation of the autophagy isolation membrane. In addition, splicing of the X-box
binding protein-1 (XBP-1) transcription factor by IRE1 triggers transcription of Beclin-1
thus inducing autophagy. The activation of PERK reduces global protein translation
through elF2a phosphorylation along with enabling translation of ATF4. ATF4 increases
transcription of ATGI12 and activates the C/EBP-homologous protein (CHOP) which
promotes the transcription of ATGS. ATGS5 and ATG12, form a complex with ATG16
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which positively regulates the autophagy elongation process. ER stress also activates the
third arm of the UPR, the ATF6 transcription factor, to indirectly activate CHOP and induce
autophagy (Figure 1.15) (Carreras-Sureda et al., 2018; Song et al., 2018).

Electron microscopy studies from the 1980s first revealed the presence of dilated ER in
autophagic vacuoles within cells (Clarke, 1990). Later, a direct link between ER stress and
induced autophagy was provided by treating yeast cells with known ER stressors, such as,
dithiothreitol (DTT) which inhibits the formation of disulfide bonds or tunicamycin that
inhibits N-glycosylation. Both DTT and tunicamycin activated the UPR pathway and
increased the kinase activity of ATG1 along with formation of PAS thus inducing the ATG-
dependent autophagy process (Yorimitsu et al., 2006). Autophagy mediated selective
turnover of the ER plays a critical role in the maintenance of ER homeostasis. Following

are details of the types of selective autophagy that are induced upon ER stress.
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Figure 1.15 Schematic representation of the mechanisms of ER stress mediated
autophagy

Autophagy can be induced by ER stress through IREla, PERK, ATF6, and Ca*" signaling
pathways. Reproduced from Song et al., 2018, with permission from 2017 Wiley Periodicals, Inc.
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1.8.1 ER-phagy

During ER stress, the ER is selectively delivered to and degraded inside the lysosome via
a process known as ER-phagy. ER homeostasis relies on specific ER-resident protein
receptors, that directly bind to ATG8/LC3 via an LC3-interacting region (LIR)/ATGS-

interacting motif (AIM), leading to selective elimination of the ER.

ER-phagy is induced in budding yeast S. cerevisiae by overexpression of integral
membrane proteins, suppression of TOR in response to nitrogen deficiency, or incubation
with rapamycin. Receptors controlling the transport of ER portions harboring excess
membrane proteins to the digestive vacuole in yeast have not been identified. By contrast,
ER-phagy receptors have been identified and characterized for rapamycin and starvation
induced ER-phagy. The ATGS8-binding proteins ATG39 and ATG40 label the ER and
nuclear envelope membrane that are to be delivered to the yeast vacuole for clearance. The
reticulon-homology domain (RHD) in ATG40 is crucial for membrane shaping and
facilitating ER fragmentation. Both ATG39 and ATG40 contain an AIM, which facilitates
their interaction with the membrane-bound ATGS8 (Grumati et al., 2018).

FAM134B (family with sequence similarity 134) is a member of the FAM134 reticulon
protein family in higher eukaryotes such as mammals. It has a RHD motif that promotes
ER membrane curvature, as well as a LIR motif that aids in binding to the LC3 present on
the phagophore membrane. This suggests that FAM134B functions as an ER-phagy
receptor. FAM134B mediated ER degradation increases in cells under nutrient starvation.
RTN3 is another ER-phagy receptor that becomes more active upon starvation. It is a
member of the RHD-containing proteins (RTN1-4), that are involved in membrane
curvature in the tubular ER. The N-terminal cytosolic region of the protein includes six
LIRs that interact with LC3. Cell-cycle progression gene 1 (CCPG1) acts as an ER-phagy
receptor upon induction of ER stress. Endogenous CCPGl1 is activated in response to ER

stress that brings about autophagic degradation of the peripheral ER (Grumati et al., 2018).

1.8.2 RecovER-phagy

The process involves selective delivery of ER components to the autolysosomes for
clearance upon resolution of ER stress. During ER stress, the signaling sensors direct the

UPR to increase production of ER-resident chaperones to reduce the load of misfolded
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proteins in the ER lumen. Inability of UPR to restore normal ER functions can lead to
activation of cell death responses (Walter and Ron, 2011). Thus, upon resolution of ER
stress, a recovery phase is required to restore ER homeostasis. The recovery phase, known
as recovER-phagy, entails reestablishing the pre-stress levels ER chaperones (Fumagalli et
al.,2016). The ER transmembrane protein SEC62 (Secretory Protein 62), is part of the ER
translocation complex and is involved in the import of newly synthesized proteins into the
ER lumen. SEC62 has been shown to participate in the process of recovER-phagy. It
harbors a LIR motif in its C-terminal cytosolic domain, that facilitates its association with
LC3 present on the autophagosomes (Figure 1.16). SEC62 is believed to exit the ER
translocon complex prior to its participation in recovER-phagy, which is functionally

distinct from protein translocation (Fumagalli et al., 2016; Grumati et al., 2018).
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Figure 1.16 Schematic representation of the role of SEC62 in protein translation and
revoER-phagy process

Translocon component SEC62 as a component of the protein translocon machinery and as an
autophagy receptor present on the ER membrane. Reproduced from Fumagalli et al., 2016, with

permission from 2016, Nature Publishing Group.
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1.9 The Autophagy machinery in P. falciparum

Each year, millions of individuals worldwide are infected with the protozoan parasite P.
falciparum, resulting in thousands of fatalities (WHO, 2020). Throughout its
intraerythrocytic life cycle, the parasite experiences heat, nutritional, ER, oxidative, and
other stressors (Babbitt et al., 2012; Chaubey ef al., 2014; Engelbrecht and Coetzer, 2013)
and undergoes differentiation, which involves degradation of stage-specific organelles and
proteins (Cervantes et al., 2014). In yeast, over 42 autophagy-related proteins have been
identified till date, but only a small number of ATG proteins are conserved in P. falciparum
(Table 1.2). Dissecting the autophagy-like pathway and its function in stress responses
would give vital insights into mechanisms that contribute to survival and homeostasis,

which would aid in the development of novel antimalarial therapies.

. . . Identity with S.
S. cerevisiae P. falciparum . .
Stage of autophagy cerevisiae
homolog homolog
homolog
ATGI1 PF3D7 1450000 2.40e-22
ATG13
Induction ATG17 PF3D7 1120000 1.4e-10
ATG29
ATG21
Vps34 PF3D7 0515300 8.50e-75
Vpsl5 PF3D7 0823000 2.2e-14
Nucleation
Vps30/ATG6
ATG14
M ATG2 PF3D7 1320000 0.0034
Assembly/ATGY9 ATGI18 PF3D7 1012900 5.1e-31
cycling
ATGY
ATG4 PF3D7 1417300 4.5e-09
Vesicle expansion ATG8 PF3D7 1019900 3.10e-24
and completion ATG3 PF3D7_0905700.1 3.30e-40
ATG7 PF3D7 1126100 4.0e-09
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ATGI10

ATGI12 PF3D7 1470000 3.4e-09
ATGl6
ATGS PF3D7 1430400 3.3e-05

Table 1.2 Conserved Autophagy proteins in P. falciparum
Adapted from Navale et al., 2014, licensed under CC-BY.

Bioinformatic analyses have identified a few autophagy-related genes in P. falciparum.
Although multiple hits for the autophagy master regulator TOR have been found, these
findings are more closely related to Phosphatidyl-Inositol 4-Kinases (PI4K). In yeast,
ATG1 and ATGI17, in conjunction with ATG13, constitute the autophagy initiation
complex. Bioinformatically, homologs of yeast ATG1 and ATG17 have been identified in
the malaria parasite, however ATG13 seems to be absent. The putative PAATG]1 has a
conserved kinase domain but lacks the ATG13 binding motif, probably due to the absence
of ATG13 in the parasite. In yeast and humans, PAATG]1 includes many putative ATGS8-
interacting motifs that facilitate ATG1 binding to ATGS8 in an ATG13-independent manner.
Further, functional investigations are required to determine whether the identified ATG1
homolog in P. falciparum functions in a similar manner to that of yeast or human
ATGI/ULKI1. The components of yeast PI3K complex, VPS34, VPS15, ATG6, and
ATG14, appear to be present in the parasite. While PfVps34 is a well-characterized protein
found in P. falciparum, Vpsl5 and ATGI14 have been identified but remain
uncharacterized. However, the parasite does not have any ortholog of ATG6. ATG9, a
transmembrane protein needed for membrane recycling, is not conserved in P. falciparum.
ATG18 has a homolog in the malaria parasite which is predicted to have a WD repeat motif
that folds into a conserved seven-bladed f-propeller structure. PAATG18 also has a
conserved PI3P-binding motif (FRRG), due to which it has been identified as a PI3P
effector in parasites (Bansal et al., 2017; Hain and Bosch, 2013; Navale et al., 2014). A
possible homologue of ATGI18's binding partner, ATG2, was also identified in P.
falciparum (Figure 1.17), but is currently annotated as a putative rhoptry protein (Hallée et

al., 2018).
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Proteins such as, ATGS, ATG3, ATG4, and ATG7, essential for the ATG8 conjugation
system, are conserved in the malaria parasite. P/ATG8 has a glycine residue at the C-
terminus, much like other apicomplexan parasites including Toxoplasma and Trypanosoma
(Hain and Bosch, 2013). As a result, the putative ATG4 orthologue is probably critical for
recycling misconjugated ATGS. PfATG7 is a parasite-specific El-like enzyme that
interacts with PAATGS8 (Cervantes et al., 2014). ATG3, a protein similar to E2, is found in
the genome of P. falciparum and contains an LIR motif. The structure of the ATG8-ATG3
complex in this parasite has been determined, revealing that PATG3 has an extra loop that
is not found in human ATG3 (Figure 1.17). Thus, PATG3 has been recommended as a
therapeutic target against P. falciparum (Hain et al., 2012, 2014, 2016).

P. falciparum genome contains homologs of ATGS5, ATG12, and ATG16, however ATG16
is not present. Due to the fact that PA/ATGS is larger than its yeast and mammalian
counterparts, BLAST analysis reveals a lack of identity (Brennand et a/., 2011; Duszenko
et al., 2011; Hain and Bosch, 2013; Rigden et al., 2009). Recently studies have shown that
during the evolution of apicomplexans like Toxoplasma and Plasmodium, as well as certain
yeast species like Komagataella phaffii (Pichia pastoris), the interaction between ATGS
and ATG12 shifted from covalent to non-covalent. The C-terminal glycine residue in both
ATG]12 and E2-like enzyme ATG16 is required for covalent binding, but is missing in these
species. This non-covalent ATG12-ATGS5 complex may enable ATG8-PE conjugation,
thus suggesting the evolution of the ubiquitin-like covalent conjugation into a more
straightforward non-covalent interaction (Pang et al., 2019). P. falciparum also expresses
Rab7 and SNAREs which are necessary for autophagosome-lysosome fusion. ATG15, the
lipase responsible for degrading the autophagosome membrane, and Prbl, the vacuolar
proteinase, are absent in P. falciparum. The parasite's FV, on the other hand, contains
multiple falcipain enzymes involved in hemoglobin degradation. Additionally, ATG22, the
amino acid efflux pump on eukaryotic lysosomes, is identified (Figure 1.17) (Hain and

Bosch, 2013).
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Figure 1.17 Schematic representation of the conservation of the autophagy
machinery in P. falciparum

Black box indicates strong evidence for homology; grey box indicates less clear homology and
white box indicates no ortholog identified in P. falciparum by BLAST analysis. Reproduced from
Hain and Bosch, 2013, licensed under CC-BY.

1.9.1 Role of Autophagy-related proteins in P. falciparum

Malaria parasites undergo several morphological and functional changes during their life
cycle, encompassing 15 functionally distinct stages. Autophagy has been implicated in
critical stages of parasite development, including the removal of micronemes during the
differentiation of sporozoites to merozoites in liver stage parasites (Jayabalasingham et al.,
2010). Since ATGS is associated with both premature and mature autophagosomes and the
amount of lipidated ATGS correlates with the number of autophagosomes, it is frequently
used as an autophagosome marker (Kitamura et al., 2012). Concomitantly, ATGS8 present
in P. berghei (PbATGS), the species of Plasmodium that infects rodents, has been shown
to colocalize with the apical microneme before its expulsion from the RBC, thus assisting
in parasite remodelling and mediating differentiation. A slight increase in expression levels
of PDATGS results in the formation of immature merozoites incapable of causing blood
stage infection (Voss et al., 2016). Similarly, autophagy may play a role in the
differentiation of blood stage parasites to gametocytes, as shown by a decrease in the
amount of PfATGS-labelled structures in the gametocyte stage (Cervantes et al., 2014).
Additionally, when the baseline level of autophagy is blocked by MRT68921 or 3-MA, the
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parasite’s viability and capability to invade fresh RBC diminish, suggesting that basal
autophagy is required for P. falciparum growth (Joy et al., 2018).

PfATGS, PfATG18 and PfATGS have also been implicated in the canonical autophagy-
like pathway in the parasite. Expression levels of PAATG8 and PfATGIS8 increase in
response to autophagy induction by brief starvation and decrease to baseline levels upon
incubation with the autophagy inhibitor 3-MA. Additionally, it has been demonstrated that
PfATGS, PfATGI18, and PfATGS are present on autophagosome-like structures during
normal growth conditions and their levels increase with autophagy induction (Agrawal et

al., 2020; Joy et al., 2018).

1.9.1.1 Involvement in parasite apicoplast biogenesis

The apicoplast is a relict, non-photosynthetic plastid present in the majority of
apicomplexans. The apicoplast includes enzymes that are involved in the production of type
IT fatty acids, which are essential for isoprenoid biosynthesis, as well as in the heme
biosynthetic pathway (Surolia and Surolia, 2001; Wilson, 2005). Tetracyclines have been
demonstrated to impede apicoplast protein translation, resulting in the loss of apicoplast
and death of the parasite during the second replication cycle, a phenomenon termed as

“delayed death” (Dabhl et al., 2006).

Numerous reports suggest PFATGS8 plays a non-canonical role in apicoplast biogenesis.
Under normal growth conditions, partial localization of ATG8 with the apicoplast has been
observed in P. berghei and P. falciparum. The protein is also required for apicoplast
branching and segregation throughout the asexual developmental stages (Cervantes et al.,
2014; Jayabalasingham et al., 2010; Kitamura et al., 2012; Tomlins et al., 2013). As a
consequence, knockdown of PAATGS inhibits parasite growth during the second replication
cycle, which is associated with the delayed death phenomena, owing to loss of apicoplast
(Walczak et al., 2018). Additionally, it has been shown that an OTU-like cysteine protease
is essential for apicoplast maintenance and controls the deconjugation of P/ATGS from the

apicoplast membrane (Datta et al., 2017).

PfATGI18 is also involved in apicoplast biogenesis, and its depletion leads to the loss of

apicoplast, which is reflected in growth attenuation in the second replication cycle of the
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parasite. PATGI18 is also suggested to influence the association of PfATG8 with the
apicoplast membrane (Bansal et al., 2017). Further, involvement of PfATGI18 in the
parasite autophagy-like pathway is not influenced by its role in apicoplast biogenesis, as
localization of PAATG18 on autophagosome-like structures is unaffected by the absence of
apicoplast. Given that P/ATGS8 knockdown had no effect on PfATGI8 localization,
PfATG18 may operate upstream of PAATGS (Agrawal et al., 2020).

1.9.1.2 Role in maintenance of parasite vacuolar homeostasis trafficking pathway

Vacuoles are involved in a wide range of biological processes, including degradation of
cellular components, maintaining cellular homeostasis, storing ions and metabolites,
transporting nutrients and regulating growth through the cell cycle (Li and Kane, 2009).
Yeast frequently experiences nutrient deprivation and osmotic stress. The cell maintains
homeostasis by rapidly altering the vacuolar morphology through vacuole fission or fusion
in response to changes in the intracellular ion and water concentrations (Mijaljica et al.,
2007). ATG18 is involved in maintenance of vacuolar homeostasis. Yeast strains devoid
of ATGI18 have an abnormally large vacuole. Binding of ATGI18 with PI3P and
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) assists its localization to the yeast

vacuole, where it participates in vacuole fission activity (Dove et al., 2004).

Previous findings from our group demonstrated that P. falciparum FV undergoes fission
and fusion, resulting in multilobed FV as well as the participation of PATG18 in the FV
dynamics. Additionally, the expression of PFATG18 in yeast cells lacking ScAtg18 restores
vacuolar morphology and is involved in vacuolar fission. Although binding of ATG18 with
Phosphatidylinositol ~ 3,5-bisphosphate  [PI(3,5)P2] facilitates ATG18’s vacuole
localization (Dove et al., 2004), absence of PI(3,5)P2 in P. falciparum (Tawk et al., 2010),
causes PfATG18 to bind to PI3P for its association with the parasite FV and carry out
fission processes. Treatment of parasites with proteasome inhibitor MG132 results in
increased FV fragmentation along with enrichment of PAATG18 at the multilobed vacuolar

interface, which reaffirms the role of P/ATG18 in vacuole fission (Agrawal et al., 2020).

Furthermore, PFATG18 has been shown to traffic to the parasite FV via hemoglobin
containing vesicles (HCv) (Agrawal et al., 2020), which are vesicles for transporting host

hemoglobin to the parasite FV (Elliott ez al., 2008). The ability of PFATG18 to bind to PI3P
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mediates its association with HCv (Agrawal et al., 2020), which has been demonstrated to

be essential for hemoglobin trafficking to the FV (Jonscher et al., 2019; Vaid et al., 2010).
1.9.2 Role of Autophagy in ART resistance

Various theories proposing the molecular mechanism underlying ART resistance have
hypothesized the involvement of parasite autophagy-like pathway in resistance to frontline
antimalarials (Suresh and Haldar, 2018). Increased ER-PI3P vesiculation, UPR, and
oxidative stress response pathways are the proteostasis mechanisms suggested to contribute
to ART resistance. While it is well established that UPR and PI3P promote autophagy in
higher organisms to clear misfolded proteins, the role of parasite autophagy in these
mechanisms of resistance has yet to be proven experimentally. A recent report analyzing
the targets of ART in the malaria parasite identified PATG18 as one of the targets,
indicating their association in the parasite (Wang et al., 2015). A Genome-Wide
Association Study (GWAS) from the GMS region identifying gene polymorphism in
resistant field isolates has associated a non-synonymous mutation in PATG18 with ART
resistance. Substituting a single amino acid, threonine, at the 38th position with isoleucine
(T38I) or asparagine (T38N) results in a decreased rate of parasite clearance in patients

treated with an ART derivative (Miotto ef al., 2015; Wang et al., 2016).

Recently, a study looked at the role of the T38I polymorphism in imparting ART resistance
in P. falciparum. CRISPR/Cas9 editing of the PFATG18 gene was used to introduce a T381
mutation into a K13-edited Dd2 parasite. PATG18 T38I mutant parasites demonstrated
increased resistance to ART, as compared to wide-type. Even in the absence of K13 R539T
mutation, PAATG18 T38I was shown to provide resistance. Interestingly, this mutation also
improves parasite survival under conditions of glucose deprivation. At a 50 % reduction in
nutritional content, the PAATG18 T38I parasite strain was more viable than wild type
parasites or parasites with the K13 mutation R539T. For these reasons, autophagy-like

pathway is believed to provide a fitness advantage to ART resistant parasites (Breglio et

al., 2018).
1.10 Thesis objectives

Throughout its life cycle, P. falciparum is exposed to a multitude of challenges, posed by
the host immune system as well as environmental and intracellular perturbations. Since the
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parasite relies primarily on secretory processes for pathogenesis, it has a high replication
rate in order to synthesize and fold numerous proteins for export to the host RBC, allowing
for host cell remodelling and infection establishment. The parasite also experiences nutrient
deprivation, febrile cycles of high and low temperatures and pharmacological inhibitions
as a result of treatment with front-line antimalarials like ART (Babbitt et al., 2012;
Engelbrecht and Coetzer, 2013). The activation of ART by heme-derived iron, generated
during hemoglobin catabolism in the parasite, leads to the formation of free oxygen
radicals. These free radicals alkylate proteins promiscuously, resulting in the buildup of
misfolded proteins in the parasite (Tilley et al., 2016). These factors can exert a significant
stress on the protein folding machinery of the ER, causing ER stress and, amid prolonged

stress, parasite death.

