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Abstract
Malaria, named for 'bad air' in Italian, is one of the oldest diseases known, and
has brought down explorers, popes, kings and emperors through centuries. Yet, this
mosquito-borne disease still evades all attempts at eradication, and puts almost half
the global population at risk of infection. Malaria is most commonly known as a
blood disease, but all malaria species have an initial obligate, yet clinically-silent
development stage in the liver, before the symptomatic and cyclic infection of erythrocytes begins. It is during the liver stage that Plasmodium vivax (P. vivax),
the most widely distributed human-infecting malaria species, harbors dormant forms
called hypnozoites which can linger for weeks to months, and then relapse to cause
recurrent blood stage infection. This dormant parasite reservoir is one of the biggest
barriers to malaria eradication, yet very little is known about its biology. Furthermore, there is a dire need for the development of new hypnozoite-killing drugs but
phenotypic screens are hindered by a lack of in vitro platforms. In this work, I set
out to develop an in vitro liver stage P. vivax model which could help elucidate
the mysterious biology of hypnozoites and could serve as an antimalarial screening
platform.
As an added challenge, P. vivax parasites that are suitable for liver stage infection
cannot be obtained outside of endemic settings. Thus the majority of the work in this
thesis was performed in Thailand, where the entire liver stage of P. vivax was recapitulated using a multi-well culture format that incorporates micropatterned primary
human hepatocyte co-cultures (MPCCs) using clinical P. vivax isolates. MPCCs feature key aspects of P. vivax biology, including establishment of persistent hypnozoites
and growing schizonts, merosome release, and subsequent infection of red blood cells.
The platform was piloted as a tool to test existing and candidate anti-hypnozoite
drugs, and further miniaturized to be suitable for high-throughput screening. Finally, a hybrid capture strategy and RNA sequencing was employed to describe the
first transcriptome of any human malaria species and gain insight into hypnozoite
biology.
Taken together, the work presented here has already identified unique aspects
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of hypnozoite biology, a form that has remained a relative biological mystery since
its discovery 3 decades ago. Future work offers the unique potential to gain further
biological insights into P. vivax development in human hepatocytes, and represents
a screening platform for candidate drugs directed against distinct stages of P. vivax.
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were protected from oxygen plasma with PDMS posts. Ablation of
unprotected collagen left 12 collagen islands per well. (B) Representative image of primary human hepatocytes seeded on collagen islands
in a 384-well plate on day 1, before addition of fibroblasts (left panel).
Hepatocytes in this format expressed host factors such as CK18 as
shown by a representative image from day 12 (right panel). Scale bars
are 100 rm. (C) Further functional characterization of 384 MPCCs
revealed stable albumin levels for at least 3 weeks while hepatocytes
without fibroblast co-culture (no J2) rapidly declined in function (left
panel). Rifampin treatment of MPCCs on days 12 and 23 revealed
co-culture dependent, robust induction of the CYP3A4 enzyme (middle and right panels). (D) 384 MPCCs were infected with 5,000 P.
vivax sporozoites per well, compared to 50,000 sporozoites per well in
the 96-well plate format (left panel). Histogram of day 8 forms in 384
MPCCs revealed a bimodal distribution in parasite sizes (right panel).
(E) 384 MPCCs are compatible with automated imaging platforms
and analysis software, based on the agreement in parasite numbers
(left, 36 wells) and sizes (right, 5 control wells pooled) when imaging
and analysis is performed manually versus in an automated fashion.
Inset shows a representative hypnozoite and schizont with white outline detected by the algorithm that measures size (UIS4: green, BIP:
red). Scale bar is 10 pm. (F) Change in MPCC cost per well for drug
screening over the last 6 years. Cost includes hepatocytes, sporozoites,
chemical screening, reagents, imaging, and labor. The first switch to
the 384 MPCCs corresponds to the 2016 data point. . . . . . . . . . .

20

70

4-1

RNAseq reveals differential expression patterns between hypnozoites and schizonts: (A) Cultures were treated with a PI(4)K
inhibitor in radical cure mode to enrich for hypnozoites (Hyp). Drug
was removed on day 8 post infection and cultures were kept for one
additional day in media before processing. Diameters of EEFs remaining in culture on day 9 were plotted for treated and untreated cultures.
(B) Schematic showing sample processing. RNA extraction was performed on mixed (Mix) and hypnozoite enriched (Hyp) cultures on
day 9. cDNA libraries were hybridized to P. vivax specific baits for
enrichment before sequencing. (C) The heat map was generated for
all transcripts with adjusted P value <0.01. Median log-transformed
TPM values were calculated for each gene and the log2-fold-changes
over the median was calculated for each sample. The resulting matrix
was subjected to hierarchical clustering (2 biological replicates per condition). (D) Hypnozoite diameters from day 8 and day 21 cultures (3
independent experiments, triplicate wells per experiment). *P=0.0004,
two-tailed unpaired t-test with Welch's correction. . . . . . . . . . . .

4-2
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Differentially represented AP2 genes: (A) The heat map was
generated for differentially expressed AP2 genes (adj P <0.01) and
plotted as in Figure 4-iC (2 biological replicates per condition). (B)
Principal component analysis (PCA) was performed to compare differential gene expression patterns in mixed and hypnozoite enriched samples. Gene loadings for each gene for component 1 were extracted and
ranked. Positive values are biased towards hypnozoite enriched samples. Genes in the ApiAP2 family are indicated in green and AMA1 is
indicated in orange. (C) Relative expression of 4 genes by quantitative
RT-PCR of pre-capture samples (mean +s.e.m. from at least biological
replicates). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4-3

Expression of drug targets and resistance loci for antimalarials
in development in the P. vivax liver stage transcriptome: (A)
Relative expression of eEF2 and PI(4)K by quantitative RT-PCR of
pre-capture samples (mean

s.e.m. from at least biological replicates).