The malaria parasite has acquired intricate mechanisms to evade death and cope with the
detrimental consequences of antimalarial drug treatment. At present, P. falciparum has
developed resistance to majority of the antimalarial drugs, including chloroquine,
sulfadoxine-pyrimethamine, and mefloquine (Haldar et al., 2018). The situation has
deteriorated further with the emergence of resistance to ART, the principal component of
the first-line ACT regimen. The emergence and development of ART resistance associated
with mutations in PfK13 (Ariey et al., 2014), a protein predicted to function as a substrate
adaptor for ubiquitin E3 ligase, has sparked interest in understanding the molecular
processes underlying resistance. The C580Y mutation in PfK13 is identified as the key
determinant for ART resistance in the background of other mutations in genes encoding
coronin, atgl8, ubpl, crt, mdr2, etc. (Demas et al., 2018; Henrici et al., 2020; Miotto et al.,
2015; Wang et al., 2016). It is suggested that while PfK13 mutant alleles present the
parasite with growth disadvantages, these background genetic mutations may compensate
for the loss by activating pathways or proteins that facilitate parasite development (Siddiqui
et al., 2021). Furthermore, studies attempting to elucidate the molecular basis of ART
resistance have proposed two mechanisms linking the C580Y mutation in PfKI13 to
enhanced proteostasis, which involves maintenance of protein homeostasis coupled to
vesicular remodelling (Bhattacharjee et al., 2018; Suresh and Haldar, 2018), and the
reduced hemoglobin endocytosis mediating decreased ART activation in the parasite

(Birnbaum et al., 2020).
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Given that P. falciparum has been able to maintain a complex lifecycle for thousands of
years and develop resistance to several antimalaria drugs, it must have evolved a reliable
ER stress response mechanism capable of restoring ER homeostasis. The malaria parasite
proteome contains proteins involved in response to ER stress, such as the canonical UPR
pathway, comprising of the ER-resident chaperone PfBiP and the P/PERK-PfelF2a that
drive global translational attenuation in the parasite (Gosline et al., 2011). P. falciparum's
genome also encodes a small number of partially conserved autophagy-related proteins that
have been implicated in autophagy-like processes in the parasite (Hain and Bosch, 2013).
In yeast and other eukaryotes, autophagy acts as an effector pathway downstream of UPR
(Smith and Wilkinson, 2017). It is a cell survival mechanism in which a portion of the
cytoplasm containing protein aggregates as well as damaged organelles is degraded and
recycled (Mizushima, 2007). Thus, cells utilize autophagy as an ER stress response
pathway to restore homeostasis. The majority of autophagy related studies in P. falciparum
have focused on the autophagy proteins PfATG8 and PfATGI18, which have been
implicated in many roles in the malaria parasite, including the canonical autophagy process
and apicoplast biogenesis (Agrawal et al., 2020; Bansal et al., 2017; Joy et al., 2018;
Tomlins et al., 2013). Additionally, the parasite also harbors a putative PATG1 protein
(Hain and Bosch, 2013), whose mammalian ortholog is involved in autophagy initiation
and can stimulate autophagy upon ER stress induction. Although P. falciparum is equipped
with multiple autophagy-like proteins, there is no experimental evidence of the
involvement of parasite autophagy as an ER stress response pathway in restoring ER

homeostasis.

Furthermore, ART resistant parasites show increased expression of major parasite
chaperones involved in the UPR and oxidative stress pathways. Studies have demonstrated
that increased PI3P vesicles, generated as a consequence of mutant P/K13’s inability to
ubiquitinate and degrade PfPI3K in the proteasome, are enriched in proteins involved in
the UPR and oxidative stress response pathways (Bhattacharjee et al., 2018). Since, the
PI3P vesicles are disseminated throughout the parasite and in the host RBC, they are
presumed to enhance parasite’s ability to overcome damage from ART mediated protein
alkylation and proteopathy (Suresh and Haldar, 2018). Increase in PI3P levels, even by
transgenic methods, are capable of conferring ART resistance in parasites without the
PK13 C580Y mutation (Mbengue et al., 2015). Thus, it is imperative to understand the

downstream PI3P effector proteins and pathways crucial for resistance. PI3P is known to
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trigger autophagy in yeast and other eukaryotes, by providing a platform for the recruitment
of various ATG proteins, such as ATG18, to the pre-autophagosomal membrane, and
therefore modulating membrane curvature for autophagosome assembly and maturation
(Dall’Armi et al., 2013). Interestingly, a particular mutation in PfATGI18 is strongly
selected under ART resistance and confers fitness advantage to parasites by providing
faster growth rates under nutrient limited conditions (Breglio et al., 2018; Wang et al.,
2016). Hence, mutations in PAATG18 could be selected during resistance to compensate
for the parasite fitness loss associated with resistance. While various theories hypothesize
the involvement of parasite autophagy-like pathway in proteostasis mechanisms of ART

resistance, this has not yet been experimentally demonstrated.

PfK13 regulates hemoglobin endocytosis, hence controlling the amount of host hemoglobin
taken up by the peripherally localized parasite vesicles called cytostomes. The C580Y
mutation in PfK13 decreases hemoglobin uptake capacity, decreasing the amount of heme
available for ART activation and thereby establishing ART resistance (Birnbaum ef al.,
2020). PfK13 localizes to endocytic and secretory vesicles, including those labelled with
PI3P, which are significantly increased in the C580Y mutant parasites (Bhattacharjee e al.,
2018; Gnéadig et al., 2020; Siddiqui et al., 2020; Yang et al., 2019). However, there is no
experimental evidence suggesting presence of P/K13 on HCv which are endocytic vesicles
transporting hemoglobin to the parasite FV. Additionally, studies have demonstrated that
PfATG18 is transported to FV through the HCv (Agrawal ef al., 2020), which might be
mediated by PfATG18's ability to bind to PI3P (Bansal et al., 2017). Thus, it is crucial to
determine the whether PfK13 co-traffics with PAATG18 to the parasite FV.

The work presented in this thesis aims to study in detail the involvement of parasite
autophagy-like pathway in mechanisms of ER homeostasis and ART resistance. The

following objectives were defined to achieve the aim of the study:

1. Understanding the cross-talk between ER stress, UPR, and autophagy-like pathway
in P. falciparum.
2. Deciphering the role of putative PAATGI in the autophagy-like pathway in P.

falciparum.
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3. Investigating the role of parasite autophagy-like pathway in regulating proteostasis
mechanisms of ART resistance.
4. Elucidating participation of the autophagy-like protein PAATG18 in PfK13

associated hemoglobin endocytosis pathway.
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Chapter 2

Materials and Methods

2.1 Materials used in the study

2.1.1 Chemical reagents

RPMI 1640, HEPES, Sodium bicarbonate (NaHCO3), Hypozanthine, D-sorbitol, Saponin,
MRT68921, GSK2606414, 2,3-Butanedione  monoxime, Hoechst 33258,
Phenylmethylsulfonyl fluoride (PMSF), dimethyl sulfoxide (DMSO), Trizol reagent,
DNase I, Diethyl pyrocarbonate (DEPC), oligonucleotides were purchased from Sigma-
Aldrich, USA; RPMI 1640 without amino acid from HyClone Laboratories Inc., USA;
AlbuMAX II from Gibco; Dihydroartemisinin from AK Scientific; Dynasore hydrate and
PVDF membranes from Millipore Sigma, USA; WR99210 from Jacobus Pharmaceutical
Co., USA; Paraformaldehyde and Glutaraldehyde from ProSciTech, EM-grade, Australia;
VECTASHIELD from Vector Laboratories; Protein inhibitor cocktail from Roche; Clarity
western ECL substrate and iTaq UniverSYBR Green from Bio-Rad; Zenon Alexa Fluor
488 Rabbit IgG Labeling Kit from ThermoFisher Scientific; Restriction enzymes, T4 DNA
Ligase, M-MuLV Reverse Transcriptase and Oligo-dT primers from New England
BioLabs, USA, Mito-Tracker Red CMXRos and ER-Tracker (BODIPY TR

Glibenclamide) from Invitrogen.

2.1.2 Antibodies

2.1.2.1 Generation of polyclonal antibodies

For custom generation of anti-PfATG]1 polyclonal antibodies in rabbit (Bioklone Biotech
Private Limited, India), a 33 amino acid peptide sequence LKANIPELLSKEKSLNIQPG
LKNLLENILVHDP corresponding to the region of 262-294 amino acid in PAATG1 was
selected due to its predicted high antigenicity. Anti-PfelF2a polyclonal antibodies were
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custom synthesized in rabbit (Bioklone Biotech Private Limited, India) against the peptide
sequence MEGMILMSELSKRRFRSVNKLIRVGRHEVVLVLRVDSQKGYI. The two
antibodies were affinity purified and specificity of each antibody was verified using

western blotting on the parasite lysate.

2.1.2.2 Other antibodies

Following commercially available antibodies were obtained from: mouse anti-PI3P
antibody from Echelon Biosciences; rabbit anti-phospho-elF2a from Cell Signaling; rabbit
anti-Actin antibody and mouse anti-GFP antibody from Sigma-Aldrich; mouse anti-KDEL
antibody from Abcam; anti-rabbit and anti-mouse Alexa Fluor 488 as well as Alexa Fluor
568 from Invitrogen, anti-rabbit-HRP from Bio-Rad. Plasmodium falciparum specific
antibodies previously generated in the lab were rabbit anti-PfATG18 from GenScript, USA
and, rabbit anti-PfATG8 and anti-P/PTEX-150 from Genemed, Biotechnologies Inc.
Rabbit anti-BiP antibody was obtained from MR4, Bei Resources; rabbit anti-PfK13 and
anti-falcipain-2 antibodies were kindly gifted by Dr. Souvik Bhattacharya, JNU, New Delhi
and Dr. Asif Mohammed, ICGEB, New Delhi respectively; rabbit anti-Apel was kindly
gifted by Prof. Klionsky, University of Michigan, Ann Arbor.

2.1.3 Strains and plasmids

For episomal expression in P. falciparum, genes were cloned in pARL-1a vector. The
vector contains human dihydrofolate reductase (hDHFR) gene as the selectable marker
which is constitutively expressed under the calmodulin (CAM) promoter. The gene of
interest fused with a C-terminal fluorescent GFP tag was expressed under the chloroquine
resistance transporter (CRT) promoter (Figure 2.1A) (Crabb et al., 2004). p415-ADH is a
yeast expression shuttle vector which was used for the heterologous expression of P.
falciparum proteins in the budding yeast S. cerevisiae. p415-ADH (size: 7747 bp) is a
CEN/ARS low copy number plasmid consisting of an alcohol dehydrogenase (ADH)
promoter, multiple cloning array, selectable leucine marker, and the CYCI1 terminator
sequences (Figure 2.1B). The pRS316 yeast expression vector with a selectable uracil
marker contains the 2xmCherry-ScATG8 sequence (Figure 2.1C). This construct was
kindly gifted by Prof. Yoshinori Ohsumi, Tokyo Institute of Technology, Tokyo and we
received it from Prof. Ravi Manjithaya, INCASR, Bangalore. Escherichia coli DH5«a
competent cells were used for cloning.
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Figure 2.1 Vector maps of the plasmids
Vector maps of plasmids used for the construction of various expression cassettes used in this study.
2.2 Culturing of parasites

2.2.1 P. falciparum strains used

P. falciparum 3D7 strain was used in this study. The origin of 3D7 parasites is believed to
have occurred in Africa (Preston et al., 2014). Sequencing of its genome has led to increase

in the overall characterization of the strain (Gardner et al., 2002).

The P. falciparum strain IPC 3445, referred in the study as K13589Y (a field isolate from
Pailin carrying the C580Y mutation in the b-propeller domain of PfK13 protein) and the
isogenic strain IPC Cam2_rev, referred in the study as K13WT (having the mutation reversed
to the wildtype) have been obtained through BEI Resources (http://www.mr4.org), NIAID,
NIH. The P. falciparum strain, IPC 3445 (MRA-1236) is contributed by Didier Menard,
Institut Pasteur, Paris, France and P. falciparum strain, [IPC Cam2_rev (MRA-1253), was
contributed by David A. Fidock, Colombia University, New York, USA (Straimer et al.,
2015).
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2.2.2 Invitro culturing of P. falciparum

Parasite cultures were maintained by a standard candle jar method (Trager and Jensen,
1976) and cultured in O" human RBCs using complete RPMI 1640 supplemented with 25
mM HEPES, 0.2 % NaHCO3, 0.5 mM hypoxanthine, 0.5 % (w/v) AlbuMAX II and 5 %
(v/v) heat-inactivated O human serum. For starvation experiments, cultures were
maintained in RPMI 1640 without amino acids and serum for ninety minutes. Sub-culturing
was done every two days to maintain the parasitemia at around 5 %. For isolation of
parasites, RBCs were lysed using 0.03 % (w/v) saponin incubated for 10 min on ice,
followed by centrifugation. The pellet obtained was washed using cold phosphate-buffered
saline pH 7.4 (1X PBS).

2.2.3 Parasite growth assessment by Giemsa stain

For regular culturing as well as morphology and growth assays, the parasite stage,
parasitemia and morphology was monitored by making a thin smear on the glass slide.
Fixation was done in 100 % methanol and followed with staining in 10 % (v/v) Giemsa
stain. Dried up slides were viewed at 100x magnification in a compound microscope under

oil immersion.
2.2.4 Synchronization of the parasites

Cultures were synchronized by treatment with 5 % D-sorbitol (Lambros and Vanderberg,
1979). Ring stage parasite (0-18 hpi) infected-RBC cultures were pelleted by centrifugation
(1300 rpm) for 7 minutes and resuspended in 5 x volume of 5 % D-sorbitol (w/v) for 5
minutes. After centrifugation, the pellet was washed twice with 10 x volume of incomplete
RPMI. The supernatant was discarded and pellet re-suspended in pre-warmed RPMI-1640
media complete with 5 % NaHCOs.

2.2.5 Freezing and thawing of cultures

For freezing, RBCs containing synchronized ring-stage parasites with ~5 % parasitemia
were subjected to centrifugation (1300 rpm) for 3 minutes. After discarding the supernatant,
the infected RBCs were re-suspended in 1.5 x pellet volume of fetal bovine serum (FBS)

and 2.5 x pellet volume of the Freezing solution (28 % glycerol, 3 % sorbitol, 0.65 % NaCl,
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H>0), the latter added dropwise with agitation. The parasite containing RBCs were

transferred to a sterile cryovial aliquoted to 1 mL and stored in the liquid nitrogen tank.

For thawing of the parasite cultures, frozen aliquots were briefly warmed at room
temperature and contents of the vial transferred to a 50 mL glass tube with a sterile pipette.
0.1 x pellet volume of 12 % NaCl was added dropwise with agitation. After 5 minutes of
incubation at room temperature, 10 x pellet volume of 1.6 % NaCl was added to the infected
RBCs. The solution was transferred to a 15 mL glass tube and centrifuged (1300 rpm) for
5 minutes. The supernatant was discarded and pellet washed with incomplete media. The
parasite containing RBCs were incubated with 100 pL fresh RBCs and 5 mL culture media

and were maintained under standard culture conditions.

2.2.6 Parasite treatment with small molecule inhibitors

Young trophozoite-stage parasites were treated with the following small molecule
inhibitors: 700 nM DHA for indicated time points, 2.5 uM MRT68921 for 1.5h, 30 uM
GSK2606414 for 2.5h, 200 uM Dynasore hydrate for 4h and 25 mM 2,3-Butanedione
monoxime (BME) for 1h. The treated parasites were subjected to isolation with saponin for
protein expression analysis or fixed with paraformaldehyde for Immunofluorescence

analysis.

For the viability assay, parasites were incubated with a small molecule inhibitor for the
indicated time period and then washed twice with incomplete RPMI media. Parasites were
incubated into complete RPMI media for 30h and Giemsa stained blood smears were made.
Parasitemia was calculated by counting the number of rings per 10,000 RBCs, which
represents viable parasites. Live parasites were also determined by labelling parasite
nucleus with Hoechst33258 and mitochondrion with 100 nM Mito-tracker Red CMXRos
(Jogdand et al., 2012).
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2.3 Ring-stage Survival Assay (RSA)

Prior to the assay, K13WT and K13%8%Y parasites were synchronized with 5 % sorbitol.
Synchronous schizonts with 10-12 nuclei were purified using a Percoll discontinuous
gradient (35 %/75 %), washed in complete media, and cultured for 3 h with fresh RBCs.
To eliminate remaining schizonts, cultures were treated with 5 % sorbitol, adjusted to a
hematocrit of 2 % and a parasitemia of 1 % by adding uninfected RBCs and then divided
into two parallel cultures. The RSA was performed immediately following the invasion,
using 0-3 h post-invasion rings. The cultures were either exposed to 0-1 % DMSO (control)
or 700 nM DHA (treated) for 6 h, washed with incomplete media to remove the drug and
resuspended in complete media. Giemsa stained thin blood smears were prepared. Survival
rates were determined microscopically by counting the number of viable parasites
developing into healthy rings or trophozoites at 66 h post drug removal. Roughly 10,000
RBCs were assessed for each sample. Survival rates were expressed as ratios of viable

parasitemia in DHA exposed and DMSO exposed samples (Witkowski et al., 2013).
2.4 Growth-inhibition assay

To assess the effect of the small molecule inhibitor MRT68921 on P. falciparum growth,
parasites were tightly synchronized by sorbitol treatment. Ring stage parasites (3D7, K13WT
and K1358%Y strains) with 1 % parasitemia and 3 % hematocrit were incubated with various
concentrations of MRT68921 (5000nM, 2500nM, 1000nM, 800 nM, 650 nM, 400 nM,
250 nM, 100 nM and 50 nM in triplicate) in a 96-well cell culture plate. Thin blood smears
were made from each well at ~72 hpi and stained with Giemsa for analysis in the
microscope. The percentage of parasites in the next life-cycle was calculated for each
concentration of MRT68921 and were plotted as a function of MRT68921 concentration
using GraphPad and the half-maximal inhibitory concentration (IC50) was estimated using

the dose-response function of GraphPad.

2.5 Molecular cloning

2.5.1 P. falciparum mRNA extraction and cDNA synthesis

The open reading frame (ORF) of P. falciparum genes mentioned in this study contains
multiple intronic sequences. Thus, RNA isolated from the in vitro 3D7 culture was used

cloning. The parasite pellets were obtained by above mentioned saponin treatment and total
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RNA was extracted using Trizol reagent following the manufacturer’s protocol. The RNA
was reconstituted in MiliQ water and treated with RNase-free DNase I to remove any
genomic DNA contamination. 1pg of the extracted RNA was then used for the cDNA
synthesis using the M-MuLV Reverse Transcriptase and Oligo-dT primers in a 20 pl
reaction. Another set of cDNA synthesis reaction was set without the reverse transcriptase

enzyme which served as the negative control.

2.5.2 Agarose gel electrophoresis

The cDNA fragments were analysed by resolving on an agarose gel containing ethidium
bromide. The gel was prepared using 1 % (w/v) agarose dissolved in 1x TAE buffer (40
mM Tris base, 20 mM acetic acid, 1 mM Na;EDTA, pH 8). cDNA samples were mixed
with bromophenol blue dye and loaded on the agarose gel followed by electrophoresis at
100 V for 30-40 minutes in TAE buffer. As a reference, the first lane was loaded with 0.5
uL of 1 kb DNA ladder for determining the size of the cDNA bands. The bands were
visualized using GelDoc XR under long wavelength UV.

2.5.3 Generation of clones

The cDNA obtained after total RNA isolation was used for amplifying the respective genes
using gene-specific primers (Table 2.1). Amplicons were purified by agarose gel extraction.
Both the purified DNA (1 pg), termed as insert, and the vector (1 pg) were subjected to

digestion at 37°C for 12 h with their respective restriction enzymes in the recommended

digestion buffers.
Primer Restriction
Plasmid Primer 5'-3' primer sequence Tm
Name Site
SEC62- | pARL- GGCC ATGAGTAACAG
Kpnl FP 57
FP la AATGGAGGA ATTAG
SEC62- | pARL- GCGC ATTGTCTGATT
Avrll RP 57
RP la TATCAAAACA TGCTTC
GGATTTACAAGTGCAGCAGCA
SEC62- | pARL-
- FP GCAGTTAG 57
iFP la
AAAATGTTTCTTAAAG
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CTTTAAGAAACATTTTCTAACT
SEC62- | pARL-
- RP GCTGCTGCTGCACTTGTAAAT | 57
iRP la
CC
ATGlc | p4ls- GGCC ATGGGTTCCAC
Xbal FP 57
o-FP ADH AATCTCCAAAAG
GCGC ATTGGTAATCT
ATGlc | p4l5-
BamHI RP TCTTTAAGAAAAATGTGTATC | 57
o-RP ADH
TCTTC
GGCC ATGGGAGA
ScATG | p4ls-
Xbal FP CATTAAAAATAAAGATCA 57
1-FP ADH
CAC
ScATG | p4ls- GCGC ATTTTGGT
BamHI RP 57
1-RP ADH GGTTCATCTTCTGCCTC

Table 2.1 Details of primers used for cloning

The table contains name of the primers, cloning plasmid vector, restriction enzymes, the nucleotide

sequence of the primer with the restriction site highlighted in green and Tm of the primers.

The digested products were purified by gel extraction. Ligation reactions were carried out

at 1:5 molar ratio of vector to insert using T4 DNA ligase at 16°C overnight. The ligation

reactions were transformed into E. coli (DH5a) competent cells by electroporation, and

plated onto LB agar containing appropriate antibiotic (ampicillin or kanamycin) which

depends on the selectable marker gene in the vector. Random colonies were inoculated in

LB broth containing the selectable antibiotic. Upon isolation of the plasmid, colonies

positive for the clone were screened for the presence of cloned insert by double restriction

digestion. Positive clones were also verified by gene amplification using gene-specific

primers and sequencing (Figures 2.2A, 2.2B and 2.2C).
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Figure 2.2 Confirmation of clones

Confirmation of clones with various constructs is shown by restriction digestion of the clones for
the release of insert fragment of the expected size. For each construct, the restriction enzymes and
the vector used for cloning are indicated below their respective agarose gel images. L-DNA ladder,
Cl-4-clones screened. (A) PfSEC62 in pARL-1a vector, (B) PfATGI in p415 vector, and (C)
ScATG] in p415 vector. Dotted green lines on a particular clone represent the chosen clone (by

sequencing) used in the study.
2.5.4 Episomal transfection of P. falciparum

Transfection in P. falciparum 3D7 parasites was done as previously described (Fidock and
Wellems, 1997). Briefly, synchronized ring stage parasites with 5 % parasitemia were
mixed with CytoMix (Table 2.2) containing 100 pg of plasmid (pARL-1a-PfSEC62-GFP).
This was electroporated using GenePulser II (0.31 kV, 960 uF) and resuspended
immediately in complete media containing fresh RBC. Subsequently, the culture was

maintained in 2.5 nM WR99210.

CytoMix components Concentration (mM)
CaCl, 0.15
KCl 120
EGTA 2
K>HPO4/KH>POy4 10
MgCl, 5
HEPES, pH 7.6 25

Table 2.2 P. falciparum transfection mix
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The list of components required for preparation of the CytoMix to carry out episomal transfection

in P. falciparum.
2.5.5 Transformation in yeast

Lithium acetate/single-stranded carrier DNA/PEG method was used for transformation in
yeast. A single colony of the yeast strain from a YPD agar plate was inoculated into 5 ml
liquid medium (YPD broth) and incubated at 30°C overnight, 200 rpm. The titer of the
primary culture was diluted to OD600 = 0.2 (2 x 106 cells ml'') and allowed to grow for 3-
4 huntil OD600 reaches to 1 (1 x 107 cells ml™!). The cells were harvested by centrifugation
at 3,000xg, followed by washing the cell pellet twice with sterile water. The pellet was then
resuspended in 1 ml of sterile water and 100 pl of the cell suspension was used for each
transformation. Yeast cells were then resuspended in 360 pl of transformation mix
containing 5 ug plasmid DNA (Table 2.3) and incubated at 42°C for 40 min. Positive
transformants were selected by enabling the transformed cells to grow on synthetic defined
medium lacking leucine and uracil (0.17 % yeast nitrogen base, 0.5 % ammonium sulfate,

2 % agar, 2 % dextrose, 0.002 % histidine, 0.002 % methionine).

Transformation Mix components Vol (uL)
PEG 3350 (50 % (w/v)) 240
LiAc 1.0M 36
Single stranded DNA carrier (2 mg ml!) 50
Plasmid DNA plus sterile water 34
Total volume 360

Table 2.3 Yeast transformation mix

The list of components required for preparation of the transformation mix to carry out
transformation in yeast. Adapted from Gietz and Schiestl, 2007, with permission from 2007,

Nature Publishing Group.
2.6 Quantitative Real-Time PCR

Parasite pellets isolated by saponin lysis were resuspended in Trizol reagent for 10 minutes

at room temperature followed by the addition of chloroform. The phase separation provided
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by Trizol-chloroform was used to separate the RNA from DNA and cellular proteins. in the
cell. The isolated RNA was treated with RNase-free DNase I to remove any genomic DNA
contamination. 1pg of the extracted RNA was then used for the cDNA synthesis using M-
MuLV Reverse Transcriptase and Oligo-dT primers in a 20 pl reaction. Another set of
cDNA synthesis reaction was set without the reverse transcriptase enzyme as a negative
control. Quantitative real-time PCR reaction with 10 ng of cDNA was used to amplify the
gene of interest, PAATGS and PfATG18. Primer sequences used to amplify regions in the
genes are mentioned below (Table 2.4). SYBR Green-based fluorescent tag was used for
DNA labelling in CFX96 Touch™ real-time PCR Detection System (Bio-Rad, USA) and
abundance of each transcript was determined using the threshold cycle (CT). The
housekeeping gene -Actin was used to normalize the gene expression and fold differences
in the expression of these genes were calculated using the 222¢T method (Livak and

Schmittgen, 2001).

Target Amsli)zllecon Primer 5'-3'sequence Tm
FP CATCAACATATTAATCAAAGTGCATATGG | 55
PfATGS 116
RP AAATCTTGCATTAACAATCCTGTTTTAGG | 55
FP ATATGTAAAGGAAAAAATGTATCCCC 55
PfATG18 127 RP GCAAAACTCCATTCACTATTTAAATAC 55
GTA ATC TGC AAA CTA AAT CAA CAA
RP 55
CTG
FP CCATGAAAATTAAAGTTGTTGCACCAC 55
PfACTIN 131
RP TTGGTCCTGATTCATCGTATTCCTC 55

Table 2.4 List of primers used for Real-time PCR

2.7 Fluorescence microscopy

271 Immunofluorescence Assay

The assay was performed as described previously (Tonkin ef al., 2004). Parasite infected
RBCs were washed thrice with 1X PBS and fixed at room temperature for 30 min using 4
% paraformaldehyde and 0.0075 % glutaraldehyde in PBS. After fixation, cells were
washed thrice followed by permeabilization at room temperature for 10 min using 0.1 %
Triton X-100/PBS. Blocking was done at 4°C for 1h using 3 % BSA/PBS followed by
incubation with the primary antibody (Table 2.5) in 3 % BSA/PBS at room temperature for
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1h. This was followed with three washes and incubation with secondary antibodies using 3
% BSA/PBS at room temperature for 1 h. After staining the nucleus with Hoechst 33258,
cells were mixed with VECTASHIELD and then mounted over glass slides and observed

under a confocal microscope.

Primary/Secondary Antigen Dilution Animz;:lraised
Primary PfATGS 1:600 Rabbit
Primary PfATGI18 1:400 Rabbit
Primary PfATGI1 1:200 Rabbit
Primary PfK13 1:400 Rabbit
Primary PfFalcipain-2 1:400 Rabbit
Primary PPTEX-150 1:300 Rabbit
Primary KDEL 1:200 Rabbit
Primary PI3P 1:500 Mouse
Primary GFP 1:200 Mouse

Secondary Alexa Fluor 488 1:200 Rabbit
Secondary Alexa Fluor 488 1:200 Mouse
Secondary Alexa Fluor 568 1:200 Rabbit
Secondary Alexa Fluor 568 1:200 Mouse

Table 2.5 List of antibodies and their dilutions used in Immunofluorescence analysis
2.7.2  Zenon labelling

For co-immunolocalization of antibodies belonging to the same species, Zenon labelling
was used. The first primary antibody was labelled using the Immunofluorescence assay

protocol mentioned above. The second primary antibody was conjugated with Zenon rabbit

IgG 488 in a 6:1 molar ratio (supplier recommendation). Samples were incubated with this
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complex for 40 minutes followed by imaging within 1 h to avoid dissociation of the

complex.

2.7.3 Labelling of Endoplasmic Reticulum with ER-tracker and Mitochondrion
with Mito-tracker

For endoplasmic reticulum (ER) labelling, 1 mL of parasite infected RBCs was incubated
with pre-warmed 1000 nM ER-Tracker Red (BODIPY TR Glibenclamide) for 1 h at 37°C
with intermittent tapping. Cells were then washed thrice with pre-warmed PBS and was
observed directly under a confocal microscope. Similarly, 1 mL of parasite infected RBCs
were incubated with pre-warmed 100 nM Mito-Tracker Red CMXRos for 30 minutes at
37°C to stain mitochondrion. Cells were then washed thrice with pre-warmed PBS and was
either fixed to perform Immunofluorescence or observed directly under a confocal

microscope.

2.7.4 Confocal microscopy and image processing

GFP-expressing P. falciparum transfectants were mounted over a glass slide and images
immediately. Yeast cells were centrifuged at 20000xg for 2min and spotted on a 2 % (w/v)
agarose pads and covered with a glass-slip for microscopy. Transgenic parasites expressing
PfSEC62-GFP and yeast transformants expressing PATG1-GFP were observed under
ZEISS LSM 700 confocal microscope (Carl Zeiss, Germany) using a 488 nm laser and
63x1.4 NA oil objective in case of parasite infected RBCs and 100x1.4 NA oil objective
for yeast cells. Immunofluorescence signals from fixed samples were observed under
ZEISS LSM 700 and Airyscan confocal microscope. ER-Tracker Red (BODIPY TR
Glibenclamide) and Mito-Tracker Red CMXRos labelled parasites were imaged using the
555 nm laser. Nucleus was labelled using Hoechst 33342 and observed under ZEISS LSM
700 using a 405 nm laser. Image processing was performed with Imaris (Bitplane, Zurich,
Switzerland) and Zen (blue edition). The distance was quantified using the line profile in

Zen software and the degree of colocalization was measured by the Pearson’s coefficient

(R).
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2.8 Protein analysis

2.8.1 Preparation of parasite lysate

Parasite pellet is isolated by saponin lysis were resuspended in 1 % Triton X-100 lysis
buffer (1 % Triton X-100 in 1X PBS, 1x Complete EDTA-free Protease Inhibitor Cocktail,
ImM PMSF) or 2x SDS Laemmli sample buffer (50 mM Tris-Cl pH6.8, 100 mM DTT or
1 % B-ME, 2 % SDS, 10 % Glycerol, and protease inhibitor cocktail). The resuspended
parasites were lysed by passing through the syringe 5 times with intermittent cooling.
Protein extracts were obtained in the supernatant by high-speed centrifugation. The

standard Bradford method was then used to estimate protein concentration (Kruger, 2009).
2.8.2 Preparation of yeast lysate

Yeast extracts were prepared by trichloroacetic acid (12.5 % TCA w/v) precipitation of the
exponentially growing yeast cell cultures, followed by washing the pellets with ice-cold
(80 %) acetone (thrice) and air-drying. The pellets were resuspended in 1 % SDS-0.1 N
NaOH solution (Mishra et al., 2017). Protein extracts were obtained in the supernatant by

high-speed centrifugation.
2.8.3 Separation of protein by SDS-PAGE

The parasite and yeast samples were mixed with 5x Laemmli sample buffer and boiled at
95°C for 10 minutes followed by loading onto a SDS-PAGE gel. Varying percentages of
SDS-PAGE gels were used, depending on the molecular weights of proteins to be analysed.
PfSEC62, PfATGI1, PfATGI18, PfATGS, phosphorylated PfelF2a, total PfelF2a and
PfBiP were separated using either 12 % orl5 % resolving gels and stacking gel was
composed of 5 % acrylamide. The samples were electrophoresed in 1x running buffer (Tris-

glycine-SDS). Gels were proceeded for western blotting.
2.8.4 Waestern analysis

The proteins were transferred from SDS-PAGE gels to Immobilon PVDF membranes using
the wet transfer apparatus from BioRad at 100V for 1h. Following transfer, membranes
were incubated with 5 % skim milk in 1x PBS for 1h at room temperature with gentle
shaking. Membranes were then probed with primary antibodies (Table 2.6) diluted in 5 %

(w/v) skim milk in PBS at 4°C, overnight. After washing the membranes thrice with high
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salt (NaCl- 58.5 gm, Triton X-100- 0.5 mL, EDTA- 2 gm, 1 M Phosphate buffer, pH = 7.0-
50 mL, 949.5 mL distilled water) and low salt (NaCl- 3 gm, Triton X-100- 0.5 mL, EDTA-
2 gm, 1 M Phosphate buffer, pH = 7.0- 50 mL, 949.5 mL distilled water) buffers,
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies
(Table 2.6) diluted in 1 % (w/v) skim milk in 1x PBS for 1h at room temperature. The
membranes were washed again with high and low salt buffers. Western blot signals were
developed by Clarity western ECL substrate and imaged using ChemiDocTM Imaging
System from Bio-Rad.

Primary/Secondary Antigen Dilution Animz;:lraised
Primary PfATGS 1:4000 Rabbit
Primary PfATGI18 1:4000 Rabbit
Primary PfATGI1 1:1000 Rabbit
Primary PfBiP 1:2500 Rabbit
Primary phospho-elF2a 1:500 Rabbit
Primary total-elF2a 1:500 Rabbit
Primary p-Actin 1:4000 Rabbit
Primary GFP 1:1000 Mouse

Secondary anti-rabbit 1:3000 Goat
Secondary anti-mouse 1:3000 Goat

Table 2.6 List of antibodies and their dilutions used in Western blot analysis

2.9 Functional complementation of PATGI in S. cerevisiae

2.9.1 Yeast strains and growth conditions

The wild type and knockout mutant (atglA) yeast strains were derived from BY4741.
Genotype of various strains used in the study are listed in Table 2.7. Yeast cells were
cultured in YPD media (1 % Yeast extract, 2 % Peptone, 2 % Dextrose) grown at 30°C,

180 rpm. For autophagy induction, cells were cultured in synthetic defined medium devoid
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of nitrogen source (SD-N; 0.17 % yeast nitrogen base lacking ammonium sulfate and amino
acids and containing 2 % dextrose) for 3-6 h. For western blot analysis and microscopic
studies, yeast cells were collected at different time points as mentioned in the experiments.
Cells were also incubated with 1 mM PMSF for 4 h in order to inhibit degradation of

autophagic bodies inside the yeast vacuole.

Strain Genotype Source
BY4741 MATa his3A leu2A ura3A met15A Brachmann
etal., 1998
sAR1 BY4741 GFP::LEU2 2xmCherry-ScATG8::URA3 This study

BY4741 GFP::LEU2 2xmCherry-ScATG8::URA3

SAR2 atgl A::KanMX4 This study
BY4741 PAATG1-GFP::LEU2 2xmCherry-ScATG8::URA3 .

SAR3 atgl A::KanMX4 This study

SARS BY4741 ScATG1-GFP::LEU2 2xmCherry-ScATGS8::URA3 This study

atgl A::KanMX4

Table 2.7 Genotypes of various yeast strains utilized in this study

2.9.2 mCherry-ScATGS procession assay

S. cerevisiae strains containing a 2xmCherry-ScATG8 (pRS316 vector) plasmid were
grown in the synthetic defined medium lacking leucine and uracil at 30°C, 180 rpm. The
titer of the primary culture was diluted to OD600 = 0.2 and allowed to grow until the OD600
reached ~0.7. Yeast cultures were transferred to a nitrogen deprived medium (SD-N) and
samples were collected after the indicated time point. The collected cells were then used to

visualize the mCherry signal by fluorescence microscopy.
2.10 Quantification and statistical analysis

All the statistical tests were performed using GraphPad Prism-9 software. The data points
are expressed as mean + SEM. Statistical significance was quantified using unpaired
Student’s t-test, **** =P < (.0001, *** =P < 0.0005, ** =P < (0.005, * =P <0.05 and ns

represents non-significant. Densitometry analysis of specific bands in western blotting was
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performed using ImageJ software. The IC50 estimation curve for the autophagy inhibitor

MRT68921 was plotted using dose-dependent function of GraphPad Prism.
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Chapter 3

Results

3.1 Understanding the cross-talk between ER stress, UPR and
autophagy-like pathway in P. falciparum

Throughout its life cycle, P. falciparum is subjected to a wide range of stresses, including
host immunological responses, nutrient deprivation, microaerophilic environments,
temperature fluctuations, and exposure to anti-malarial drugs (Babbitt et al., 2012; Chaubey
et al., 2014; Engelbrecht and Coetzer, 2013). Due to the large amount of proteins that are
to be exported to the host RBC for remodelling, the metabolically active trophozoite and
schizont stages have a high replication rate. All proteins secreted by a cell are first quality-
controlled in the ER and then delivered to their ultimate destination through the Golgi
complex. Given the crucial role of protein trafficking in malaria pathogenesis, P.
falciparum is likely to be subjected to ER stress throughout its intraerythrocytic life cycle.
In yeast and other eukaryotes, the three ER integral membrane-sensing proteins that control
activation of the UPR signaling pathway during ER stress include the IREla, ATF-6, and
PERK (Smith and Wilkinson, 2017). Bioinformatic studies have shown that P. falciparum
lacks a transcriptional response to the UPR (IREla and ATF6), depending instead on the
translational arm of the UPR owing to the existence of three conserved PERK like elf2a
kinases and a downstream translation initiation factor, Pfel[F2a (Chaubey et al., 2014;

Gosline et al., 2011).

The WHO recommends ACTs as the first-line therapy for uncomplicated P. falciparum
malaria (WHO, 2021b). ART is activated by iron-catalysed reductive scission of the
endoperoxide bond, which helps in rapidly inducing a parasiticidal effect that eliminates

all intraerythrocytic stages of the parasite (Tilley ef al., 2016). Recent reports demonstrate
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that ART mediated promiscuous alkylation of cellular targets damage the parasite
proteome, resulting in a build-up of misfolded protein and activation of the ER stress
response, which is characterised by PfelF2a phosphorylation and reduced global
translational (Bridgford et al., 2018). Additionally, ART induces dormancy in parasites by
phosphorylation of PfelF2a (Zhang et al., 2017). Thus, the malaria parasite appears to rely
on the UPR signaling pathway for survival in the face of cellular damage caused by ART.
ART resistant parasites are characterized by enhanced stress response pathways.
Transcriptomic and proteomic analyses of clinical field isolates and laboratory engineered
ART resistant parasites reveal upregulated chaperones and proteins involved in the ROSC
and UPR pathways (Mok et al., 2015; Stokes et al., 2021). This indicates that ER quality
control mechanisms may be involved in re-establishing ER homeostasis, which may

contribute to resistance development.

Despite the involvement of a reliable ER stress response pathway in the mechanisms of ER
homeostasis, effector pathways acting downstream remain to be elucidated. Autophagy
functions as an effector pathway downstream of the UPR in yeast and other eukaryotes
(Smith and Wilkinson, 2017). In yeast, higher ER volume is associated with an increase in
autophagosome numbers under ER stress (Bernales et al., 2006). The translational UPR
arm controlled by PERK-elF2a allows the transcription factor ATF4 to be translated,
increasing the production of numerous ATG proteins (Song et al., 2018). The P. falciparum
genome encodes a limited number of partially conserved autophagy-related proteins that
are involved in autophagy-like processes in the parasite (Hain and Bosch, 2013). An
important question in the field is whether parasites employ the autophagy-like mechanism
to restore ER homeostasis after ART induced ER stress, and if so, whether this is mediated

through the UPR.

To address this, we first assessed the effect of DHA (active ART metabolite) mediated ER
stress on the UPR pathway by analysing parasite ER expansion and activation of the UPR
translational arm, both of which are beneficial for maintaining ER homeostasis. To
visualize the expansion and morphology of the parasite ER, we fluorescently tagged
PfSEC62 with GFP. We demonstrate that DHA exposure elicits expansion of the parasite
ER as well as increased phosphorylation of translation factor PfelF2a and expression levels

of the ER resident chaperone P/BiP. Quantification of the number of autophagosome-like
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structures as well as relative expression levels of two major parasite ATG proteins, PAATGS
and PfATG18, were analysed to better understand the role of autophagy-like pathway in P.
falciparum under ER stress. The number of PATGS (the autophagosome marker) labelled
puncta indicating autophagosome-like structures, as well as the expression levels of
PfATG8 and PfATGI18 protein, increases in DHA treated parasites compared to control
parasites. The reduced expression of the ATG proteins in parasites treated with the
mammalian PERK inhibitor GSK2606414, which specifically inhibits UPR/PERK
activation, demonstrates that the observed increase in the expression levels of ATG protein
in response to DHA is mediated through UPR. Taken together, our findings establish
parasite autophagy as a DHA induced ER stress response pathway in P. falciparum that is
triggered by UPR activation.