(B) Heat map of differentially expressed (adj P <0.01) drug targets
(bold) or resistance loci in the two samples plotted as in Figure 4-1C
(2 biological replicates per condition). . . . . . . . . . . . . . . . . . .

4-4
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Expression of transporters in the P. vivax liver stage transcriptome: Heat map of differentially expressed transporters in the
two samples (adj P <0.01) plotted as in Figure 4-2. Hits have been
categorized into transporter types according to the Transporter Classification Database. Pumps (purple), porters (green), channels/pores
(yellow ).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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A-i UIS4 prominence is observed in liver schizonts: UIS4 staining
of large forms revealed prominence. A coalescence of UIS4 staining
(yellow triangles) was observed in large forms as well as small forms.
This staining pattern of UIS4 is observed in 40% of all schizonts on day
8 (2 independent experiments, triplicate wells per experiment). Scale
bars are 10 pm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

A-2 The apicoplast of the parasites develop in the MPCCs: The
apicoplast expands as the parasite develops. A collection of parasites
from cultures fixed on days 8, 10, and 21 are shown. The apicoplast
was visualized by immunofluorescence with an antibody against ACP
(red), and the combined channels (top image in each pair) mark the
locations of DAPI nuclear (blue) and UIS4 membrane (green) stains.
Scale bars are 5 pm .

. . . . . . . . . . . . . . . . . . . . . . . . . . .
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A-3 P. vivax infections produce merosomes in the MPCCs: (A)
Free merozoites in MPCCs. P. vivax-infected cultures were fixed on
day 10 and stained with BIP and DAPI. Top left panel depicts DAPI
staining of cultures. Hepatocyte islands are marked with white dashed
circles.

Close up of islands reveal two schizonts (white arrows) and

free merozoites (on day 11, four out of seven wells and two out of six
wells, in two independent experiments) that are positive for both P.
vivax BIP and DAPI (bottom panels). Scale bars are 100 pm. (B)
Representative merosomes in live cultures. Scale bars are 50 Im. . . .
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A-4 Hypnozoites in the MPCCs have the potential to reactivate:
MPCCs were infected with P. vivax in 2 separate experiments. (A)
Cultures were either kept in media (left panel, black) or treated with
atovaquone from day 0 to day 5 (right panel, red, prophylactic mode)
(B) Cultures were either kept in media (left panel, black) or with a
PI(4)K-inhibitor from day 5 to day 8 (right panel, blue, radical cure
mode). Cultures were fixed on days 5, 14 and 18 and the sizes of the
remaining EEFs were plotted.

. . . . . . . . . . . . . . . . . . . . . .
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A-5 Strand specificity of hybrid capture RNA-seq transcriptome:
Purple read pileups correspond to genes encoded on the 5' -> 3' strand;
pink read pileups correspond to genes encoded on the 3'

->

5' strand,

as expected based on the reverse-strand library-preparation protocol.
Example provided from Mix1 samples.
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Chapter 1
Introduction

"To die, to sleep;
To sleep: perchance to dream: ay, there's the rub;
For in that sleep of death what dreams may come"
- William Shakespeare (Hamlet)

1.1

Motivation: improving our understanding of the
Plasmodium vivax hypnozoite (& a history of
malaria)

Malaria is one of the oldest diseases known to mankind. In fact it has been described
in a multitude of important historical documents, spanning a large geography: in
Egyptian papyri (1570BC), clay tablets from Mesopotamia (2000BC), Chinese documents (2700 BC), and in Hindu texts as far back as 6th century BC. Early Greeks,
including Homer in about 850 BC, Empedocles of Agrigentum in about 550 BC and
Hippocrates in about 400 BC, have all described what we today know as symptoms of
malaria such as "poor health, cyclic fevers and enlarged spleens seen in people living
in marshy places [4]."
However, despite the detailed description of these symptoms throughout centuries,
it was only in 1897 that a scientist by the name of Alphone Laveran finally discov27

ered that the disease was caused by parasites residing in the red blood cells of infected patients; the first report of a protozoa inhabiting any blood cell in humans.
Unfortunately, a major road bump was hit in malaria research shortly after this
historic discovery when German scientist Fritz Schaudinn falsely reported direct penetration of red blood cells by infective Plasmodium vivax (P. vivax) sporozoites, a
human-infecting species of malaria. This report, also known in malaria literature as
"Schaudinn's fallacy" was adopted by many and dominated the field for 40 years until
1947 when Henry Shortt and Cyril Garnham correctly identified a phase of division in
the liver that preceded the blood stage of malaria in liver biopsies of humans infected
with P. vivax and monkeys infected with the monkey malaria, Plasmodium cynomolgi
(P. cynomolgi) (Figure 1-1A).
Meanwhile in 1899, not far from Shortt and Garnham's labs, Sir Patrick Manson
convinced a team at Rome University to feed Anopheles claviger mosquitos on malaria
infected patients and ship the mosquitos to London School of Tropical Medicine. The
infected mosquitos were then fed on his 23-year old son, Thurman Manson, who
developed malaria 14 days later. Thurman Manson published the course of his own
disease where he experienced a relapse, 9 months after his initial malaria episode;
providing the first conclusive evidence of the complete cycle of P. vivax infection in
humans, including relapse.
In the latter half of the 1900s, Shortt, Garnham and Robert Coatney developed
multiple hypotheses regarding the cause of relapsing malarias which initiated much
debate for 2 more decades.