This work has been accepted for publication in the journal mBio. The complete reference

is as follows:

Ray, A., Mathur, M., Choubey, D., Karmodiya, K., & Surolia, N. (2022) “Autophagy
Underlies the Proteostasis Mechanisms of Artemisinin Resistance in P. falciparum

Malaria”, mBio, doi: 10.1128/mbio.00630-22.

3.1.1 P. falciparum remains viable upon treatment with clinically relevant dose of

DHA

Autophagy is a stress-induced cellular breakdown process that works to restore metabolic
balance by catabolizing aggregated proteins, misfolded proteins, or damaged subcellular
organelles (Song et al., 2018). To study the autophagy pathway in response to DHA
mediated ER stress in P. falciparum, we first assessed the effect of DHA on parasite
viability. Synchronized young trophozoites were incubated with the clinically relevant dose
of 700nM DHA for a brief period of one hour and thirty minutes (1.5 h) to mimic the short
half-life of DHA in patient blood stream (Balint, 2001; Tarning et al., 2012a). The treated
parasites show no developmental abnormality or signs of delayed growth, as assessed with
Giemsa stained thin blood smears (Figure 3.1A). The viability of parasites after DHA
treatment was determined by staining P. falciparum-infected erythrocytes with Mito-
Tracker Red CMXRos dye, which exclusively marks living cells with viable mitochondria
(Jogdand et al., 2012). P. falciparum cultures were separately incubated with no drug

containing medium (control) or medium containing DHA for 1.5 h. The fluorescence of the
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CMXRos dye, which represents viable parasite populations, was seen in both control and

DHA treated parasites (Figure 3.1B), showing that parasites could tolerate DHA treatment
for 1.5 h.
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Figure 3.1 P. falciparum remains viable upon incubation with 700 nM DHA

(A) Representative images of Giemsa stained thin blood smears prepared from control and parasites
treated with 700 nM DHA for 1.5h. n = 3 independent experiments, Scale bar: 5 um. (B) Control
and DHA treated parasites were labelled with Mito-Tracker Red CMXRos to detect live cell.
Samples were analysed using confocal microscopy, Scale bar: 5 pm. Graph represents the
percentage of parasites with intact mitochondria upon incubation with DHA. N = 50 parasites, n =
3 independent experiments. The data points are expressed as mean = standard error of the means

(SEM). Statistical significance is quantified using unpaired Student’s t-test, ns = non-significant.
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3.1.2 DHA induced ER stress activates the UPR pathway

The UPR signaling pathway is activated upon ER stress in yeast, eukaryotes, as well as in
P. falciparum (Bridgford et al., 2018; Wu et al., 2014; Zhang et al., 2017). UPR acts by
initiating its transcriptional and translational stress sensors and adjusting the ER's capacity,
by expanding its volume, to accommodate protein aggregates and facilitate their re-folding

(Bernales et al., 2006; Calfon et al., 2002; Harding et al., 1999).

In order to analyse ER expansion, we visualized the parasite ER by fluorescently tagging
PfSEC62, a translocon complex component present on the ER membrane, with GFP.
PfSEC62-GFP was cloned into the pARL1-a transient expression vector for P. falciparum
(Crabb et al., 2004) and transfected into 3D7 parasites (Figure 3.2A). The localization of
PfSEC62-GFP was followed in the IE stages of transfected parasites by live cell confocal
microscopy (Figure 3.2B). In early stage parasites, fluorescent signals from P/SEC62-GFP
appear to have a perinuclear distribution with ‘horn-like’ extensions protruding into the
cytoplasm. In the later stages, the signals reveal a mesh-like network around each nucleus
throughout the cytoplasm (Figure 3.2B). The observation corroborates with the extensive
branching of the ER at the late trophozoite and schizont stages. The pattern of P/SEC62-
GFP fluorescence throughout the IE stages indicates characteristic parasite ER morphology
(van Dooren et al., 2005; Lee et al., 2008). Additionally, to determine whether P/SEC62-
GFP localises correctly to the ER, immunofluorescence analysis was used to determine
colocalization of PfSEC62-GFP with KDEL, a peptide sequence found at the C-terminus
of eukaryotic proteins that are destined to relocate to the ER (Denecke et al., 1992) and
hence serves as an effective ER marker. Parasites stained with anti-GFP and anti-KDEL
antibodies show localization of PfSEC62-GFP to largely overlap with KDEL,
demonstrating that P/SEC62-GFP is retained in the ER and that the protein faithfully
depicts the ER structure (Figure 3.2C).
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Figure 3.2 Expression and localization of PfSEC62-GFP in the intraerythrocytic
stages of P. falciparum

(A) Schematic representation of recombinant vector constructs for episomal expression of
PfSEC62-GFP in P. falciparum using expression vector pARL1-a. The complete coding sequence
of PfSEC62 without stop codon (blue) was cloned in frame with GFP (green) using unique
restriction sites as indicated. The fusion protein is expressed under constitutively active promoter
CRT. (B) Ring, early trophozoite, late trophozoite and schizont stages of P. falciparum were probed
for the localization of PfSEC62-GFP by immunofluorescence analysis using anti-GFP antibodies
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(1:200). Nucleus was stained with Hoechst. PfSEC62 signal is present throughout the parasite
perinuclear region in all blood-stages; N = 25 parasites, n = 3 experiments, Scale bar: 5 pm. (C)
Recombinant P. falciparum parasites were assessed for localization of P/SEC62-GFP on ER using
1:200 diluted anti-GFP and anti-KDEL antibodies by immunofluorescence staining. Nucleus was
stained with Hoechst. N = 25 parasites, n = 3 experiments, Scale bar: 5 pum. Regions within the
dashed white lines are enlarged and placed next to the merged panel to better represent
colocalization. Extent of colocalization is represented using the Pearson’s coefficient value (R)
evaluated from the KDEL (red) and GFP (green) fluorescent signals within the white square region

in the enlarged panel.

To determine UPR activation upon ER stress, we examined the ER expansion as a
consequence of ART exposure to the parasites. Synchronized young trophozoites from
PfSEC62-GFP overexpressing 3D7 cultures were incubated with 700 nM DHA for 1.5h.
The extent of expansion was estimated by measuring the distance of the P/SEC62-GFP
signals obtained from the line scan graphs of GFP fluorescence intensities (Figure 3.3A,
enlarged panel) and the volume obtained from the 3D reconstructed confocal image (Figure
3.3B). The ‘horn-like’ extensions were observed to extend around the food vacuole in
parasites incubated with DHA as compared to untreated parasites. As measured by the
distance of the P/SEC62-GFP signals, ER expansion was significantly higher in parasites
incubated with DHA than in untreated ones (Figure 3.3C). As a control, the number of
nuclei was calculated (Hoechst signal), and these were noted to remain constant, reflecting
a uniform stage in the treated as well as the untreated parasites. Increased ER capacity may
result in a reduction in the concentration of misfolded proteins in the ER lumen, thereby
preventing protein aggregation and improving the parasite's ability to survive under ER

stress.
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Figure 3.3 DHA induced ER stress leads to expansion of the parasite ER

To visualize the expansion and morphology of the parasite ER, we fluorescently tagged PSEC62,
a translocon complex component present on the ER membrane with GFP. (A) Live cell confocal
microscopy images of P. falciparum 3D7 parasites overexpressing PfSEC62-GFP. ER expansion
was observed after 1.5 h of incubation with DHA. PfSEC62-GFP signal extends into the parasite
cytoplasm whereas it localizes to the nuclear periphery in control (untreated) parasites. ER
expansion was analysed using GFP fluorescence intensities measured along the white line in the
enlarged panel, and were plotted as the line scan graphs. Nucleus was stained using Hoechst. Scale

bar: 5 um. (B) 3D reconstruction with Z-stacks obtained from confocal images of control and of
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parasites incubated with DHA overexpressing PfSEC62-GFP. Volume of ER was measured
through the surface function in Imaris 3.0. (C) Scatter plot represents the extent of ER expansion as
measured by the distance of P/SEC62-GFP signal (obtained from line scan graphs of GFP
fluorescence intensities) in control and parasites incubated with DHA. N = 25 parasites, n = 3
independent experiments. The data points are expressed as mean + SEM. Statistical significance is

quantified using unpaired Student’s t-test, **** =P < (0.0001.

The phosphorylation status of PfelF2a was determined to assess if the UPR translational
arm is activated during incubation of parasites with 700nM DHA. A significant increase in
PfelF2a phosphorylation levels was observed after DHA treatment (~10 fold) as compared
to the levels of total PfelF2a and the loading control S-Actin, which increased in a time-
dependent manner (Figure 3.4A). One of the distinctive features of UPR in yeast and other
eukaryotes is its ability to facilitate the production of ER chaperones, which enhances the
ER's folding capability (Ellgaard et al., 1999; Malhotra and Kaufman, 2007; Ron and
Walter, 2007; Travers et al., 2000). PfBiP is an ER resident chaperone whose protein
expression levels are upregulated in response to ER stress in the closely related parasite
species Trypanosoma brucei (Goldshmidt et al., 2010). To examine if P/BiP is increased
upon DHA induced ER stress, its levels were analysed by incubating parasites with 700
nM DHA for 1.5h. A ~2 fold upregulation of the expression levels of P/BiP upon DHA
treatment (Figure 3.4B) was observed. Therefore, DHA induced ER stress activates
PfelF2a and increases expression levels of PfBiP, the two major markers of UPR
activation. Altogether, these results show DHA exposure elicits expansion of the parasite

ER space and stress response machinery, beneficial for regulating protein homeostasis.
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Figure 3.4 DHA induced ER stress leads to phosphorylation of PfelF2a and
upregulation of PfBiP

Control and parasites incubated with DHA were harvested. Parasite lysates were subjected to
western blot analysis and blots were probed with (A) phosphorylated-PfelF2a and total PfelF2a,
and (B) P/BiP antibodies. S-Actin was used as the loading control. Fold difference, normalized

with respect to control is shown below each blot.
3.1.3 DHA induced UPR pathway activates parasite autophagy

Autophagy is known to counterbalance UPR mediated ER stress in yeast and higher
organisms through sequestration and subsequent degradation of excess ER containing toxic
protein aggregates (Bridgford et al., 2018; Ogata et al., 2006; Yorimitsu et al., 2006). Our
recent study demonstrated PfSEC62 as an ER resident autophagy receptor (Mamidi et al.,
2019), implicating recovER-phagy to re-establish ER homeostasis upon resolution of ER
stress in the parasite. Since there has been no experimental proof showing involvement of
parasite autophagy upon induction of ER stress, we investigated the same by incubating
young trophozoites with DHA (700 nM, 1.5 h) and analysed for the presence of
autophagosome-like structures. Immunofluorescence analysis for quantifying the number
of PfATGS8 (the autophagosome marker) labelled puncta, revealed the number to be
significantly higher upon DHA treatment as compared to the control (Figures 3.5A and
3.5B). Our finding is in line with previous studies demonstrating an increase in the number

of GFP-ATGS punctate structures in yeast cells upon ER stress induction (Yorimitsu et al.,
2000).
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Figure 3.5 DHA induced ER stress activates parasite autophagy

(A) Immunofluorescence analysis of P. falciparum 3D7 parasites stained with anti-PfATGS8
antibodies showing autophagosome-like structures in control and parasites incubated with 700 nM
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DHA for 1.5 h. Nucleus was stained using Hoechst. Scale bar: 5 um. (B) Graph denotes the number
of PATGS labelled puncta in control and parasites incubated with DHA. N > 15 parasites, n = 3
independent experiments. (C) P. falciparum 3D7 parasites were incubated with either 700 nM DHA
or starvation media for 1.5 h and harvested. Parasite lysates were subjected to western blot analysis
and blots were probed with PAATG8 and PfATG18 antibodies. S-Actin was used as the loading
control. (D) Graphs showing the fold change of PATGS (left) and PfATGI1S8 (right) protein
expression levels upon incubation with DHA and starvation media. n =3 independent experiments.
The data points are expressed as mean + SEM. Statistical significance is quantified using unpaired

Student’s t-test, **** = P < (0.0001, *** = P <0.0005, * = P < 0.05, ns = non-significant.

To investigate whether the enhanced number of autophagosome-like structures correlates
with increased levels of autophagy proteins, expression levels of PFATGS and PATG18
were analysed. As our earlier studies (Agrawal et al., 2020; Joy et al., 2018) demonstrated
increased levels of parasite autophagy proteins upon starvation, parasites were also
incubated with starvation media as a control. Parasites incubated with DHA displayed
upregulation in the expression levels of PAATGS by ~1.8 fold and PA/ATG18 by ~3.5 fold
(Figures 3.5C, left panel and 3.5D) with respect to control (untreated), as determined by
western blot analysis. A similar trend in autophagy modulation was observed under
starvation (Figures 3.5C, right panel and 3.5D), indicating stress mediated autophagy
induction. The increased number of PFATGS labelled vesicles together with upregulation
in the expression levels of PAATG8 and PfATGI18 indicates activation of the parasite
autophagy upon DHA induced ER stress.

To confirm that the observed increase in expression levels of autophagy proteins upon DHA
exposure is directly mediated through UPR, young trophozoites were treated with the
mammalian PERK inhibitor GSK2606414, which specifically blocks UPR/PERK
activation (Axten et al., 2012). Incubation of young trophozoites with 30mM GSK26064 14
for 2.5 h inhibited PfelF2a phosphorylation in response to a 1.5 h DHA pulse (Figure
3.6A), demonstrating that the PfelF2a phosphorylation elicited by DHA is a result of UPR
activation upon ER stress and not due to any other cellular stress. Expression levels of
autophagy proteins were monitored in parasites treated with GSK2606414 with and without
DHA. The PERK inhibitor significantly reduced the basal and DHA induced expression
levels of PATGS and PfATGI18 (Figures 3.6A and 3.6B). As autophagy activation is

considerably impaired upon disruption of the parasite UPR machinery, it signifies a role in
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regulating ER-stress induced UPR. These results thus further establish parasite autophagy

as an ER-stress response pathway in P. falciparum triggered upon UPR activation.
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Figure 3.6 DHA mediated activation of parasite autophagy is triggered by the UPR
pathway

(A) P. falciparum 3D7 parasites pre-incubated with 30 pM GSK2606414 for 1 h were treated with
700nM DHA for 1.5h and then harvested. Parasite lysates were subjected to western blot analysis
and blots were probed with PAATGS, PfATG18 and phosphorylated-elF2a antibodies. f —Actin
was used as the loading control. n = 3 independent experiments. Fold difference, normalized with
respect to control is shown below each blot. (B) Graphs showing the fold change of PFATGS (left)
and PfATGI18 (right) protein expression levels upon incubation with GSK2606414 and
GSK2606414+DHA. n =3 independent experiments. The data points are expressed as mean + SEM.
Statistical significance is quantified using unpaired Student’s t-test, * = P < 0.05, ns = non-

significant.

3.2 Deciphering the role of putative P/ATG1 (PF3D7_1450000) in the
autophagy-like pathway in P. falciparum

To advance our understanding of how ER stress induces parasite autophagys, it is essential
to investigate the protein complexes involved in autophagy initiation. In yeast and other
eukaryotes, the core ATG proteins assemble at the PAS to initiate autophagosome
nucleation. The ATGI kinase, regulatory protein ATG13 and the scaffolding ternary

subcomplex consisting of ATG17, ATG31 and ATG29 comprise the initiation complex
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recruited to the PAS in yeast (Yin et al., 2016). ATGI is a serine/threonine kinase, with a
conserved kinase domain at its N-terminus. The interaction of ATG1 with ATG13 and
ATG17 stimulates ATG1 kinase activity, and the formation of this complex is essential for
ATG1's function in autophagy initiation (Kabeya et al., 2005). During nutrient-rich
conditions, the TOR kinase phosphorylates ATG1 and ATG13, preventing the formation
of the ATG1-ATG13-ATG17-ATG31-ATG29 complex, thus suppressing activation of
autophagy. Upon amino acid starvation or treatment with rapamycin, a TOR inhibitor,
ATGI13 is rapidly dephosphorylated which increases its binding with and activation of
ATGI and subsequent induction of the autophagy process (Yin et al., 2016).

ER stress is also known to activate autophagy. In yeast, ER stress induced by dithiothreitol
(DTT) or tunicamycin (TM) increases ATGI kinase activity. ER stress also induces the
assembly of PAS and stimulates the formation and transport of autophagosomes to the
vacuole (Yorimitsu et al., 2006). Studies have also shown that the glycogen synthase
kinase-3f (GSK3p)-Tat-interactive protein, 60 kDa (TIP60)-ULK1 signaling axis induces
autophagy during ER stress. ER stress activates GSK3f which in turn phosphorylates
TIP60, triggering a TIP60-mediated acetylation of ULK 1 and activation of autophagy (Nie
et al., 2016). Given that ATGI lies at the crossroad of regulatory pathways and autophagy
initiation, it is essential to characterize the protein in P. falciparum in order to elucidate its
function and to gain a better understanding of how DHA induced ER stress drives parasite
autophagy. Bioinformatic analyses identified homologs of yeast ATG1 and ATG17 in the
malaria parasite, however ATG13, ATG31, and ATG29 seem to be absent. The putative
PfATGI kinase domain is conserved but lacks the ATG13 binding motif, most likely owing
to the parasite lacking ATG13 (Hain and Bosch, 2013). Therefore, functional investigations
are required to determine whether the identified ATG1 homolog in P. falciparum functions

in a similar manner to that of yeast or human ATG1/ULKI.

The putative PFATG1 was characterised and its involvement in the autophagy-like pathway
in P. falciparum is unravelled in this work. We show that putative PAATGI is expressed
throughout the parasite's blood stages and exists as discrete cytoplasmic puncta that
colocalize with the autophagosome marker protein PAATGS, as well as the parasite ER,
which is known to provide membranes for autophagosome biogenesis. MRT68921, a small
molecule inhibitor of HsULK1, suppresses parasite growth and decreases the expression

levels of other ATG proteins, thus corroborating with the reported autophagy inhibition in
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MRT68921 treated mammalian cells. This demonstrates the putative ATG1's involvement
as a canonical autophagy protein in P. falciparum. Although putative PAATGI exhibits a
number of features consistent with an autophagy-like function in the parasite, when
produced in the atglA S. cerevisiae strain, PPATG1-GFP failed to localise to the PAS upon

starvation and was unable to restore autophagy in ATG1 defective yeast cells.

3.2.1 Bioinformatic analysis of putative ATG1 homolog in P. falciparum

A homolog of ATGI is identified in P. falciparum genome (PF3D7 1450000), which
shares 31 % identity with 63 % query coverage with HsULK 1, while sharing 28 % identity
with 73 % query coverage with ScATGI1 (Figure 3.7A and Appendix 1). Although the
identity is low, the putative PFATG]1 contains a conserved kinase domain (Navale et al.,
2014) (Figure 3.7A, kinase domain highlighted by a continuous grey line), which has been
essential for autophagosome formation in other eukaryotes (Cheong and Klionsky, 2008a;
Kamada et al., 2000; Yeh et al., 2011). The threonine at position 226 on ScATG1, which
is required for proper autophagy induction (Yeh et al., 2010), is replaced with another
phosphorylatable serine residue (Figure 3.7A, highlighted by a green line), retaining the
phosphorylation site in the activation loop of putative PAATGI.

The PlasmoDB database shows that the putative ATG1 gene is located on chromosome 14
of P. falciparum. It contains nine exons, with a transcript length of 1131 bp and translates
into 376 amino acids long protein, while yeast and human ATG1/ULK1 comprise 897 and
1050 amino acid residues, respectively. The difference in the amino acid lengths of putative
PfATG1 with HsULK1 or ScATGI is because putative PATG]1 lacks the ATG13 binding
microtubule interacting and transport (MIT) domains that are conserved in yeast and other
eukaryotes (Navale et al., 2014). The kinase domain, which is found at the N-terminus of
ScATG1 and HsULKI, spans nearly the whole length of the putative PAATGI1 (Figure
3.7A). The calculated molecular weight of the putative PAATG]1 protein is 43.7 kDa, and
its isoelectric point is 9.58 due to the presence of multiple positively charged amino acids.
The protein lacks a transmembrane domain and a signal peptide sequence and is thus

predicted to be present in the parasite cytosol.

HsULKI has a conserved three-dimensional structure that consists of the typical kinase

fold with a large loop connecting the N- and C-terminal lobes (Lazarus et al., 2015). The
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three-dimensional structure of putative PAATG1 was predicted using the bioinformatics

tool Phyre2 (Protein Homology/analogy Recognition Engine V 2.0) and visualized by
UCSF Chimera (Figure 3.7B). The structure-based comparison of PAATG1 and HsULK1

(PDB: 4TQO0) was performed by UCSF Chimera, which shows significant overlap (Figure

3.7B) between the two structures, indicating that putative PAATG1 might have conserved
the domain architecture of ATG1/ULKI.
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Figure 3.7 Sequence and structure-based comparison of putative PFATG1

(A) Sequence comparison of putative PFATG1, ScATG1, and HsULK1 was performed by Clustal

Omega and visualized by ESPript 3.0. The conserved residues are in the red box, kinase domain is
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indicated by the grey bar. The green bar indicates conserved aspartic acid residue; T226 in ScATG1,
T180 in HsULK1, and corresponding S208 in putative PAATGI. (B) Structure of putative PAATG1
is predicted by Phyre2 and visualized by UCSF Chimera. Structure of putative P/ULK1 is obtained
from PDB (4wno) and visualized by UCSF Chimera. Ribbon diagram of the predicted structure
showing PfATG!I in cyan and PfULK]1 in red.

3.2.2 Putative PfATGI1 localizes on the autophagosome-like vesicles in P. falciparum

To investigate the role of putative PfATGI in P. falciparum autophagy, anti-PfATGI
antibodies ~ were custom  generated  against the  PfATGI peptide,
LKANIPELLSKEKSLNIQPGLKNLLENILVHDP (262-294), by Bioklone Biotech
Private Ltd., India. Antibodies were validated for specificity against uninfected RBC and
mixed culture blood-stage P. falciparum lysates. Anti-PfATGI1 antibodies detected a single
band at the expected size (~45 kDa) corresponding to putative PATGI in the parasite lysate
by western blot analysis, but did not react with the uninfected RBC lysate (Figure 3.8A),
indicating that the antibodies are specific for putative PAATGI.

To determine the intracellular localization of putative PATG1, immunofluorescence assay
of IE stages of P. falciparum was carried out. Parasites were fixed at ring (10 hpi), young
trophozoite (22 hpi), late trophozoite (32 hpi), and schizont (40 hpi) stages. Using anti-
PfATG]1 antibodies, putative PfATGI1 signals were observed during all asexual blood
stages inside the parasite cytosol (Figure 3.8B). Additionally, putative PfATG1 was
associated with punctate structures of approximately 200-350 nm diameter (Figure 3.8B),
which is similar to that of reported PfATGS vesicle size (Cervantes et al., 2014; Navale et
al., 2014). The number of putative PFATG]1 labelled vesicles in rings, early trophozoites,
late trophozoites, and schizonts was quantified and found to be approximately 3, 7, 12 and
13, respectively (Figure 3.8C), indicating that expression of putative PAATG]1 increases

with the development of the asexual IE stages.
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Figure 3.8 Putative PfATGI] is present as punctate structure in the IE stages of P.
falciparum

(A) Western blot analysis of P. falciparum 3D7 and RBC lysates. The endogenous PfATG1 protein
was detected by anti-PfATGI antibodies at the expected molecular size (~45 kDa). GAPDH was
used as the loading control; n = 3 independent experiments. (B) Ring, early trophozoite, late
trophozoite and schizont stages of P. falciparum were probed for the localization of putative
PfATG1 by immunofluorescence analysis using anti-PfATG1 antibodies (1:200). Nucleus was
stained using Hoechst. Putative PAATG1 signal is present throughout the parasite in all blood-stages
and appears to be associated with vesicular structures; N = 20 parasites, n = 3 independent

experiments, Scale bar: 5 um. (C) Graph represents the number of putative PFATG1 labelled
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vesicles in indicated parasite stages; N = 20 parasites, n = 3 independent experiments. The data
points are expressed as mean = SEM. Statistical significance is quantified using unpaired Student’s

t-test, ** represents P<0.005, * represents P<0.05, analysed by unpaired Student’s t test.

Autophagosomes are dynamic structures found in eukaryotes. ATG1 is one of the first
proteins to be recruited to the isolation membrane during the early stages of autophagosome
formation and remains there until the autophagosome is fully formed, whereas ATGS is
recruited to the autophagosome later in its biogenesis and remains associated with it until
it fuses with the vacuole (Suzuki et al., 2007). Given that putative PFATGI1 labelled vesicles
appeared to be similar to PfATGS labelled vesicles, resembling autophagosomes, we
validated the localization of putative PAATG1 on autophagosomes by examining their
colocalization with the autophagosome marker PATG8 (Tomlins et al., 2013) at various
IE stages of the parasite. Throughout the various IE stages, putative PATGI1 positive
puncta partially colocalized with PAATGS labelled vesicles (Figure 3.9A), suggesting the

presence of putative PAATG1 on autophagosome-like structures.

As autophagosome biogenesis occurs adjacent to the ER in higher eukaryotes (Shibutani
and Yoshimori, 2014), we investigated the colocalization of putative PfATG1 with
PfSEC62, a parasite ER marker. PfSEC62, which localizes to the ER membrane, was used
to label the parasite ER. In trophozoite stage parasites, putative PAATGI labelled vesicles
colocalize partially with P/SEC62 (Figure 3.9B), showing the presence of putative PAATG1

on the organelle, which may play a key role in autophagosome formation.
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Figure 3.9 Putative PFATG] localizes on autophagosome-like vesicles and the ER in
P. falciparum

(A) Intraerythrocytic stages of P. falciparum were evaluated for the localization of putative
PfATGI1 on autophagosome-like vesicles immunolabelled with anti-PfATG1 (1:200) and anti-
PfATGS (1:600) antibodies were labelled using the Zenon antibody labelling system; N = 20
parasites, n = 3 independent experiments, Scale bar: 5 um. (B) Young trophozoite stage parasites
were evaluated for the localization of putative PFATG1 on ER immunolabelled with anti-PfATG1
(1:200) and anti-PfSEC62 (1:400) antibodies were labelled using the Zenon antibody labelling

system; N = 20 parasites, n = 3 independent experiments, Scale bar: 5 um.

3.2.3 Specific ULK1/ATG1 inhibitor, MRT68921, modulates parasite autophagy

and survival of P. falciparum

MRT68921 was identified in an in vitro screen of known kinase inhibitors against ULK 1
and ULK2, homologs of ScATG1 in humans (Petherick et al., 2015). The compound
reduces the conversion of LC3-I to LC3-II during autophagy induction upon starvation,

indicating inhibition of the autophagic flux (Tanida et al., 2008). In vitro profiling revealed
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off-target effects of MRT68921 on TBK 1 and AMPK-related kinases. However, the effect
of MRT68921 on autophagic flux decrease was unaffected in cells lacking either TBK1 or
liver kinase B1 (LKB1), a regulator of AMPK, indicating that neither TBK1 nor AMPK is
necessary for compound-dependent autophagy inhibition. MRT68921 was likewise
incapable of inhibiting autophagic flux in a drug-resistant mutant form of ULK1, implying
that MRT68921 inhibits the autophagy pathway via ULK1 (Petherick ef al., 2015). These
studies demonstrated the specificity of MRT68921 towards autophagy inhibition.

Here, we utilized MRT68921 to elucidate the role of parasite autophagy in P. falciparum
growth and survival. Tightly synchronized early ring stage parasites (1 % parasitemia, 5 %
hematocrit) were incubated with various concentrations of MRT68921 (50 nM, 100nM,
250 nM, 400 nM, 650 nM, 800 nM, 1000 nM, 2500 nM and 5000 nM) for 72 h. The cultures
were replenished with media containing MRT68921 for the next 72 h. Giemsa stained
smears from parasite cultures at the end of the assay were used to monitor the parasite
morphology and invasion in the next cycle (Figure 3.10A). A dose-response curve was
plotted to determine the relative parasite load with respect to increasing MRT68921
concentration. The IC50 of MRT68921 obtained from the dose-response curve was 761.1
nM (Figure 3.10B), indicating MRT68921 has a dose-dependent inhibitory effect on
parasite growth. The majority of parasites displayed developmental defects, and were
unable to grow beyond healthy trophozoites in concentrations of MRT68921 beyond its
IC50.
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Figure 3.10 Effect of MRT68921, a specific autophagy inhibitor, on the growth of P.
falciparum
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(A) Schematic showing incubation of 0-3 hpi ring stage parasites with MRT68921, followed with
change in culture media containing the inhibitor at 24 hpi and 48 hpi. The kink represents parasite
reinvasion. Giemsa stained smears were prepared after 72 hpi. (B) The dose response curve showing
percentage of relative parasite load at 72 hpi in P. falciparum 3D7 cultures. n = 3 independent

experiments. The data points are expressed as mean = SEM.

To determine whether putative PAATG]1 is upstream of parasite autophagy-like proteins
such as PfATG8 and PfATGI18, young trophozoites were treated with MRT68921.
Parasites treated with 2.5 uM MRT68921 for 1.5h with and without nutrient limiting
conditions (to induce autophagy) showed no morphological abnormality or signs of delayed
growth, as examined with Giemsa stained thin blood smears (Figure 3.11A). To assess the
viability of treated parasites, cultures were supplemented with complete media devoid of
the inhibitor and allowed to grow for an additional 30h. Upon recovery, parasitemia was
determined by counting the iRBCs in a Giemsa stained blood smear (Figure 3.11B). Almost
the whole parasite population (MRT68921: 96.794+0.72 %; MRT68921 + starvation:
88.901+0.49 %) was able to recover after supplementation by complete media (Figure
3.11B), indicating that the treated parasites were viable. Expression levels of autophagy
proteins were monitored in parasites treated with MRT68921 in the presence and absence
of starvation medium, which activates the parasite autophagy-like pathway. The specific
autophagy inhibitor reduces the basal and starvation-induced expression levels of PAATGS
and PfATG18 (Figures 3.11C and 3.11D). Since inhibition of putative PATG]1 activity
significantly impairs autophagy activation, this suggests a role for putative PAATGI1 in
regulating the parasite autophagy-like pathway.
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Figure 3.11 Parasite autophagy is inhibited through treatment with MRT 68921

(A) Representative images of Giemsa stained thin blood smears prepared from control and parasites
treated with either 2.5 uM MRT68921 or 2.5 pM MRT68921 + starvation media for 1.5h. n =3
independent experiments, Scale bar: Sum. (B) Schematic showing 2.5 uM MRT68921 administered
at 26 hpi and analysis at 10 h after reinvasion (30 h after drug washout) for the viability assay. P.
falciparum 3D7 parasites were subjected to a 1.5 h treatment with MRT68921 (26-27.5 hpi) (red
line), followed by recovery after drug washout (blue line). The graph represents mean parasitemia
+ SEM. Parasitemia from control and treated cultures were measured by counting the number of
ring stage parasites per 10,000 RBCs in the Giemsa stained thin blood smear. N = 3 experiments.
The data points are expressed as mean + SEM. Statistical significance is quantified using unpaired
Student’s t-test, ns = non-significant. (C) P. falciparum 3D7 parasites were incubated with either
2.5 uM MRT68921 or 2.5 uM MRT68921 + starvation media for 1.5h and then harvested. Parasite
lysates were subjected to western blot analysis and blots were probed with PAATGS8 and PfATG18
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antibodies. f-Actin was used as loading control. n = 3 independent experiments. Fold difference,
normalized with respect to control is shown below each blot. (D) Graphs showing the fold change
of PfATGS (left) and PfATG18 (right) protein expression levels upon incubation with MRT68921
and MRT68921 + starvation. n = 3 independent experiments. The data points are expressed as
mean + SEM. Statistical significance is quantified using unpaired Student’s t-test, ** = P < 0.005,

* =P < (.05, ns = non-significant.

3.24 PfATGI1-GFP is unable to complement autophagy or cytoplasm-to-vacuole

functions in S. cerevisiae

To further validate the role of putative PAATGI in autophagy, functional complementation
in S. cerevisiae was carried out. Accumulation of autophagic bodies in the yeast vacuole in
response to nitrogen starvation, induced by treatment with the protease inhibitor
phenylmethylsulphonyl fluoride (PMSF), is an indication of functional autophagy pathway
(Tsukada and Ohsumi, 1993). Therefore, we studied the accumulation of autophagic bodies
in atglA yeast cells expressing either ScATG1-GFP, PAATG1-GFP or GFP following
nitrogen starvation and PMSF treatment. S. cerevisiae atgl A strain transiently expressing
ScATG1-GFP, PfATG1-GFP or GFP was generated. GFP was tagged either at the C-
terminus of ScATG1 or the codon-optimized PAATG1 (sequence in Appendix 2), cloned
into the yeast expression vector p415-ADH (Figure 3.12A) and transformed in yeast atg1 A
cells. The expression of ScCATG1-GFP, PFATG1-GFP and GFP was confirmed by western
blot analysis with anti-GFP antibodies. Bands of the expected molecular weights, ~130 kDa
~70 kDa and ~26 kDa corresponding to ScATG1-GFP, PATG1-GFP and GFP fusion
protein, respectively, were observed in yeast lysate (Figure 3.12B). In the presence of
PMSF, autophagic bodies were observed within the vacuole in atgl A yeast cells expressing
ScATG1-GFP (Figure 3.12C) as expected. These autophagic bodies were not detected
within the vacuole of atglA yeast cells expressing either PFATG1-GFP or GFP (Figure
3.12C), indicating that PFATG1-GFP could not restore autophagy in autophagy-defective
atgl A yeast cells.

102 | Results



S. cerevisiae Xbal BamHI Xhol
P415-ADH ADH1 5
Cycl 3
PfATG1/ScATG1
Q
Q &
o N
O\ Q '\O
& ¥
Q‘& Vé( V%O
° S & S
kDa
130 —
PIATG1-GFP 70 o SCATEYGEP
55 70 =
GFP 25 35—
-0 130—
—— g — 55 70 —
35 55—
S
— 25 35 ja— ’l
C
atg1A atg1A

WT GFP ScATG1-GFP PATG1-GFP

\ 4

SD-N+PMSF (6h)

103



Figure 3.12 Overexpression of PFATG1-GFP in S. cerevisiae and PfATG1-GFP does
not mediate formation of autophagic bodies in atglA yeast strain during nitrogen
starvation

(A) Schematic representation of recombinant vector constructs for episomal expression of ScCATG1-
GFP, PfATG1-GFP or GFP in S. cerevisiae using expression vector p415-ADH. The codon-
optimized complete coding sequence of putative PATG1 without stop codon (blue) was cloned in
frame with GFP (green) using unique restriction sites as indicated. (B) Western blot for yeast lysates
overexpressing either ScCATG1-GFP, PAATG1-GFP or GFP using anti-GFP antibodies detected
ScATG1-GFP, PfATGI1-GFP and GFP bands respectively. n = 3 independent experiments. (C)
PfATGI1-GFP could not participate in the formation of autophagic bodies in atgl A yeast cells. atgl A
yeast cells expressing ScATG1-GFP, PFATG1-GFP, or GFP were incubated in SD(-N) medium
containing ImM PMSF at 30°C. Cells were observed under light microscopy after a 6 h incubation
with PMSF (DIC images). Arrows indicate autophagic bodies in the yeast vacuole; N = 40 cells, n

= 3 independent experiments, Scale bar: 5 um.

Additionally, the mCherry-ScATGS8 processing assay was used to evaluate autophagic flux
(Torggler et al., 2017). In yeast, the deletion of the ATG1 gene does not affect recruitment
of ATGS8 to the perivacuolar region or the PAS, although autophagosome assembly is
impaired in this mutant (Cheong et al., 2008; Suzuki et al., 2007). To evaluate
autophagosome biogenesis in atglA cells expressing PAATG1-GFP, we used fluorescence
microscopy to monitor the autophagy flux using the mCherry-ATGS8 processing assay
(Torggler et al., 2017). As previously reported (Cheong et al., 2008), the autophagy
pathway was functional in wild type and atglA cells expressing ScCATG1-GFP, and the
mCherry signal was seen in the vacuole upon nitrogen starvation (Figure 3.13A, upper two
panels). However, in atglA yeast cells expressing PATG1-GFP or GFP, the mCherry
signal accumulated at the perivacuolar region (Figure 3.13A, lower two panels), indicating
that PFATG1-GFP could not restore the formation of autophagosome in atglA yeast cells,
corroborating our previous results. Upon quantifying the number of cells with mCherry-
ScATGS-positive punctate structure in the perivacuolar region (Figure 3.13B) upon
starvation, no significant differences were observed between the wild type yeast cells and
atglA cells expressing ScATG1-GFP. On the other hand, PAATG1-GFP or only GFP
expressing atglA cells, showed a significant increase in the number of cells with mCherry-
ScATGS8-positive punctate structure at the perivacuolar area as compared to ScATG1 or

wild type cells under autophagy conditions (Figure 3.13B). These results thus indicate that
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PfATG1-GFP is unable to complement the biogenesis of autophagosomes in the atglA

yeast strain.

The Apel maturation assay is used to assess the activity of the Cytoplasm-to-Vacuole (Cvt)
pathway (Lynch-Day and Klionsky, 2010; Torggler et al., 2017). In wild type cells,
precursor Apel (prApel) is carried to the vacuole via the Cvt pathway, where it is
proteolytically digested and transformed to the mature form (mApel) (Torggler et al.,
2017). As expected, in wild type and atglA cells expressing ScATG1-GFP, the mApel
band was observed (Figure 3.13C), indicating a functional Cvt pathway (Torggler et al.,
2017). On the other hand, the mApel band was absent in atgl A cells expressing PATGI-
GFP or only GFP (Figure 3.13C), indicating that PAATG1-GFP was unable to complement
the Cvt function in yeast. Together, these results demonstrate that PPATG1-GFP is unable

to complement either autophagy or Cvt functions in yeast.
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Figure 3.13 Pf/ATG1-GFP does not complement autophagy functions in atglA yeast
strain

(A) mCherry-ScATG8 (ATGS tagged with mCherry) was transformed in various yeast strains.
Yeast strains were cultured in rich medium or a nitrogen-deprived medium for 6 h. Fluorescence
microscopy was used to capture mCherry-ScATGS8 signal; N = 100 cells, n = 3 independent
experiments, Scale bar: 5 um. (B) The graph showing the percentage of cells with mCherry-
ScATGS puncta localized at the perivacuolar region upon 6 h of nitrogen starvation in the indicated

yeast strains; N = 100 cells, n = 3 independent experiments. The data points are expressed as mean
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+ SEM. Statistical significance is quantified using unpaired Student’s t-test, **** represents
P<0.0001, *** represents P<0.0005, ns = non-significant. (C) Proteolytic maturation of Apel was
analysed by western blot using anti-Apel antibodies (1:5000). A transfer blot stained with Ponceau
demonstrates that the same amount of proteins from each fraction was resolved using SDS-PAGE.
Samples were taken before and after nitrogen starvation of 3 and 6 h; n = 3 independent

experiments.