Their discovery of large parasites in the liver of a P.

cynomolgi infected rhesus monkey 102 days after inoculation led them to hypothesize that successive cycles of development in the liver were responsible for relapse;
that while some merozoites entered the blood stage, some entered other liver cells,
remaining there until the host immunity was suppressed; though conclusive evidence
was lacking as highlighted by the following quote from Coatney in 1976 [5]:
"Today, our knowledge of the sporozoite per se is about where our knowledge of
/exo-erythrocytic] bodies was prior to 1940. Among this group today there are young
investigators with imagination, energy, and training who might well solve the
28

enigma of relapse in malaria before the one hundredth anniversary of the discovery
of the parasite by Laveran. You have

4

years to do it; I wish you every success."

Garnham eventually abandoned his position on the cyclic model that he had
co-developed with Shortt and Coatney with the discovery of small forms termed

"hypnozoites" 48 hours, 7 days and 50 days post infection in monkey livers by Wojciech
Krotoski in 1980; exactly 100 years after Laveran's discovery as Coatney had cynically
predicted (Figure 1-1B). This discovery caused much "drama" in the malaria field; best
represented with a quote from a loquacious Shortt, refuting the idea of a hypnozoite

stage, in a 1981 publication [6]:
"So it seems to me that in considering the problem of relapses in malaria one is
precariously balanced on the apex of a pyramid, a position beautifully described by a
distinguished scientist in two phrases, using a minimum of words although referring
to an entirely different problem unconnected with malaria 'the imposition of strong
hope upon dubious evidence' and 'reduction of anomaly by matching fact to
"

expectation.'

On the 38th anniversary of the discovery of the hypnozoite, we stand almost as
ignorant about this elusive form as Krotoski had been at the time of his big breakthrough. In fact, as human experimentation rightly fell out of favor, it has become

almost impossible to study this parasite as model systems have been lacking. With
that, the overarching motivation behind this thesis is to develop a model system that
circumvents human experimentation, and can elucidate hypnozoite biology, hopefully

long before the 100th anniversary of its discovery.

1.2

Epidemiology and clinical course of malaria infection

The Plasmodium parasite, the causative pathogen of malaria, has a complex life cycle
that spans multiple hosts. Disease transmission is initiated upon bite of an infected

29

A

Ok

..,...... i..........................

. . . .... ... ...

.................................
1948

1903

................... ..........................

1952

1980

2018

1880-1900
Discovery of the malaria parasite
Mosquitos identified as carriers of malaria
First formal description of relapse

B

The first of these small forms was actually seen by
Dr. David Martin of the New Orleans laboratory. In
the course of demonstrating the fluorescence of a 7-day
schizont to him, Dr. Martin exclaimed, "What's that
small, bright object at 4 o'clock?" Examination of this
form, and careful scanning of the remainder of that and
other sections led to the conclusion that it was indeed
a plasmodial stage. Nevertheless, Dr. Martin modestly,
but firmly, declined co-authorship of this paper.

Figure 1-1: History of the discovery of Plasmodium vivax: (A) A brief timeline of important
discoveries related to the liver stages of P. vivax. (B) First discovery of the hypnozoite in P.
cynomolgi-infected liver sections of a rhesus monkey. [11
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Anopheles mosquito which deposits infective parasites, called sporozoites, into the
skin of the host. Sporozoites then migrate to the blood stream, and rapidly travel
to the human liver, cross the sinusoidal layer and traverse several hepatocytes until
establishing in one

17].

This process likely involves invagination of the host plasma

membrane and formation of a parasitophorous vacuole membrane (PVM) around
the parasite [8]. In this obligate, yet clinically-silent stage, the invading sporozoites
develop and replicate by schizogony, forming thousands of new haploid parasites called
merozoites contained within a single membrane (schizonts). Upon completion of the
liver stage, vesicles containing merozoites, termed merosomes, are released into the
blood stream [9], eventually bursting and releasing merozoites [101. This marks the
beginning of the blood stages of the disease where the parasite begins to cyclically
invade and rupture erythrocytes, initiating clinical symptoms.

During the blood

stages, a subset of the parasites differentiate into sexual forms termed male and
female gametocytes which can be taken up by a mosquito upon blood meal [11]. The
mosquito midgut hosts the sexual stages of the parasite life cycle at the end of which
infective sporozoites reach the mosquito salivary gland, ready to be deposited to a
new host upon a new blood meal (Figure 1-2).
There are more than 100 species of Plasmodium which can infect a variety of
hosts including birds, reptiles and various mammals (rodents, primates and humans).
5 species are known to infect humans: P. falciparum, P. vivax, P. ovale, P. malaria
and the zoonotic P. knowlesi; with the first two being the most prevalent. This eukaryote has successfully evaded all attempts at eradication since it was first reported
in 2700BC

[14], likely

due to a combination of its geographical spread, ability to evolve

over time and evade the host immune system, and complex life cycle. Together, P.
falciparum and P. vivax put 3.2 billion people at risk of malaria infection with ongoing transmission in 97 countries producing more than 200 million cases globally [12].
In the global fight against this debilitating disease, the World Health Organization
(WHO) has put forth a strategy based on 3 pillars [131:
Pillar 1.