Recruitment of ATG1 to the PAS is necessary for its autophagic function. Given that
PfATG1-GFP was unable to restore autophagy in atglA cells, we examined whether
PfATG1-GFP labelled with mCherry-ScAtg8 could localize to PAS. PfATG1-GFP was
localized to the yeast periphery and did not colocalize with mCherry-ScAtg8 under either
nutrient-rich or deprived conditions (Figure 3.14A). ScATG1-GFP, on the other hand, was
detected as punctate structures in the perivacuolar region, colocalizing with mCherry-
ScATGS in both nutrient-rich and deprived circumstances (Figure 3.14B). These findings
indicate that PFATGI1-GFP is incapable of associating with the PAS even upon nitrogen

starvation.
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Figure 3.14 PfATG1-GFP does not localize on the PAS in atglA yeast strain

(A) atglA strain carrying PATG1-GFP and mCherry-ScATGS8 was cultured in a nitrogen-deprived
medium for 6 h, and the fluorescence signal was detected by live cell confocal microscopy. Arrows
indicate mCherry-ScATGS signal at the PAS; N = 100 cells, n = 3 independent experiments, Scale
bar: 5 um. (B) atglA strain expressing ScATG1-GFP and mCherry-ScATG8 was cultured in a
nitrogen-deprived medium for 6 h, and the fluorescence signal was detected by live cell confocal
microscopy. Arrows indicate mCherry-ScATG8 signal at the PAS; N = 100 cells, n = 3 independent

experiments, Scale bar: 5 um.
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3.3 Investigating the role of parasite autophagy-like pathway in
regulating various mechanisms of artemisinin resistance in P.

falciparum

Genome-Wide Association Studies and whole genome sequencing of clinical and
laboratory adapted ART resistant isolates have identified point mutations in the f-propeller
domain of Kelch13 (PfK13) protein associated with ART resistance (Ariey et al., 2014;
Miotto et al., 2015). The major PfK13 variants identified in P. falciparum include C580Y,
R539T, Y493H, 1543T and N458Y; C580Y being prevalent in >50 % parasites across
Southeast Asia (Anderson et al., 2017; Ariey et al., 2014; Imwong et al., 2017; Siddiqui et
al., 2020). Further, background mutations in genes encoding coronin, atgl8, ubpl, crt,
mdr2, etc., are also reported to regulate the degree of ART resistance (Demas et al., 2018;
Henrici et al., 2020; Miotto et al., 2015; Wang et al., 2016). Currently, there is very limited
knowledge of the mechanism through which parasites eventually develop resistance to
ART. Recent studies exploring the significance of the P/K13 C580Y mutation in ART
resistance have proposed the ‘ER and cytoplasmic proteostasis pathways’ (Suresh and
Haldar, 2018) and ‘reduced hemoglobin endocytosis’ (Birnbaum et al., 2020) as potential
mechanisms of ART resistance. The first mechanism unifies the proteostasis pathways in
the ER and cytoplasm, which involves phosphatidylinositol-3-phosphate (PI3P) vesicle
expansion, UPR and oxidative stress response pathways (Bhattacharjee et al., 2018; Mok
et al., 2015; Suresh and Haldar, 2018). The amplification of PI3P wvesiculation
disseminating proteins involved in the UPR, folding, quality control, and export is proposed
to be a major determinant of resistance (Bhattacharjee et al., 2018; Suresh and Haldar,
2018). The second proposed mechanism of ART resistance proposes that destabilization of
PfK13 harbouring the C580Y mutation results in decreased abundance of PfK13 in the
parasite and reduced availability of heme derived from hemoglobin degradation essentially
at the ring stage. As ART is activated by heme derived from host hemoglobin, decreased
hemoglobin availability results in reduced ART induced proteotoxic stress and parasite

killing, conferring ART resistance (Birnbaum et al., 2020).

While it is well established that UPR and PI3P stimulate the process of autophagy in higher
organisms to remove misfolded proteins, the role of the parasite autophagy machinery in

these mechanisms of resistance has yet to be proven experimentally. In yeast and metazoan,
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autophagy serves as an important pathway for mitigating extensive cellular damage and
thus may also be involved in regulating mechanisms of ART resistance. The autophagy
protein, PATG18 is shown to have strong selection of mutation under ART resistance and
a host of other compounds in standard drug sensitivity assays. Mutants for PAATG18 are
also reported to have altered susceptibility to a host of other compounds in standard drug
sensitivity assays. Interestingly, presence of PFATG18 T38I mutation confers fitness a
advantage to the parasites by enabling faster growth rates under nutrient limited
environments and under ART treatment (Breglio et al., 2018; Wang et al., 2016). PFATG18
binds to and utilizes PI3P for its association with membranes and performing downstream
functions (Bansal et al., 2017). Thus, the T381 mutations in PFATG18 may provide critical
insights into how autophagy and PI3P lipid metabolism may interact to alter ART
sensitivity. Additionally, drug interaction studies have shown that ART directly targets and
binds to PAATG18 (Wang et al., 2015). As a result, it would be interesting to explore the

functions of parasite autophagy in the development and maintenance of ART resistance.

Interactions of PATG18 with PI3P and the reported PAATG18 T38I mutation motivated
us to carry out studies to understand the role of autophagy in the two proposed proteostasis
mechanisms underlying ART resistance. The activation of parasite autophagy during ART
resistance is demonstrated by the higher expression of PAATGS8 and PfATG18, both at the
transcript and protein levels in the K13%8Y isolate during the early ring and young
trophozoite stages as compared to the K13WT. The colocalization between P/ATG18 and
the autophagosome marker protein PfATGS is also found to be increased in the ART
resistant parasite relative to its isogenic counterpart. The increased number of PI3P labelled
puncta observed in the K13“%3%Y parasites relative to K13WT is consistent with previous
reports showing induced ER-PI3P vesiculation upon resistance (Bhattacharjee et al., 2018).
Both PATGS and PfATG18 also exhibit a similar increase in their puncta numbers in the
K13€380Y jgolate relative to K13WT, Autophagy induction through amino acid starvation
further activates the pathway in both K13WT and K13¢%8%Y jsolates, while the colocalization
of PATG18 and PI3P-labelled vesicles is increased in ART resistant parasites compared
to isogenic parasites. Our study demonstrates a decrease in the IC50 of the specific
autophagy inhibitor MRT68921 in the K1338%Y jsolate as compared to the K13WT one. We
find that PAATG18 is co-transported along with the resistant marker protein PfK13 to the
FV via the hemoglobin trafficking pathway. PfK13 is present on hemoglobin containing
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vesicles (HCv) to which PAATG18 and PI3P also colocalize. Overall, this work indicates

the role of parasite autophagy in various ART resistance mechanisms.

This work has been accepted for publication in the journal mBio. The complete reference

1s as follows:

Ray, A., Mathur, M., Choubey, D., Karmodiya, K., & Surolia, N. (2022) “Autophagy
Underlies the Proteostasis Mechanisms of Artemisinin Resistance in P. falciparum

Malaria”, mBio, doi: 10.1128/mbio.00630-22.

3.3.1 Basal expression of autophagy proteins is higher in ART resistant isolate

compared to the isogenic isolate

ART resistant field isolates are known to exhibit increased mRNA levels of UPR genes
even at the basal level (Mok et al., 2015). As demonstrated earlier, induced UPR activates
parasite autophagy. We sought to determine whether a similar increase in the mRNA levels
of parasite autophagy genes occurs in ART resistant isolates. Basal transcription profiles
of PAATGS and PfATG18 were compared between two parasite isolates, which are matched
isogenically but differ only at the P/K13 locus. The ART resistant strain Cam2%°8%Y was
originally isolated from a patient in Pailin infected with an ART resistant strain of P.
falciparum and carrying the P/K13 C580Y allele (K13°8%Y), This strain was subsequently
genetically engineered to revert the C580Y allele to wildtype using zinc finger nucleases,

yielding the Cam2 rev strain (K13W7T), restoring the ART sensitivity (Straimer ez al., 2015).

To calculate the degree of ART resistance of the K1338%Y and K13%¥T isolates, RSA o-3n
was performed. Parasite viability was determined microscopically through the examination
of Giemsa stained blood smears by counting parasites which developed into rings or
trophozoites with normal morphology after parasite invasion in the next life cycle. Percent
survival was obtained by dividing parasitemia in the DHA treated culture by parasitemia in
the untreated culture x 100 (Figure 3.15A). The survival rate of the K13WVT isolate was
found to be ~0.6 %, while that of the K138 jsolate was ~6.5 %, demonstrating that
K13380Y js ART resistant (Figure 3.15B). Our RSA .3 v results corroborate with previous
reports showing 2.4 % and 13 % survival in Cam2™ and Cam2¢%%Y  respectively (Straimer

etal., 2015).
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Figure 3.15 Ring-stage survival assay (RSA) for the K13WT and K138 jsolates

(A) Ring-stage Survival Assay (RSA) schematic showing exposure of 0-3 hpi rings to short pulses

of 700 nM DHA for 6 h. After DHA washout, parasites are maintained in culture media for another

66 h and then assessed for survival. The survival rate is calculated as the percentage parasitemia in

the 700 nM DHA treated cultures compared to the parasitemia in the untreated (control) cultures at

the end of 72 h of RSA. (B) Graph showing the % survival rate in the RSA for the K13"" and

K13%% jsolates. n = 3 independent experiments.
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Several ATG proteins, including mammalian orthologs of PfATGS, the LC3, and of
PfATG18, the WIPI1, increase their transcript levels in response to external stress stimuli,
indicating autophagy activation (Proikas-Cezanne ef al., 2007; Tsuyuki et al., 2014). To
determine the basal levels of PAATGS8 and PFAATG18 mRNA in synchronised early ring (0-
3 hpi) and young trophozoite (~22-24 hpi) cultures of the K13WT and K138 isolates,
parasites were harvested and RNA isolated followed by cDNA synthesis. Quantitative real-
time PCR was performed using PAATGS, PfATG18, and f-Actin gene-specific primers and
the amplification product was observed on an agarose gel (Figure 3.16A). In the K13¢380Y
parasites, relative gene expression of PAATGS8 was found to be upregulated by ~1.5 and ~3
fold in early rings and young trophozoites, respectively, compared to the K13V parasites
(Figures 3.16B and 3.16C). The relative gene expression of PFATG18 was found to be
upregulated by ~6.5 and ~5 fold in early rings and young trophozoites, respectively, in the
K13€38%Y parasites relative to K13WT (Figures 3.16B and 3.16C). Concomitantly, western
blot analysis showed an increase in the expression levels of PAATGS8 and PfATG18 by ~2
fold in both early rings and young trophozoites of the ART resistant isolate compared to its
isogenic counterpart (Figures 3.17A, 3.17B, 3.17C and 3.17D). The increase in protein
levels of PAATGS and PfATG18 upon starvation (Agrawal et al., 2020; Joy et al., 2018)
and treatment with DHA (Figures 3.5C and 3.5D) signifies activation of the parasite
autophagy-like pathway. Thus, the upregulation of PAATGS8 and PfATGI1S, both at the
transcript and protein levels, indicates that the autophagy-like pathway in ART resistant

K136380Y s activated.
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Figure 3.16 Parasites show increased basal transcript levels of Pfatg8 and Pfatgl8 in
K13¢58%Y compared to K13WT parasites

(A) Synchronized early rings and young trophozoites were isolated from K13“*Y and K13“"
parasites. The basal expression levels of Pfatg8 and Pfatgl8 were determined in the K13“°**¥ and
K13%T parasites by RT-PCR. Agarose gel electrophoresis images showing Amplicons obtained
from quantitative RT-PCR; n = 2 independent experiments. Graph showing fold change of Pfatg8
and Pfatg18 gene expression levels in ART resistant K13**Y early ring (B) and young trophozoite
(C) stage parasites compared to isogenic isolate K13%", determined using quantitative RT-PCR. -
actin was used as the reference gene. Relative gene expression was determined using the 224
method. n = 2 independent experiments. The data points are expressed as mean = SEM. Statistical

significance is quantified using unpaired Student’s t-test, * = P < 0.05, ns = non-significant.
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Figure 3.17 Parasites show increased basal protein expression levels of PF/ATGS8 and
PfATGI18 in K13%58% compared to K13V parasites

Expression levels of proteins (PATGS and PfATG18) in K13"" and K13“°*"Y early ring (A) and
young trophozoite (C) stage parasites. Parasite lysates were subjected to western blot analysis and
blots were probed with PAATG8 and PfATG18 antibodies. f-Actin was used as loading control. n
= 3 independent experiments. Fold difference, normalized with respect to control is shown below
each blot. Graphs showing fold change of PAATGS (left) and PATG18 (right) protein expression
levels in K13 early ring (B) and young trophozoite (D) stage parasites relative to K13%T. n=3
independent experiments. The data points are expressed as mean = SEM. Statistical significance is

quantified using unpaired Student’s t-test, ** = P < 0.005, ns = non-significant.
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As increased mRNA levels and puncta numbers of human WIPI1 are indicative of increased
autophagosome numbers (Tsuyuki et al., 2014), the number of PAATG18 decorated vesicles
colocalizing with the autophagosome marker protein PAATG8 was determined using
immunofluorescence analysis in K13WT and K133 early ring and young trophozoite
stage parasites (Figures 3.18A, and 3.18C). K13%8%Y parasites, in both early rings and
young trophozoites, displayed ~2 fold increase in the number of PFATG18 labelled puncta
colocalizing with PATGS as compared to K13VT parasites (Figures 3.18B, and 3.18D).
We also observed PAATG18 decorated puncta that do not colocalize with PFATGS (Figures
3.18A and 3.18C). As PfATG18 is also present on numerous endocytic vesicles, including
the HCv that traffics hemoglobin to the FV (Agrawal et al., 2020), we speculate that the
partial colocalization is due to PfATG18’s localization to these endocytic vesicles. The
increased colocalization of PAATG8 and PfATG18 decorated vesicles in K138%Y parasites
over K13WT parasites signifies the enhanced localization of PAATG18 to autophagosomes.
This indicates that autophagy is activated in resistant parasites, regulating various
mechanisms of ART resistance, and is thus not simply a reflection of autophagosome-like

vesicles accumulating in the parasite cytoplasm.
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Figure 3.18 PfATG18 shows increased localization to autophagosome-like vesicles in
K13¢58%Y compared to K13WT parasites
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Immunofluorescence analysis of early ring (A) and young trophozoite (C) stage K13“" and
K138 parasites stained with PATGS and PfATG18 antibodies were labelled using the Zenon
antibody labelling system. Regions within the dashed white lines are enlarged and placed next to
the merged panel to better represent colocalization. Extent of colocalization between PfATG8
(representing autophagosome-like vesicles) and PfATG18 labelled puncta is represented by the
Pearson’s coefficient value (R) and evaluated from the PfATGS (red) and PfATGI18 (green)
fluorescent signals within the white square region in the enlarged panel. Scatter plot representing
the number of PAATG8 and PfATG18 colocalizing puncta in early ring (B) and young trophozoite
(D) stage K13%T and K13 parasites. N = 10 parasites, n = 3 experiments, Scale bar: 5 pm. The
data points are expressed as mean + SEM. Statistical significance is quantified using unpaired

Student’s t-test, * = P < 0.05.

Increased PI3P levels, even by transgenic methods, confer ART resistance and elevated
PI3P promotes ER-PI3P vesiculation. As the levels of PI3P in ring stage parasites directly
correlate with the degree of ART resistance (Mbengue et al., 2015), we sought to determine
PI3P levels in the in vitro KI3WT and K13%%Y ring stage parasites. PI3P is
indistinguishable from PI4P by mass spectrometry due to their identical mass and charge,
and the lipid is undetectable with conventional western blot techniques. Thus,
immunofluorescence analysis was performed to quantify the amount of PI3P present in
both the parasite isolates. As expected, the number of PI3P labelled puncta increased

significantly in K133 compared to K13WT parasites (Figures 3.19A and 3.19B).
g Y p

PI3P is known to induce autophagy in yeast and other eukaryotes by acting as a scaffold
for the recruitment of multiple autophagy proteins to the pre-autophagosomal membrane,
consequently modulating the membrane curvature required for autophagosome assembly
and maturation (Dall’Armi et al., 2013; Devereaux et al., 2013). Therefore, we carried out
studies to check whether higher levels of PI3P during resistance reflect an increase in
parasite autophagy at the ring stage. Immunofluorescence analysis was used to quantify the
number of PATG8 and PfATG18 decorated puncta in KI13WT and K138 parasites.
Similar to PI3P, we observe increased numbers of both PFATGS and PfATG18 decorated
puncta in K13¢38% compared to K13WT parasites (Figures 3.19A and 3.19B). Taken
together, the increased expression levels of autophagy proteins during ART resistance

demonstrates parasite autophagy as a survival mechanism.
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Figure 3.19 Increased number of PI3P, PFATGS8 and PfATG18 labelled vesicles in
K138 compared to K13WT parasites

(A) Immunofluorescence analysis of K13™T and K13“°*"Y ring stage parasites stained with anti-
PI3P, anti-PfATG18 and anti-PfATGS antibodies showing number of PI3P, PAATG18 and PAATG8
labelled puncta. Nucleus was stained using Hoechst. N = 15 parasites, n = 3 independent
experiments, Scale bar: 5 um. (B) Scatter plot showing number of PI3P, PFATG18 and PfATGS
labelled puncta in K13%T and K13“°*"Y parasites. N = 15 parasites, n = 3 independent experiments.
The data points are expressed as mean + SEM. Statistical significance is quantified using unpaired

Student’s t-test, **** =P < (0.0001, *** =P < (0.0005, and ** =P < 0.005.

3.3.2 Starvation induces parasite autophagy in ART resistant as well as the isogenic

isolate

As starvation increases the expression levels of parasite autophagy proteins in the wildtype
3D7 strain (Agrawal et al., 2020; Joy et al., 2018), we investigated whether a similar effect
exists in the ART resistant and isogenic isolates. Western blot analysis was used to evaluate
protein levels of PAATGS and PfATGI18 in synchronised young trophozoites after 1.5 h
incubation with starvation media. The expression levels of PAATGS increased by ~2 fold
and PfATG18 by ~2.5 fold in both K13WT and K13%°8%Y parasites upon starvation (Figures
3.20A and 3.20B). The increase in PFATGS8 and PfATG18 expression levels is comparable
to that observed when 3D7 is incubated in starvation medium, indicating that both isogenic
and resistant parasites have a functional autophagy pathway that responds to autophagy

induction during starvation.
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Figure 3.20 Starvation induces the expression levels of PF/ATG8 and PfATG18 in
K13¢380Y a5 well as K13WT parasites

K13%T and K13“*%Y parasites were incubated with starvation media for 1.5 h. (A) Effect of
starvation on PfATGS and PfATG18 protein expression levels. K13%Tand K13“*Y parasite lysates
were subjected to western blot analysis and blots were probed with PFAATGS and PfATGI18
antibodies. [-Actin was used as the loading control. n = 3 independent experiments. Fold
difference, normalized with respect to control is shown below each blot. (B) Graphs representing
fold change of PfATGS (left panel) and PfATGIS8 (right panel) protein expression levels upon
starvation. n = 3 independent experiments. The data points are expressed as mean = SEM. Statistical

significance is quantified using unpaired Student’s t-test, * = P < 0.05.
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As the basal number of PI3P labelled vesicles is higher in the K13%8%Y than in the K13WT
ring stage parasites, we investigated the effect of starvation on the number of these PI3P
labelled vesicles in both the parasite isolates. We observe an increase in the number of PI3P
labelled puncta in both the K13WT and K138 parasites upon starvation (Figures 3.21A

and 3.21B), indicating enhanced PI3P vesiculation upon starvation.
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Figure 3.21 Starvation increases the number of PI3P labelled vesicles in K135 ag
well as K13WT parasites
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(A) Immunofluorescence analysis of K13"" (top two panels) and K13“*Y (bottom two panels)
parasites stained with anti-PI3P antibody showing PI3P labelled puncta upon starvation. Nucleus
was stained using Hoechst. N = 15 parasites, n = 3 independent experiments, Scale bar: 5 um. (B)
Scatter plots representing the number of PI3P labelled puncta in K13%" and K13“°*Y in control and
starvation conditions. The data points are expressed as mean = SEM. Statistical significance is

quantified using unpaired Student’s t-test, **** = P <(.0001, *** =P < (0.0005; ** =P < (0.005.