Ensure universal access to malaria prevention, diagnosis and

treatment including vector control, chemoprevention and diagnostic testing
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Figure 1-2: Life cycle of Plasmodium viva. Adapted from [2]

Pillar 2. Accelerate efforts towards elimination and attainment of malariafree status via prophylactic treatment and development of new drugs for removal of
the infectious reservoir with a major focus on the elimination of P. vivax hypnozoites.
Pillar 3. Transform malaria surveillance into a core intervention by strengthening malaria surveillance efforts to assess the efficacy of above interventions and guide
necessary changes.

1.3

Challenges associated with studying P.

ivax

In 2016, of the more than 200 million cases of human malaria worldwide, only 4%
were caused by P. vivax [14]. While this number seems small, a more striking statistic
is that P. vivax accounts for >70% of malaria cases in countries with fewer than
5000 cases a year, in other words, on the verge of malaria eradication and thus
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presents a bigger barrier to eradication. This, is due to a species-specific aspect of its
liver stage biology where activation of dormant liver forms called hypnozoites cause
chronic, relapsing disease weeks to years after the original infection

[10].

Hypnozoites

cannot be detected with existing diagnostic tests. Furthermore, as they cause multiple
relapses, they contribute significantly to morbidity and onward transmission.
In the absence of specific molecular or phenotypic markers, hypnozoites are described in literature as small, uninucleate forms that persist for weeks to months after
the initial infection [15,16], do not express late liver stage antigens, are sensitive to the
only clinically-available hypnozoite-targeting drug [17], and have the potential to relapse. Functionally, cues that cause dormancy or promote reactivation are still poorly
understood. The only clinically available hypnozoite-eliminating drug, primaquine
requires a 14-day course of administration, which many patients in resource-limited
settings have difficulty complying with. Additionally, primaquine causes hemolytic
anemia in patients with a glucose-6-phosphate dehydrogenase (G6PD) deficiency, thus
is contraindicated in vulnerable populations such as pregnant or breastfeeding women
and infants. Increasing prevalence of drug resistance against blood stages [18,19] further underscores the urgent need for new liver stage-targeting agents.
In fact, the 2016-2030 Global Technical Strategy for Malaria clearly indicates
the importance of devising P. vivax-specific strategies: "For elimination to succeed,
greater attention must be given to P. vivax, a parasite less well understood than P.
falciparum", [13] but there are two main challenges associated with our limited ability
to work with this parasite in lab settings:
(1) Access to the P. vivax parasite is limited. Unlike with P. falciparum
[20], in vitro blood culture of P. vivax does not exist, making it impossible to achieve
lab-based parasite production in settings without frequent access to infected patient
blood.

This is a major bottleneck not just for studying the blood stages of the

parasite but also the sexual and liver stages.

Production of the parasite suitable

for establishing liver stages requires feeding of mosquitos on infected patient blood,
followed by a 14-day development phase in the mosquito (the sexual stages) and
ending with the dissection of mosquito salivary glands to gain access to the infective
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sporozoites. As such, currently there are only a handful of sites in the world that are
able to robustly generate P. vivax sporozoites, one of which is in Thailand.
(2) There is a major lack of model human hepatocyte systems. P. vivax
is a hepatotropic pathogen that selectively infects human hepatocytes. Thus, the vast
majority of our historical knowledge on its liver stages has been based on human liver
biopsies. Today, in order to develop new interventions, robust models that facilitate
hypnozoite characterization, allow assessment of drug sensitivity, and help uncover
cues that prompt both dormancy and reactivation are needed. The major challenges
associated with the development of these models will be discussed in detail in the
next section.
In fact, the liver stage of malaria presents a unique target for the development of
novel antimalarials for several reasons. First, liver stage infection has a lower burden as the 10-100 sporozoites [21, 22] introduced into the host by bite of an infected
mosquito develops in the liver in a 1-1 ratio. This is in stark contrast to the blood
stages where there is exponential amplification of the parasite. This limited parasite
replication in the liver stage also reduces the likelihood of emergence of drug resistance. Second, as set forth by Pillar 2 in the previous section, malaria eradication
depends on eradication of the hypnozoite reservoir, which is exclusively found in the
liver. Finally, an understanding of hypnozoite biology is needed for not just elucidating drug targets but also for testing of clinical hypotheses regarding P. vivax. For
example, it is hypothesized that the differences observed in relapse frequencies of P.
vivax infections is an intrinsic property of the parasite, which differs significantly by
geographic region [3]. Tropical strains (e.g Thai, Chesson) have short latencies followed by relapses of about 3 weeks [23]. These parasites often produce equal numbers
of hypnozoites and schizonts in their liver stages (50% hypnozoite frequency). The
Madagascar and St Elizabeth strains also have short latency periods, with the first
infection appearing in approximately 2 weeks, but are often followed by a 8-13 month
interval before a subsequent relapse. Their hypnozoite frequency is similar to that
of the tropical strains. In contrast, temperate strains (also known as long-latency
strains, e.g North Korea) have and a long interval from inoculation to first illness
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Figure 1-3: Clinically observed P. vivax phenotypes: 3 different phenotypes of primary illness
and subsequent relapses are shown. Hypnozoite frequency is roughly approximated by the thickness
of the lines. Adapted from [3]

and also to subsequent first relapse (about 9 months). Additionally, they have significantly higher hypnozoite ratios (Figure 1-3). A platform that can fully recapitulate
the P. vivax liver stages without the need for human experimentation, combined
with access to sporozoites, is vital in studying and eventually effectively treating this
pathogen. Malaria eradication cannot be realized without identification of cues that
cause dormancy/ reactivation, biomarkers that can uniquely identify hypnozoites and
targets that can be leveraged for hypnozoite elimination.
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1.4

Model systems for studying the liver stages of
Plasmodium vivax

Plasmodium parasites require asymptomatic development in the liver before initiating
fevers associated with blood stage infection, and target the most abundant cell type
in the liver, the hepatocyte. To study the liver stages of P. vivax and develop novel
therapeutics, robust model systems that can faithfully recpitulate its life cycle are
needed.
Although limited, there are examples of in vivo and in vitro model systems
amenable to infection with P. vivax; each with unique advantages and caveats.