Increase in the number of autophagosomes reflect upregulation of autophagy. Since both
PfATG18 and PI3P are present on cytoplasmic vesicles of 200 nm in diameter (Agrawal et
al., 2020), we investigated the number of these autophagosome-like structures in the ART
resistant and isogenic parasites upon starvation by studying the colocalization of PAATG18
with PI3P-labelled puncta. Immunofluorescence analysis of synchronized rings incubated
with starvation media for 1.5 h revealed an increase in the number of PAATG18 labelled
puncta colocalizing with PI3P upon starvation in both K13WT and K133 parasites
(Figures 3.22A and 3.22B), the increase in colocalization being more significant in
K13€38%Y (Figure 3.22B). Additionally, K13¢°8%Y parasites showed an increase in PFATG18
labelled puncta colocalizing with PI3P at the basal levels as compared to K13WT (Figure
3.22B). This supports our findings that autophagy is activated in resistant parasites even in
the absence of an external stress (such as starvation). The results obtained from
colocalization studies corroborate our western blot analyses, demonstrating a functional
autophagy pathway in both isogenic and resistant parasites that responds to autophagy
induction under starvation. Moreover, activation of autophagy is significantly higher in
resistant isolates than in the sensitive one (Figure 3.22B) which indicates the reliance on
autophagy for parasite fitness. Collectively, our results suggest parasite autophagy as one

of the key pathways involved in the maintenance of protein homeostasis during resistance.
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Figure 3.22 Starvation increases the number of PFATG18 labelled vesicles
colocalizing with PI3P in K138 as well as K13WT parasites

(A) Immunofluorescence analysis of K13"7" (top two panels) and K13“*Y (bottom two panels)
parasites stained with anti-PI3P and anti-PfATG18 antibodies showing colocalization of PI3P with
PfATG18 labelled puncta upon starvation. Regions within the dashed white lines are enlarged and

placed next to the merged panel to better represent colocalization. Extent of colocalization between
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PI3P and PfATG18 is represented by the Pearson’s coefficient value (R) evaluated from PI3P (red)
and PfATGI18 (green) fluorescent signals within the white square region in the enlarged panel.
Nucleus was stained using Hoechst. (B) Scatter plot representing the number of colocalizing PI3P
and PfATG18 labelled puncta in K13%T and K13“*Y parasites under control and starved
conditions. N = 15 parasites, n = 3 independent experiments, Scale bar: 5 um. The data points are
expressed as mean + SEM. Statistical significance is quantified using unpaired Student’s t-test,

*EEx =P <0.0001, ¥* =P <0.005, * =P < 0.05.
3.3.3 Parasite Autophagy regulates the survival of ART resistant isolate

To determine the effect of autophagy inhibition on the K13%T and K13°%%Y parasites, we
compared the IC50 of MRT68921 between the two isolates by assessing the parasites'
ability to invade fresh RBCs as an indication of development and survival in the presence
of increasing concentrations of the autophagy inhibitor. Tightly synchronized early ring
stage parasites from both the isolates (1 % parasitemia, 5 % hematocrit) were incubated
with various concentrations of MRT68921 for 72h (Figure 3.23A). Giemsa stained smears
from parasite cultures at the end of the assay were used to monitor the parasite morphology
and invasion in the next cycle. Dose-response curve was plotted to determine the relative
parasite load with respect to increasing MRT68921 concentration. The IC50 of MRT68921
obtained from the dose-response curve for K13WT parasites (726.7 nM) (Figure 3.23B) is
comparable to the IC50 of MRT68921 in 3D7 (761.1 nM) (Figure 3.10), indicating a similar
dose-response relationship between the two strains. Meanwhile, a ~2 fold decrease in the
IC50 was observed in K13%8%Y parasites (380.6 nM) when incubated with MRT68921
compared to K13WVT (Figure 3.23B). The decreased IC50 of MRT68921 further emphasizes

the importance of autophagy in the survival of ART resistant parasites.
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Figure 3.23 K1358%Y parasites are more sensitive to autophagy inhibition than
K13WT

(A) Schematic showing various concentrations of MRT68921 treatment at 0-3 hpi, followed with
change in culture media at 24 hpi and 48 hpi. The kink represents parasite reinvasion. Parasite
growth assay was carried out after 72 hpi. (B) The dose response curve showing percentage of

relative parasite load at 72 hpi in K13“T (blue) and K13“*°Y (brown). n = 3 independent

experiments. The data points are expressed as mean = SEM.
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3.3.4 PfK13 and PfATGI18 are trafficked to the food vacuole through hemoglobin

containing vesicles (HCv) in the ART resistant isolate

The endocytosis pathway in P. falciparum plays a crucial role in the host cell cytosol uptake
(HCCU) involving the ingestion of host hemoglobin by the parasite (Spielmann et al.,
2020). Recent reports highlight the importance of P/K13 in regulating endocytosis and it
thus controls the amount of hemoglobin uptake by the peripherally localized parasite
vesicles ‘cytostomes’ (Birnbaum et al., 2020; Gnadig et al., 2020; Yang et al., 2019). These
vesicles are formed due to the parasite plasma membrane invaginations that deliver host
hemoglobin to the parasite food vacuole (Bakar et al., 2010; Slomianny, 1990). PfK13
localizes to various sub-cellular compartments in the parasite, including ER-PI3P vesicles,
apicoplast, food vacuole (FV), and collar region of cytostomes (Bhattacharjee et al., 2018;
Birnbaum et al., 2020; Suresh and Haldar, 2018; Yang et al., 2019). However, there is no
experimental evidence suggesting the presence of PfK13 on HCv, which are discrete

vesicles transporting host derived hemoglobin to the parasite FV (Elliott ef al., 2008).

Our previous report indicates the trafficking of PAATGI18 to the FV is via HCv and is
mediated by the interaction of PAATG18 with PI3P (Agrawal et al., 2020). To investigate
whether PfK13 co-traffics with PAATG18 to the FV, immunofluorescence analysis was
carried out in the ART resistant K138 parasites. The cysteine protease falcipain-2
(PfFP2) is trafficked to the FV via HCv (Dasaradhi et al., 2007) and was thus used to label
the vesicles. PAATG18 partially colocalized with both PI3P and PfFP2 (Figures 3.24A and
3.24B) in the resistant K13380Y parasites similar to that observed in wildtype 3D7 parasites
(Agrawal et al., 2020). Also, partial colocalization of P/K13 with PI3P and PfFP2 (Figures
3.25A and 3.25B) was observed near the parasite periphery as well as in the cytoplasm,
indicating the presence of both P/K13 and PFATG18 on HCyv.
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Figure 3.24 PfATGI18 is present on PI3P and PfFP2 labelled vesicles in the K13¢58Y
parasites

(A) Immunofluorescence analysis of K13“*°Y parasites stained with anti-PI3P and anti-PfATG18
antibodies showing colocalization of PI3P with PAATG18 labelled puncta. (B) Immunofluorescence
analysis of K13“*Y parasites stained with anti-PfFP2 and anti-PfATG18 antibodies were labelled
using the Zenon antibody labelling system. Representative images showing colocalization of
PfATGI18 with PI3P (A) and PfFP2 (B) labelled puncta. N = 15 parasites, n = 3 independent
experiments, Scale bar: Sum. Regions within the dashed white lines are enlarged and placed next
to the merged panel to better represent colocalization. Extent of colocalization is represented using
the Pearson’s coefficient value (R) evaluated from the PI3P and PfFP2 (red) and PfATG18 (green)
fluorescent signals within the white square region in the enlarged panel. Nucleus was stained using

Hoechst.
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Figure 3.25 PfK13 is present on PI3P and PfFP2 labelled vesicles in the K13¢8%Y
parasites

(A) Immunofluorescence analysis of K13“**Y parasites stained with anti-PI3P and anti-P/K13
antibodies showing colocalization of PI3P with PfK13 labelled puncta. (B) Immunofluorescence
analysis of K13“°*"Y parasites stained with anti-PfFP2 and anti-PfK13 antibodies were labelled
using the Zenon antibody labelling system. Representative images showing colocalization of P/K13
with PI3P (A) and PfFP2 (B) labelled puncta. N = 15 parasites, n = 3 independent experiments,
Scale bar: Sum. Regions within the dashed white lines are enlarged and placed next to the merged
panel to better represent colocalization. Extent of colocalization is represented using the Pearson’s
coefficient value (R) evaluated from the PI3P and PfFP2 (red) and PfK 13 (green) fluorescent signals

within the white square region in the enlarged panel. Nucleus was stained using Hoechst.

To confirm the presence of PK13 and PAATG18 on HCv, immunofluorescence analysis
with PA/ATG18 and PfK13 antibodies was carried out at ring and young trophozoite stages
of the K13%380Y parasites. Our results show colocalization of PfK13 with PATG18 labelled
puncta near the parasite periphery in rings suggesting their co-presence on cytostome-like
structures (Figure 3.26A, upper panel). Presence of PAATG18 and PfK13 labelled puncta
near the ring periphery was confirmed by labelling the Parasite Vacuolar Membrane (PVM)
with a marker protein (Ho et al., 2018), P/PTEX-150 (Figures 3.27A and 3.27B). Parallelly,
PfK13 colocalized with PATG18 labelled puncta near the FV in trophozoites (Figure

3.26A, lower panel) as implied by their localization near the parasite hemozoin. The
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colocalization of PfK13 with PFATG18 labelled puncta near the parasite periphery in rings
and near the FV in trophozoites indicates an increase in the co-trafficking of these two

proteins to the FV via HCv in mature parasite stages.

Trafficking of HCv to the FV is assisted by the parasite actin-myosin motor system (Milani
et al., 2015). To further support that PAATG18 and PfK13 proteins are transported to the
FV via the HCv, young trophozoites were treated with hemoglobin trafficking inhibitors
(2,3-butanedione monoxime [BDM] and Dynasore) which block HCv transport to the FV.
Parasites were incubated with myosin ATPase inhibitor BDM and Dynasore which inhibit
the GTPase activity of dynamin, both causing accumulation of HCv to the parasite
periphery (Milani et al., 2015). Colocalization of PfK13 with PA/ATGI18 labelled puncta
was observed more towards the parasite boundary upon incubating parasites with these
inhibitors as compared to the near FV localization seen in control (Figure 3.26B). These
results further strengthen our proposition of a cross-talk between PfK13 and PAATG18 and
is the key report of the parasite autophagy protein’s association with the resistant marker

PfK13 in the background of ART resistance.
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Figure 3.26 PfK13 and PfATG18 are trafficked to the FV through HCy in the
K13¢38% parasites

(A) Immunofluorescence analysis of K13“°%Y parasites stained with anti-PfATG18 and anti-PfK 13
antibodies were labelled using the Zenon antibody labelling system, and showing colocalization of
PfK13 with PFATG18 labelled puncta in rings (top panel) and young trophozoites (bottom panel).
Rings show colocalization more towards the parasite boundary (white arrow) while trophozoites
show more near the parasite FV (white arrow). N = 15 parasites, n = 3 independent experiments,
Scale bar: Sum. (B) PATG18 and PfK13 are transported to parasite FV through the hemoglobin
trafficking pathway. Localisation of PAATG18 and PfK13 labelled puncta upon incubation of
parasites with hemoglobin trafficking inhibitors, 200 pM Dynasore and 25 mM 2,3-Butanedione
monoxime (BDM) were assessed using immunofluorescence analysis. K13“°*Y parasites were
stained with anti-PfATG18 and anti-PfK13 antibodies and labelled using the Zenon antibody
labelling system. Incubation of parasites with inhibitors lead to colocalization of PATG18 and

PfK13 near the parasite periphery. N = 10 parasites, n = 3 independent experiments, Scale bar: Spum.
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Regions within the dashed white lines are enlarged and placed next to the merged panel to better
represent colocalization. Extent of colocalization is represented using the Pearson’s coefficient
value (R) evaluated from the PfK13 (red) and PfATG18 (green) fluorescent signals within the white

square region in the enlarged panel. Nucleus was stained using Hoechst.
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Figure 3.27 PfK13 and PfATG18 localize near the parasite periphery in ring stage
K13¢38% parasites

(A) Immunofluorescence analysis of K13“°*Y parasites stained with anti-P/fPTEX-150 and anti-

PfATG18 antibodies were labelled using the Zenon antibody labelling system. (B)

Immunofluorescence analysis of K13“°*%Y parasites stained with anti-P/PTEX-150 and anti-PfK 13
y p

antibodies were labelled using the Zenon antibody labelling system. N = 15 parasites, n = 3

independent experiments, Scale bar: Sum. Nucleus was stained using Hoechst.
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Chapter 4

Discussion

4.1 Artemisinin induced UPR pathway activates P. falciparum
autophagy

In this study, we find that DHA induced ER stress stimulates the UPR signaling pathway,
which in turn triggers parasite autophagy. Our results showing increased phosphorylation
of PfelF2a and upregulation of the ER-resident chaperone P/BiP together with expansion
of the parasite ER upon incubation with DHA are consistent with previous reports showing
ART induced ER stress responses. Additionally, DHA mediated ER stress increases the
number of PATGS labelled autophagosome-like vesicles as well as the expression levels
of, PFATGS8 and PfATGI1S, indicating activation of the parasite autophagy pathway.
Further, inhibition of the PERK-PfelF2a mediated UPR pathway leads to decreased
expression of the autophagy proteins. The study provides experimental evidence for
parasite autophagy as an ER stress response pathway triggered by the translational arm of

the UPR.

As an early branching eukaryote, P. falciparum exhibits conserved as well as distinct
features associated with the UPR. While the malaria parasite seems to lack homologs of
ATF6 and IRE], it possesses a cluster of three elF2 kinases, PERK, and the downstream
translation initiation factor PfelF2a (Gosline et al., 2011). In the absence of IRE1 and
ATF6, Plasmodium parasites are likely to be particularly susceptible to perturbations in the
mechanisms of ER homeostasis. Conservation of the PERK-elF2a pathway in protozoan
parasites indicates that the pathway evolved very early in eukaryotes and is crucial for
protection from ER stress. ART exposure has been shown to cause promiscuous protein
alkylation, resulting in the accumulation of misfolded proteins, activating the ER stress

response, which is characterized by elF2a phosphorylation and reduction of global protein
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translation (Bridgford et al., 2018). ART induced phosphorylation of elF2a in P.
falciparum acts as an ER stress sensor and promotes parasite dormancy, which helps in
increasing the parasites’ capacity to regulate damage mediated by ART (Zhang et al.,
2017). We also observe increased phosphorylation of PfelF2a upon incubating parasites
with the clinically relevant dose of 700nM DHA for a brief period (1.5h). The rationale for
a brief DHA exposure was to reflect the short in vivo half-life of the drug (Balint, 2001;
Tarning et al., 2012b). Interestingly, we find increased expression of P/BiP upon DHA
treatment, which has not been previously demonstrated. In yeast and other eukaryotes, BiP
is considered the master regulator for maintaining homeostasis during ER stress due to its
ability to refold misfolded proteins accumulated in the ER, and modulate the activation of
UPR signaling sensors (Lee, 2005). The observed increase in the chaperone level in
response to DHA induced damage suggests a role of P/BiP in maintaining ER homeostasis

in the malaria parasite similar to that observed in other organisms.

In this study, parasites transiently expressing P/SEC62GFP were used to show that DHA
induces expansion of the parasite ER. The observed expansion is likely a result of the build-
up of misfolded proteins in the ER lumen, as well as an increase in the amount of ER
resident chaperones, such as P/BiP, that are biosynthesized to fold excess misfolded
proteins. Our findings are consistent with reports which show that the ER, in yeast and
other eukaryotes, expands massively and localizes to the cellular periphery following
activation of the UPR. It has been suggested that this expansion may help to accommodate
newly synthesized proteins and limit misfolded protein aggregation by lowering their
concentration in the ER lumen (Bernales et al., 2006; Bommiasamy et al., 2009). In P.
falciparum, DHA treatment increases the volume of the ER, which then extends to other
portions of the parasite, in contrast to the organelle's perinuclear localization in control. In
another protozoan parasite, 7rypanosoma brucei, ER stress similarly results in dilatation of
the ER lumen containing dense materials, demonstrating that the phenomenon of ER
expansion in response to ER stress is conserved in early diverging eukaryotes (Goldshmidt
et al., 2010). Overall, our findings provide additional methods to monitor ER stress in the
parasite and contribute to the body of evidence suggesting that ART induces an enhanced

ER stress response.

An ongoing question is how PERK-PfelF2a based UPR regulates DHA mediated protein

misfolding and damage. Activation of the translational UPR arm may aid in the recovery
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or protection of cells from damage caused due to DHA exposure, hence increasing cell
survival. Inhibition of the kinase activity of PERK increases the sensitivity of other
eukaryotes to ER stress, but this enhanced susceptibility is only partly restored by chemical
suppression of protein synthesis, showing that PERK-mediated signaling is required for ER
stress mitigation (Bertolotti et al., 2000; Harding et al., 2003). Given the absence of
conventional transcription factors, in particular the bZIP family of transcriptional
regulators to which the components of the UPR transcriptional regulatory arm, ATF6 and
XBP1, belong (Coulson et al., 2004), it is possible that P. falciparum needs to employ novel
mechanisms to manage excess protein misfolding under ER stress. The transcription
machinery in protozoan parasites is distinct from other eukaryotes due to the presence of a
unique class of APetela-2 domains containing AP2 transcription factors. Parasites
incubated with DTT, a known inducer of ER stress, show upregulation of multiple AP2
transcription factors as well as their cellular targets (Chaubey et al., 2014). None of the
AP?2 transcription factors, however, include the transmembrane domain (Joyce et al., 2013)

required for them to function similarly to IRE1 or ATF6.

PERK mediated phosphorylation of elF2a decreases global protein translation, but also
increases selective translation of particular mRNAs, such as the master regulator
transcription factors GCN4 (Mueller and Hinnebusch, 1986) and ATF4 (Vattem and Wek,
2004) in yeast and higher eukaryotes, respectively. In this way, the PERK-elF2a based
UPR contributes to alleviating ER stress by reprogramming gene expression. Although
homologs of GCN4 and ATF4 have not been identified in Plasmodium, it is plausible that
phosphorylation of PfelF2a facilitates the translation of other mRNAs in a similar manner.
The PERK/elF2a pathway also initiates the transcription of genes related to autophagy in
response to amino acid deprivation or ER stress, and the AFT4 transcription factor is
essential for the upregulation of these genes (B’chir et al., 2013). Although the P.
falciparum genome contains a limited number of ATG genes (Cervantes et al., 2014; Hain
and Bosch, 2013; Navale et al., 2014), some of them have been identified to be involved in
both canonical and non-canonical autophagy related functions (Agrawal et al., 2020;
Bansal et al., 2017; Joy et al., 2018; Tomlins et al., 2013). Plasmodium parasites likely
engage autophagy-like proteins to reduce ER stress caused as a result of DHA mediated

widespread damage.
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Our results reveal that incubating P. falciparum with DHA activates an autophagy-like
pathway. In addition to the increased number of PAATGS labelled vesicles, DHA exposure
leads to heightened expression levels of both PAATGS and PfATG18. During autophagy
induction, several ATG proteins localize to the PAS to initiate the process of autophagy.
ATGS is, however, the key autophagosome marker in yeast and other eukaryotes since it is
the only ATG protein that is associated with both premature and mature autophagosomes
and the lipidated form of ATGS correlates with the number of autophagosomes, generated
(Cheong and Klionsky, 2008b; Mizushima et al, 2010). Western blotting and
immunofluorescence analyses reveal that PFATGS localizes on subcellular membranes and
appears as punctate structures in the parasite (Kitamura et al., 2012). Additionally, a
previous report from the lab has demonstrated that PFATGS levels can be regulated in
response to autophagy induction and inhibition, indicating autophagy-like features of the
protein (Joy et al., 2018). The increase in the number of PFATGS labelled puncta and the
expression levels of the protein upon parasite exposure to DHA indicates that autophagy is
activated in response to ER stress. PFATG18 has been shown to participate in both the
canonical autophagy-like pathway and food vacuole fission in the parasite (Agrawal ef al.,
2020). Increased expression of PfATGI18 in response to DHA treatment reaffirms that
parasite autophagy underpins processes of ER homeostasis with regard to DHA induced
ER stress. Further, our results validate our proposition that increased expression of parasite
autophagy proteins upon DHA exposure is mediated directly through the UPR. Incubation
of the parasites with GSK2606414, a mammalian PERK inhibitor which specifically blocks
UPR/PERK activation (Axten et al., 2012), leads to inhibition of the basal and DHA
induced phosphorylation of Pfelf2a, indicating inhibition of parasite PERK/Pfelf2a
mediated translational attenuation. GSK26064 14 also leads to a significant reduction in the
expression levels of PAATG8 and PfATGIS, suggesting their activation is through the
UPR/PERK pathway in the malaria parasite.

In summary, our findings establish parasite autophagy as an ER stress response pathway in
P. falciparum that is triggered by UPR. Induced autophagy likely mitigates parasite ER
stress by sequestering and subsequently degrading excess ER containing misfolded protein

aggregates formed as a consequence of ART mediated widespread protein alkylation.
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4.2 Putative PATG1 (PF3D7 _1450000) participates in the autophagy-
like pathway in P. falciparum

Several new findings emerge from our characterization of the putative PAATG] like protein
kinase. The gene with the accession number PF3D7 1450000 was predicted to be a
Plasmodium homolog of the human ULKI1 and yeast ATG1 (Hain and Bosch, 2013).
Putative PAATG] is expressed throughout the intraerythrocytic stages of P. falciparum as
punctate structures across the parasite cytoplasm and colocalizes partially with the
autophagosome marker protein PATGS, similar to yeast ATG1 which colocalizes with
ATGS on the PAS (Suzuki et al., 2007). Putative PfATG]1 also partially localizes to the
ER, which is known to provide membranes for autophagosome biogenesis (Shibutani and
Yoshimori, 2014). Inhibition of the PfATGI1 kinase activity with MRT68921, a small
molecule inhibitor of the human autophagy protein ULK1 (Petherick et al., 2015), results
in reduced expression of PFATG8 and PfATG18, homologs of which are known to function
downstream of ATGI in yeast and other eukaryotes (Yin ef al., 2016). This suggests that
putative PAATGI1 functions upstream of both PAATG8 and PfATG18, and in conjunction
with the similarity in localization to yeast ATG1, supports our hypothesis that this ATG

protein participates in an autophagy-like process in P. falciparum.