1.4.1

In vivo models

Studies of rodent Plasmodium pathogens P. berghei and P. yoellii have yielded important insight into the development of and invasion by the parasite, however conventional mouse models cannot be used for studying pathogens that have strict human
hepatotropism such as P. vivax. Furthermore, since rodent parasites do not harbor
hypnozoites, they do not represent a good proxy for P. vivax. To overcome this barrier, mouse models with 'humanized' livers have been developed. These models require
induction of injury on the endogenous mouse liver with physical, chemical or surgical
insults, followed by transplantation or implantation of primary human hepatocytes.
Thus far, the only humanized mouse model used to monitor P. vivax [24] infection in
vivo, including formation of persistent hypnozoites, is the FNRG/FRG mouse model
(Fah(-/-), Rag2(-/-) and IL2ry(-/-) mice with or without a NOD background). This
mouse lacks the liver-specific fumarylacetoacetate hydrolase (Fah) gene which, in
its absence, causes the accumulation of toxic metabolites in the liver. This lethal
alteration can be reversed by administration of 2-(2-nitro-4-trifluoro-methylbenzoyl)1,3 cyclohexanedione (NTBC). This mouse further lacks Rag2 which, in its absence,
causes ablation of functional B and T cells; and IL2rywhich, in its absence, impairs
interleukin receptor signaling resulting in the absence of functional B, T, NK and
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NKT cells [25].

Intra-splenic injection of human hepatocytes into these mice, fol-

lowed by removal of NTBC treatment induces injury in the mouse liver which in turn
provides regenerative cues allowing engraftment of human cells in the mouse liver.
An alternative model, TK-NOG, employs expression of the herpes simplex virus
type-i thymidine kinase (TK) in the mouse, which is inducible via administration of
ganciclovir. A major difference in this model is that drug treatment induces injury in
contrast to the FRG mouse where it rescues injury. Notably, this model has only been
validated with a second, less prevalent form of relapsing human malaria, P. ovale and
lacks definitive characterization of the observed small forms as hypnozoites [261.
Humanized mouse models hold promise for interrogating hypnozoite biology as
their long life-times allow characterization of reactivation. Unfortunately, in the absence of transgenic parasite lines, readout of infection in these models are end-point
assays: either via sectioning of the chimeric livers or homogenization for quantitative
real-time PCR (qRT-PCR), providing challenges for experimental design. Humanized
mouse models can also be used for drug screening purposes, though they are better
served as a bridge between in vitro models and human trials, as their relatively long
engraftment time, variable chimerism, requirement of liver injury for humanization
and cost ($2,000-$12,000/mouse) present significant challenges to the scaling up of
these models for preclinical drug development. In one example, the FRG mouse model
was used to test a canonical drug for P. vivax, primaquine, in early treatment mode
(causal prophylaxis), and reported clearance of hypnozoites [24]. Of note, in this
model, late treatment of hypnozoites with primaquine (starting treatment on day 5)
failed to clear hypnozoites.
Macaque strains of Plasmodium more closely resemble their human counterparts
than do rodent strains. Unlike in the rodent, the monkey strain, P. cynomolgi, mimics
the unique pathogenesis of P. vivax, offering the opportunity to study the dormant
forms of the parasite, and provides insight into the unique features of this strain in
exclusively infecting young red blood cells [27,28]. Drawbacks include the difficulty
and expense of large animal studies, the differences in the biology of disease progression and immunogenicity between macaques and humans and potential biological
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differences between P. cynomolgi and P. vivax.

1.4.2

In vitro models

Historically, examples of successful in vitro culture of liver stage P. vivax are extremely limited. The first demonstration detected schizonts as large as 30 pm in
primary human hepatocytes [29], the natural host of the exo-erythrocytic stage of
the parasite. However, in this system no small forms were reported [30]. Small forms
were first reported in vitro after infection of a hepatoma cell line, HepG2-A16, and
shown to be 5 pm in diameter after 9 days [31-33], and more recently on days 10
and 14 in HC04 cells [34]. Yet, the ongoing proliferation of infected hepatoma cells
limited the utility of these platforms for the long-term assays necessary to interrogate
P. vivax hypnozoite development [35], consistent with the lack of detailed, kinetic
characterization presented by these studies.
Despite their regenerative potential in the human body, primary human hepatocytes are difficult to maintain in vitro, requiring adherence to extracellular matrices in
order to sustain for more than a few hours [36]. Even in adherent formats, fully confluent monolayers of primary hepatocytes are only appropriate for short-term studies due to a rapid decline in hepatic functions after 48 hours [37, 38]. The Bhatia
lab has developed a microscale human liver platform where hepatocytes are positioned in 'islands' via photolithographic patterning of collagen, and are subsequently
surrounded by mouse embryonic fibroblasts [30] in a multi-well micropatterned coculture (MPCC) format [30]. This system exhibits stable hepatocyte phenotypes for
4-6 weeks, and supports infection with Hepatitis C and B viruses [39, 40] and the full
liver stage of P. falciparum [41] - including subsequent infection of overlaid red blood
cells. Intriguingly, in P. vivax infection of these cultures, the existence of small, persistent forms were observed; however, without further characterization their definitive
identity remained unknown [42].
Efficient and reproducible infection of the MPCCs by both P. falciparum and
P. vivax depends on pre-selection of permissive cryopreserved hepatocyte donors,
micropatterning, and stromal support [41]. In addition to providing a permissive host
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cell, hepatocytes cultured in MPCCs exhibit human-specific hepatic drug metabolism
and are thus more predictive of drug metabolites and drug-induced liver injury than
previous in vitro liver platforms [30,43]. Human hepatic drug metabolism is especially
important within the context of P. vivax, as primaquine is a prodrug that requires
bioactivation by the liver [44,45]. Finally, the long term stability of primary human
hepatocytes observed in MPCCs, in contrast with monolayer hepatocyte cultures and
improved sandwich systems [46-50], highlights that MPCCs can serve as a platform
for the study of long term dormancy and reactivation.

1.5

Insights into P. vivax biology provided by genomics and transcriptomics

The first P. vivax whole genome sequence was assembled and analyzed in 2008 [51]
using the Salvador-1 (Sal-1) strain. This isolate, originally from a patient in La Paz,
was adapted to grow in monkeys in the 1970s [52].

However, it took more than

30 years to extract enough genomic DNA (gDNA) from this isolate for sequencing.
The development of next generation sequencing (NGS) in the following years reduced
the gDNA quality and quantity thresholds for sequencing and thus the first direct
sequencing of a parasite from a clinical isolate was performed in 2010 [53]. Since then,
additional sample processing improvements have been made that allowed isolation
of parasite DNA from blood samples with low parasitemia [54] and tackled host
contamination in rare samples via hybrid capture for DNA enrichment

[55].

In recent

years, multiple P. vivax isolates from a range of geographies have been successfully
sequenced [53,56-61] and most recently, a new P. vivax genome P. vivax P01, was
assembled using a patient isolate from Papua Indonesia; with support from draft
assemblies of P. vivax COI (China) and P. vivax T0i (Thailand) for comparison.
This new genome has significantly improved annotation compared to the available
Sal-1 genome [62].
P. vivax transcriptome studies are thus far limited only to the blood [63] and
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sporozoite stages [64]. Due to limitations of hepatocyte culture systems, difficulty in
accessing P. vivax sporozoites, low infection rates in the liver stages and the miniscule
quantity of parasite RNA in a transcriptionally active host cell environment, liver
stage transcriptomes have not been described. The liver stage transcriptome would be
invaluable for not only identifying hypnozoite specific biology but also for nominating
targets for hypnozoite biomarkers or novel antimalarials.
Stage transitions in the parasite life cycle are linked to gene expression via mechanisms that remain poorly understood. In higher eukaryotes, gene expression is controlled via specific binding of transcription factors (TF) to promoters, which in turn
influences recruitment of transcription preinitiation complex (PIC) and RNA polymerase. However, in P. falciparum, only 30 TFs have thus far been discovered, a
significantly smaller number than would be predicted for its genome size. 27 of these
TFs belong to a protein family that contains one or more apetala2 (AP2) DNAbinding domains and have been shown to regulate stage-specific transcription and
parasite development in Plasmodium [65-71].

This lack of TFs identified in Plas-

modium can be attributed to low homology of these proteins between the parasite
and higher eukaryotes or, and more likely, a dependence of the parasite on epigenetic
mechanisms of transcriptional control such as chromatin modifications [72], nuclear
architecture [73], rate of mRNA decay [74], non-coding RNAs (ncRNA) [75], or post
transcriptional modifications [76, 77].
The AP2 domain was originally identified in plants as part of a family of proteins
that function as repressors/ activators of transcription [78]. AP2 containing proteins
(ApiAP2) are present in all apicomplexa

[79].

While functions of the majority of

these proteins still remain unknown, 5 members have been shown, in either human or
rodent Plasmodia, to play important roles in life cycle progression: ap2-g and ap2-g2
in gametocytogenesis [67,69,801 with ap2-g2 also playing a role in the maintenance
of asexual blood stage parasites [81]; ap2-o in ookinete development [70], ap2-sp
in sporozoite formation [71], and ap2-1 in liver stage maturation [66].

Finally, an

additional member, pfsip2, was identified as a chromatin tethering protein [82]. It
is possible that the ApiAP2 family also plays a role in maintenance of quiescence.
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In fact, a recent study suggested one such gene, termed AP2-Q, for quiescence, as
a transcriptional suppressor for maintaining dormancy in P. cynomolgi hypnozoites
[83].
Thus while hypotheses regarding hypnozoite dormancy exist, none of these hypotheses can be tested on P. vivax due to lack of platforms.

Additionally, the

liver stage transcriptome of human Plasmodia, which could uncover new targets and
biomarkers [84], have been difficult to characterize due to the relative biomass of the
parasite in an active host cell. As a result, today, no hypnozoite biomarkers exist
and in absence of target identification in the liver stages, phenotypic screens are the
primary approach to antimalarial drug screening [85].