Upon induction of autophagy in yeast and other eukaryotes, ATG1/ULKI1 binds to ATG13,
which is crucial for the assembly of other autophagy proteins to the PAS prior to
autophagosome formation (Lin and Hurley, 2016). However, compared to the classical
ATGI1-ATGI13 complex present in other organisms, there are a few differences in P.
falciparum. PfATGI is about half the length of its yeast and mammalian counterparts.
Although the amino acid sequence of putative PAATG1 harbors a conserved kinase domain,
the protein lacks the two microtubule interacting and transport (MIT) domains which
facilitate its binding to ATG13 (Chew et al., 2015; Lin and Hurley, 2016), suggesting that
PfATG]1 might participate in the autophagy-like pathway irrespective of its association with
ATGI13 or be involved in other non-canonical roles in the parasite. Additionally,
bioinformatic analyses suggest the absence of an ATG13 homolog in the P. falciparum
genome (Hain and Bosch, 2013), which correlates with the lack of an ATG13 binding
domain in the putative PFATG1. However, threonine at position 226 on ScATG1, which is
required for proper autophagy induction (Yeh et al., 2010), is replaced with another
phosphorylatable serine residue (PfATG1 S208), retaining the phosphorylation site in the
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activation loop of putative PAATG]1. Thus, the putative PAATGI1 sequence encodes both

unique as well as conserved autophagy-like features in P. falciparum.

In the current study, putative PAATGI is found to be localized to cytoplasmic vesicular
structures throughout the intraerythrocytic parasite stages, while in other systems, ATG1 is
observed to interact with membranes only during autophagy (Suzuki et al., 2007). One
plausible explanation for this constitutive expression is that putative PAATGI is essential
for the assembly of core autophagy proteins, including PATGS to a PAS-like structure in
the parasite, which is also the canonical role of the ATG1-ATG13 complex in other systems
(Nakatogawa et al., 2012; Yin et al., 2016). Owing to the fact that PAATGS associates with
subcellular membrane structures throughout the asexual blood stages of the parasite
(Cervantes et al., 2014), it is likely that PATGI1 is required to enhance PfATGS’s
interaction with membranes and hence contribute to basal autophagy (Joy et al., 2018).
Additionally, as putative PATG]1 colocalizes with the key autophagosome marker protein
PfATGS, even at basal levels, this suggests that PfATGI is associated with
autophagosome-like structures in the parasite. In addition to autophagosome-like
structures, putative PfATG1 also partially colocalizes with the ER. Since the ER
contributes membrane to the formation of autophagosomes in higher eukaryotes (Shibutani
and Yoshimori, 2014; Suzuki et al., 2007), this supports a role for parasite ER in
autophagosome biogenesis in P. falciparum. There is mounting evidence which show that
PfATG1 homolog in mammalian cells can localize to membranes even in the absence of
ATG13 through a putative lipid binding domain (Nishimura and Tooze, 2020).
Additionally, ULK-mediated phosphorylation of the ER protein SEC16A regulates specific
cargo trafficking from the ER to the Golgi, a process that is independent of the ATG1-
ATG13 interaction (Joo et al., 2016). In the absence of a ATG13 homolog in P. falciparum,
it is likely that membrane association of putative PAATG1 may occur in a similar way. In
future, a detailed analysis of the PAATG1 domain architecture will facilitate a better

understanding of the protein's function in the context of P. falciparum.

Our results indicate that the putative PFATG] is essential for parasite survival even in
nutrient-rich conditions. MRT68921 inhibits parasite growth dose-dependently (IC50 =
761.1 nM), and cultures treated at concentrations greater than the IC50 exhibit
developmental abnormalities in the trophozoite and schizont stages, hence lowering the

parasites' invasion ability during the subsequent developmental cycle. A previous report
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from our lab demonstrates ability of MRT68921 to bind to and fit well inside the substrate
binding grove of PfATGI as revealed by docking studies to simulate binding of the
MRT68921 dihydrochloride on the homology model of P/ATG1 (Joy et al., 2018),
suggesting that the small molecule inhibitor can specifically bind to PAATG1. Additionally,
MRT68921 inhibition of putative PFAATG]1 kinase activity decreases both the baseline and
starvation-induced expression levels of PAATGS and PfATG18, demonstrating a function
for PAATG]1 upstream of PfATGS8 and P/ATG18 and comparable to its role in autophagy

initiation in yeast and other eukaryotes.

Although putative PAATGI exhibits several features indicative of its role as an autophagy-
like protein in the parasite, P/ATG1-GFP was unable to participate in the autophagy
pathway when expressed in atglA yeast cells. This observation may be explained by the
lack of crucial domains in PAATG] that enable its association with ATG13, which in turn
facilitates the recruitment of downstream ATG proteins to the PAS, where autophagosome
assembly is initiated. Due to the inability of putative PAATG]1 to localize to the PAS in
atgl A cells, we hypothesize that Plasmodium ATGI is unable to interact with yeast ATG13

and thus cannot complement autophagy in atgl A yeast.

In conclusion, our findings indicate that putative P/ATG]1 is a component of the parasite's
autophagy-like machinery and may be exploited as a biomarker for autophagosome
formation in the parasite. However, further work is necessary to unravel PATGI's kinase
activity and determine if MRT68921 affects the substrate binding ability of the kinase in

P. falciparum.

4.3 P. falciparum autophagy underpins various mechanisms of

artemisinin resistance

This work demonstrates that parasite autophagy underpins various mechanisms of ART
resistance and advances the understanding of two recently proposed mechanisms for ART
resistance involving the induced ER and cytoplasmic proteostasis mechanisms mitigating
ART mediated proteopathy (Bhattacharjee et al., 2018; Suresh and Haldar, 2018), and the
PfK13 C580Y mutation associated reduced hemoglobin endocytosis pathway (Birnbaum
et al.,2020). We show that basal expression levels of PFATG8 and PfATG18 are higher in
the ART resistant isolate (K13%°8%Y) compared to its isogenic (K13%T) counterpart, which
is further enhanced upon starvation. Resistant parasites, characterized by enhanced PI3P
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vesiculation, also show increased colocalization of PI3P with PFATG18 at the basal level
and upon activation of autophagy through starvation. K13%%Y parasites are more sensitive
to the specific autophagy inhibitor MRT68921, indicating the involvement of autophagy in
mediating various proteostasis mechanisms governing parasite survival. Additionally, the
co-localization of PfK13, PATG18, and PI3P on parasite hemoglobin trafficking vesicles

suggests co-trafficking to the FV through the same subcellular vesicles.

Mammalian orthologs of PfATGS, the LC3, and of PATG18S, the WIPI1, participate in
autophagy with an increase in mRNA levels indicating autophagy activation (Kabeya et
al., 2005; Proikas-Cezanne et al., 2007; Tsuyuki et al., 2014). Our results show increased
expression of PfATG8 and PfATGI18 at the mRNA and protein levels, as well as
colocalization of PfATGI18 labelled puncta with PATGS, in ART resistant parasites
compared to their isogenic counterparts during the early ring and young trophozoite stages,
indicating that parasite autophagy regulates the wvarious proteostasis mechanisms
underlying ART resistance. According to a recent report, P/K13 mutations, in particular
C580Y, result in decreased hemoglobin endocytosis, particularly in the early ring stage,
hence decreasing ART activation and ultimately leading to ART resistance at the ring stage
(Birnbaum et al., 2020). Due to the low metabolic activity of rings, ART resistance is
predicted at this stage, while the trophozoites and schizonts are more metabolically active
and therefore vulnerable to ART mediated damage. We hypothesize that, as the primary
source of amino acids, host hemoglobin endocytosis (Liu et al., 2006) decreases during the
ring stage, autophagy rescues the parasites from nutrient limiting conditions and is therefore
responsible for survival through delayed progression to the trophozoite stage. This is
reflected in the higher expression levels of PAATGS and P/ATG18 in early ring stage ART
resistant parasites compared to the isogenic one. Due to the large proportion of heme in the
FV during the trophozoite and schizont stages owing to more hemoglobin uptake (Elliott
et al., 2008), results in oxidative stress, which promotes autophagy in other eukaryotes
(Filomeni et al., 2015). Enhanced ER-PI3P vesiculation and the UPR chaperone P/BiP
(Bhattacharjee et al., 2018; Mok et al., 2015), also contribute to autophagy induction,

particularly during the trophozoite stage.

Previous studies suggest increased PI3P levels, even by transgenic methods, as the major
proteostasis response of ART resistance (Mbengue et al., 2015). PI3P induces autophagy

in yeast and eukaryotes by providing a platform for the recruitment of multiple autophagy
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proteins to the PAS. It is also believed to modulate the membrane curvature required for
autophagosome assembly and maturation (Dall’ Armi ef al., 2013; Devereaux et al., 2013).
PI3P interacts with one of its effector proteins, ATG18, through the conserved FRRG motif,
and this interaction is regulated by the phosphorylation state of yeast ATG18 (Dove ef al.,
2004; Tamura et al., 2013). Additionally, due to ATG18 mediated vacuolar fission and
fusion, vacuolar shape is also maintained, which is crucial in minimizing macromolecular
crowding inside the vacuole, essential for the survival of organism (Desfougeres et al.,
2016). PfATG18 also binds to PI3P with its FRRG motif, enabling membrane association
for carrying out downstream functions (Bansal et al.,, 2017). This is consistent with
previous findings from our lab that demonstrate participation of P/ATG18 in the parasite
autophagy-like pathway and is also implicated in the FV fission process, as well as being
trafficked to the food vacuole through HCv in a PI3P-dependent manner (Agrawal et al.,
2020). Here we show that in the P/K13 mutant strain, PI3P bound PfATG18 vesicles are
increased even at baseline levels, suggesting that autophagy is initiated in resistant parasites
even in the absence of an external stress. This vesicle number increase further upon
autophagy induction by starvation in both the resistant and isogenic parasites, establishing
a conserved role of PfATGI8 in parasite autophagy and demonstrating a functional
autophagy-like pathway that responds to autophagy induction under starvation.
Furthermore, autophagy activation is much higher in the resistant isolate than in the

sensitive one, indicating the reliance on autophagy for parasite fitness.

Further, several recent reports highlight the importance of P/K13 in regulating the amount
of hemoglobin endocytosis by the cytostomes and its degradation in the FV (Birnbaum et
al., 2020; Gnidig et al, 2020; Yang et al., 2019). Regardless of that, there is no
experimental evidence suggesting the presence of PfK13 on HCv, which are discrete
vesicles transporting host derived hemoglobin to the parasite FV (Milani et al., 2015). As
PfATGI1S is trafficked to the FV via HCv and this association is believed to be mediated
by its interaction with PI3P (Agrawal et al., 2020), we dwelled on whether the PfK13
endocytic pathway vesicles are the same sub-cellular compartments on which PAATG18
and PI3P colocalize. We observe that PfK13-PI3P and PfK13-PfATGI8 partially
colocalize on these HCv. As other routes for hemoglobin delivery to the FV are also
proposed, including processes involving phagotrophs and the microtubule assisted
cytostomal tubes (Elliott et al., 2008; Spielmann et al., 2020), this explains the partial
colocalization of PfK13-PfATG18-PI3P with PfFP2-decorated vesicles. Our results show
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colocalization of PfK13 and PfATG]18 increases towards the parasite periphery at the ring
stage while being localized close to the FV in trophozoites, which we speculate is due to

their enhanced co-trafficking to the FV in the trophozoite stage.

Genetic background has a profound effect on the acquisition and maintenance of ART
resistance (Miotto et al., 2015). The increased prevalence of P/K13 C580Y mutation across
Southeast Asia is partly attributed to epistatic interactions from background genetic
mutations that compensate for the loss of fitness endured by parasites during resistance
(Miotto et al., 2015; Nair et al., 2018; Straimer et al., 2017). Additionally, nutrient
unavailability severely impacts parasite fitness and reduces cell cycle maturation rate in
ART resistant parasites (Bunditvorapoom et al., 2018), further envisaging the importance
of autophagy in resistance. Given that mutations in the autophagy genes encoding
PfATG18 and PfATG7 have been identified in ART resistant subpopulations (Dwivedi et
al.,2017), and that the PFATG18 T38I mutation confers a fitness advantage to parasites by
enabling faster growth rates in nutrient limiting conditions (Breglio et al., 2018; Wang et
al., 2016), we believe that the co-occurrence of PAATG18 T38I mutation with major PfK13
mutations identified in resistant parasites indicates possible compensation by autophagy.
Dephosphorylation of ATG18 has been demonstrated to enhance its capacity to bind
phosphoinositides in yeast, aiding the membrane association required for autophagosome
formation (Tamura et al., 2013). Although it is unclear if the mutation in T38 facilitates
PfATG18 dephosphorylation mediated membrane association (Breglio et al., 2018), we
hypothesize that this mutation facilitates the autophagy-like pathway in the parasite. Thus,
polymorphisms in autophagy genes that increase parasite survival might be selected during

resistance development to compensate for decreased parasite fitness.

However, ART resistance is not limited to PfK13 and autophagy proteins alone, but is also
associated with an enrichment of chaperones in the ER-PI3P vesicles of in-vitro resistant
parasites, as well as the increased UPR pathway involving the Plasmodium reactive
oxidative stress complex and TCP-1 ring complex (TRiC) chaperone complexes in in-vivo
resistant clinical isolates (Bhattacharjee et al., 2018; Mok et al., 2015). These factors,
together with our findings, which establish parasite autophagy as an ER stress response
pathway activated by UPR, further highlight autophagy as a key player in the proteostatic

processes underlying ART resistance.

142 | Discussion



Our findings collectively establish a unifying role for autophagy as a cellular process,
interlinking various mechanisms of ART resistance. In addition, the inhibition of ART
resistant parasites by a specific autophagy inhibitor, MRT68921, identifies this pathway as

anovel target, which needs further efforts to develop novel and more effective therapeutics.
4.4 Conclusion and key findings

In this work, we investigated the role of P. falciparum autophagy in ER homeostasis
processes in response to DHA induced ER stress, as well as its participation in mechanisms
underlying ART resistance. We have demonstrated that ER stress activates UPR in the
malaria parasite, resulting in autophagy induction. Our study establishes a previously
unexplored crosstalk between ER stress, UPR and autophagy in P. falciparum and shows

the participation of autophagy in facilitating ART resistance (Figure 4.1).

We find that upon DHA induced ER stress, parasites exhibit heightened expression levels
of PfATG8 and PfATGI1S, as well as increased PfATGS labelled autophagosome-like
vesicles. The induction of autophagy is attributed to the activation of parasite UPR in
response to DHA mediated ER stress. To further advance our understanding of how ER
stress stimulates parasite autophagy, it is essential to investigate the protein complexes
involved in autophagy initiation. ATGI1/ULK1 1is involved in the initiation of
autophagosome in yeast and other eukaryotes by recruiting several autophagy proteins to
the PAS and responds to ER stress by activating the autophagy pathway. Thus, functional
characterization of putative PfATGI is necessary to fully understand the mechanisms by
which the malaria parasite integrates the ER stress response with autophagy. Our findings
demonstrate the presence of putative PFATGI1 throughout the intraerythrocytic parasite
stages as discrete cytoplasmic puncta that colocalize with the autophagosome marker
protein PAATGS. MRT68921 inhibits parasite growth and decreases the expression of
autophagy proteins downstream of putative P/ATGI, indicating that the kinase functions
upstream of other autophagy proteins in the parasite, similar to its role in yeast and other

eukaryotes in initiating autophagy.

Parasite autophagy underpins various mechanisms of ART resistance. Our results showing
higher expression of PAATG8 and PfATG18, and their increased colocalization in resistant
parasites indicates activation of parasite autophagy, which may regulate various

mechanisms of ART resistance. We show autophagy to be functional in the malaria
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parasite, with both isogenic and resistant parasites responding to pathway activation
through starvation. The colocalization of PfATGI18-decorated vesicles with PI3P is
significantly greater in resistant parasites than in sensitive parasites, indicating that the
autophagy protein is associated with ER-PI3P vesicles that dissipate protein folding
capacity throughout the parasite. Additionally, resistant parasites are shown to be more
sensitive to autophagy inhibition than isogenic ones, indicating that the pathway plays a
critical role in the survival of ART resistant parasites. The autophagy protein PATG18
appears to associate with the major resistant marker protein PfK13 on HCv, indicating co-

trafficking to the FV through the same subcellular vesicles.

B4

Reduced proteasomal Reduced Hemoglobin
degradation of PPI3K (Hb) uptake

v
Increased ° Limited nutrient
PfPI3K 5~ | condition (starvation)
\ 4
PI3P vesiculation

o0 X, »,;"’. o, ¥ 4|AuTOPHAGY
\ ‘ - '*P Actlvated\/
N o ® o

\. N I N 4 uPr
%// oo/ @ o o
%% o o [PARASITE RESCUEJ
Nucleus b 2 /o‘. >
o PK13 ) PI3P vesicle ° PI3P vesicle decorated with
o PAATG18 o PI3P vesicle decorated with < PK13 & PfATG18

PK13

Figure 4.1 Model representing role of autophagy in mechanisms of ART resistance

Activated ART generates ROS and leads to alkylation and subsequent misfolding of proteins,
activating the stress response pathways. The primary source of amino acid supply, host hemoglobin
endocytosis, is diminished at the ring stage in PfK13 mutants, leading to reduced ART activation
and decreased protein misfolding. The reduced hemoglobin uptake in P/K13 mutants results in

limited nutrient conditions, which induces autophagy. Also, the decrease in PI3K ubiquitination
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and degradation leads to increased PI3P vesiculation, which induces the parasite autophagy
pathway. Our results reveal that P/K13 mutants have increased levels of autophagy proteins

indicating the role of autophagy in the survival of these resistant parasites.
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Appendices

Appendix 1: Multiple sequence alignment between ScATG1, PAATG1
and HsULK1
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Appendix 2: Codon optimized sequence of PFATG]1 gene

ATGGGGTCAACAATAAGTAAAAGAAAAAACAATACAGATAAAAATGTGAAG
GACGAATCAGTTGAAAATAAGAGACAAAAAAAAAACGAGGAAAATGATTCA
AATTTAGAATTTATTAAAAAATATAAAATAATTAATAAAATTGGAGATGGTA
ATTTTTCCAAAGTATTTTGTTGTCGAGGAGAGAATAAAAAAAAATGTGCAAT
GAAGCTGATGTGCTGTCCACTCAAAAAAACATCTCATTATAATTGCTTTAAGA
GAGAGTTATTTATTATGAAAACGATAAATAATAAACATCCGTACATTGTAAA
AATACTTGATTATCATGAGAAAATATGGAAAAAATATTATATTGTAAAATTA
ATACTGGAATATTGTGAAGGAGGGAATTTATTTGAGTATATAAAAATTAATG
GTAGTTGTACACACTCTGAAGCTAGAGTGATAATAATAAAATTAACAAAAAC
AATTCAATATATAAATTCATTGAAAATTATGCATAGAGATATTAAACCAGAA
AATATTTTACTTCGAACAAAAGATAATATAAAAAGTGTAGTCCTTTCAGATTT
CGGTCTAGCCAAAATAACTCCCTCAAATCAGTCTGTTGTTAAAAGTAGATCTG
TTTGTGGTAGTGACTTTTATTTGGCACCCGAAATTATAAAGAATAAAGAATAT
GGAATAAAGATCGATATATGGAGTTTGGGAGTTTTAATATTTTTTATTATAAC
TGGAAAAGTACCCTTTACTGGAAAAAATGCTAATGAATTATATAACAACATA
CTTAAAGCAAATATACCTGAACTATTATCAAAAGAGAAATCTTTAAATATTCA
ACCTGGATTAAAAAATTTATTAGAAAATATTTTGGTCCATGATCCGGATCAAA
GATTTAGTTGTGCTGACATTTTAAATCATAGATGGATAAGAGGAACTCTTACA
AGCTGTGAATTTAAAATATTTAATTCCGCATCATATATAAAAAAACTAAGATT
GGACAAGAAAAAAGCTAGTTATGATGAAGAAGCTAAGGATAACCAAATAAA
AGATAAGTCTTTTGAAAATGAAAAAGATTCATTTGCTAATAAAAAAAAAAGA
TATACTTTCTTTTTGAAAAAAATAACGAAT
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