1.6

Thesis Overview

Since it was first reported in 2700BC, the malaria parasite has successfully evaded all
attempts towards its eradication. P. vivax is the most widespread cause of human
malaria and poses unique challenges to treatment and eradication because liver stage
parasites can develop into dormant small forms, hypnozoites, that remain in this
state for prolonged periods. This strain of malaria causes chronic, relapsing infection
months to years after the initial infection via reactivation of hypnozoites. Drug
discovery could be informed by targeting the hypnozoite stage, however the biology
behind hypnozoite formation and reactivation remains to be elucidated.
Liver stage malaria is an attractive drug target for all Plasmodium species since it
provides the opportunity to attack the parasite at an early, obligate yet clinically silent
stage. Furthermore, relatively little is known about P. vivax since the hypnozoite
stage of the disease, which can only be studied in liver cells, has not been properly
identified due to lack of human hepatocyte platforms.
With this in mind, the work in this thesis aims to contribute to P. vivax eradication
efforts by providing an in vitro liver stage P. vivax platform that can be used to treat
and study the disease (Figure 1-4). Towards this goal, in chapter 2, we describe
the establishment of a human hepatocyte system where we can culture P. vivax liver
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Figure 1-4: Thesis overview: The research comprising this thesis broken down into 3 segments:
(1) Establish an in vitro P. vivax hypnozoite culture, (2) screen for anti-hypnozoite compounds
using the established system and (3) interrogate the hypnozoite transcriptome to gain insight into
its biology.

stages, including the dormant hypnozoites for multiple weeks. In this platform, we
recapitulate the entire life cycle including release of infective merosomes as well as
providing a detailed characterization of hypnozoites from clinical isolates. In chapter
3, we optimize the in vitro system for use as an antimalarial testing platform. We test
clinically available drugs as well as those in clinical development and and miniaturize
the platform for high throughput screening applications. Finally, in chapter 4, we
provide the first transcriptome of any human malaria in its liver stages using a novel

hybrid capture method and leverage it to provide insight into hypnozoite biology.
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Chapter 2
Culturing Plasmodium vivax
Parasites in vitro

"But I know nothing of time. I am new every day. I am born when I wake up in the
morning, I grow old during the day, and I die at night when I go to sleep."
- Paul Auster (The New York Trilogy)

2.1

Introduction

Relatively little is known about P. vivax since the hypnozoite stage of the disease,
which can only be studied in human hepatocytes, has not been properly identified.
There are two major hurdles to studying P. vivax. The first is lack of in vitro
liver platforms that support parasite culture for sufficiently long periods
to allow reactivation: Human hepatoma cell lines have been widely used as liver
stage malaria hosts. However, these cell lines display abnormal proliferation, gene
expression, and inadequate CYP450 and drug metabolism.

Further, pathogen de-

velopment cannot be observed in these cell lines beyond 6 days in culture due to
proliferation of infected cells [17], making them unsuitable for studies of hypnozoite
development. Alternatively, cultured primary human hepatocytes exhibit functions
that more closely resemble the human liver, and can support Plasmodium develop43

ment. However, maintaining their functional phenotype for the weeks required to
support P. vivax hypnozoite growth has proven to be a challenge [86]. The second
hurdle is lack of blood stage cultures of the parasite, making it impossible
to achieve lab-based parasite reproduction in settings without frequent access to infected patient blood: Production of the parasite suitable for liver stage
culture requires feeding of mosquitos on infected blood. Since in vitro blood cultures of P. vivax do not yet exist, fresh infected patient blood is required for parasite
production.
We address the first hurdle with a microscale human liver platform that combines
primary human hepatocytes with supportive stromal cells in a micropatterned coculture (MPCC) format [30]. This platform exhibits stable hepatocyte phenotypes for
4-6 weeks, and is able to support the full liver stage of P. falciparum, including the
release of the parasite from the liver and subsequent infection of red blood cells [42].
To address the second hurdle, we source parasites from Mahidol Vivax Research Unit
in Bangkok, one of the only sites in the world with the capacity to produce vivax
sporozoites from clinical isolates. Importantly, due to lack of successful cryopreservation methods for sporozoites, this form of the parasite has to be collected directly
from the mosquito prior to use in experimental studies. Thus, all of the experiments
with P. vivax detailed in this thesis were performed in Thailand.
In this chapter, we showcase the potential of the MPCC system as an in vitro
platform that can support robust P. vivax infection using clinical isolates sourced
from Thailand. In the absence of a functional biomarker, we confirm the identity of
the small forms in our cultures as hypnozoites by exhibiting their following hallmarks:
They are (1) small, uninucleate and persistent for weeks, (2) negative for late stage
liver antigens, (3) sensitive to primaquine, and (4) appear to have the capacity to
reactivate.

Our multiwell in vitro platform also enables the recapitulation of the

entire liver stage of P. vivax as demonstrated by the observation of merosome release
followed by reticulocyte invasion of infective merozoites. Finally, in an attempt to test
clinical hypotheses regarding hypnozoite formation, we compare the growth kinetics
of multiple clinical isolates sourced from different sites in Thailand.
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2.2
2.2.1

Results and Discussion
Recapitulating the liver stages of P. vivax infection in
vitro

In order to establish liver stage hallmarks of P. vivax in the MPCC system, we overlaid
hepatocyte co-cultures with sporozoites obtained from Anopheles dirus mosquitoes
infected with fresh Thai P. vivax clinical isolates at a dose of 30,000 to 60,000 sporozoites per well. To assess growth kinetics, we fixed cultures over a series of time points
which gave rise to a subpopulation of exo-erythrocytic forms (EEFs) that grew in size,
and a subpopulation of EEFs that remained small. All day 5 forms were small, and
a bimodal separation of small and large forms became pronounced on day 8 (Figure
2-1A). Consistent with clinical human data that reported P. vivax schizonts of up to
42 vm in diameter in a human liver biopsy [87], EEFs in day 8 MPCCs ranged from
7 to 80 pm in diameter. We further quantified day 11 forms and observed parasites
as large as 140 im in diameter (Figure 2-1B).
To assay for longitudinal changes in cellular organelles in parasites, we used several antibodies targeted against P. vivax [24]. Developing EEFs were visualized using
an antibody against upregulated in infective sporozoites protein 4 (UIS4) that recognizes the parasitophorous vacuole membrane (PVM) [24,881. Over time, the PVM
expanded, encapsulating the growing number of merozoites and isolating the parasite
cytoplasm from that of the host (Figure 2-1 C). Recently, in a humanized mouse model
of P. vivax infection, a coalescence of UIS4, termed the 'prominence', has been proposed as a candidate hypnozoite marker, based on its exclusive observation in small
forms found in sections of infected chimeric mouse livers [24]. In contrast, in MPCC
cultures, a UIS4 prominence is observed both in small forms and in a subpopulation
of large forms (Figure A-1).
The endoplasmic reticulum of the parasite was visualized using an anti-binding
immunoglobulin protein (BIP) antibody [89] (Figure 2-1C). The structure appeared
as a network that expanded in size and complexity as the parasite developed, and that
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included punctate bright spots of varying sizes. The mitochondria, visualized via the
heat shock protein 60 (HSP60), formed a vast, scaffold-like network surrounding the
individual nuclei of the EEFs on day 8. During the three-day growth period depicted,
detection of the individual nuclei became difficult using the DAPI stain, especially
in candidate hypnozoites, so we employed an additional nuclear antibody to track
histone-acetylation marks (H3K9Ac), previously shown to stain P. vivax nuclei [24].
While small forms maintained a single nuclear structure, growing schizonts contained
numerous nuclei. Day 8 forms were further visualized using antibodies against heat
shock protein 70 (HSP70) and macrophage inhibitory factor (MIF) [90]. The cytoplasm of the parasites expanded in growing schizonts compared to the small forms
present at the same time point (Figure 2-1C). The apicoplast was visualized with an
anti-acyl carrier protein (ACP) antibody and showed a complex, branched expression
pattern in growing schizonts versus punctate spots in the small forms (Figure A-2).
Overall, all cellular structures of the P. vivax EEFs became more complex over time.
Notably, the growing schizonts matured over time. Specifically, we assayed P. vivax
parasite development in vitro by immunofluorescence with an antibody against the
merozoite surface protein 1 (MSP1), which has been demonstrated to be essential for
parasite maturation [911. At the earliest time point tested, 5 days post infection, no
MSP1 expression was observed (Figure 2-1D), while on day 8 post infection, large
parasites but not small forms were positive for MSP1.
Finally, another hallmark of EEF maturation, merosome release, was observed in
cultures fixed on day 11 (Figure 2-1E, left). In a separate experiment, merosomes
as well as free merozoites were observed in the MPCCs on day 12 (Figure A-3A and
A-3B). Furthermore, to confirm that MPCCs support the full liver stage life cycle of
human malaria, wells were overlaid with packed red blood cells diluted in hepatocyte
culture medium, of which 33% were reticulocytes. Up to 1% of all red blood cells
(3% of reticulocytes) overlaid 10 days post infection became positive for ring stage
P. vivax parasites, as assessed by smear on day 11 (Figure 2-1E, right).

In two

additional independent experiments, smears of overlaid reticulocytes were negative
on day 8 post-infection but became positive on day 9.
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Thus clinical P. vivax isolates are able to infect MPCCs and develop in a similar
pattern to what has been observed in human infections. Liver schizonts grow and
harbor maturity markers as well as other liver-stage antigens and release merosomes
which harbor reticulocyte-infecting merozoites.

2.2.2

Identifying hypnozoites in P. vivax infection of MPCCs

Lack of a biomarker than can uniquely identify hypnozoites is a major bottleneck for
studying these elusive forms. In the absence of a biomarker, multiple hypnozoite hallmarks have been described, all of which match the properties of hypnozoites cultured
in the MPCCs:
(1) Hypnozoites are small, mononucleate bodies that persist [1] The bimodal
separation observed in day 8 parasite size distributions in the MPCCs disappears by
day 21. As schizonts mature, release and leave the cultures, late time points become
enriched for hypnozoites and thus a unimodal size distribution is observed (Figure
2-2A). Candidate hypnozoites that persisted in culture for 21 days are smaller than 10
im in diameter as shown by 4 independent experiments where the size distribution of
the parasites in culture were plotted at this time point (Figure 2-2B). All hypnozoites
contain a single nucleus as identified by visualization of the parasite DNA by DAPI.
In addition, we analyzed the extent of genome replication in the P. vivax parasites
in the MPCCs via a histone-acetylation-specific antibody (recognizing the acetylated
lysine 9 of histone H3, H3K9Ac), an antigen previously described to be expressed in
hypnozoite nuclei [24]. In fact, both day 8 and day 21 hypnozoites revealed a single
histone-positive structure (Figure 2-2C and 2-1C).
(2) Hypnozoites do not express late stage antigens [24]. Merozoite Surface
Protein 1 (MSP1) is expressed exclusively in maturing parasites. In fact, parasites
with MSP1 defects show reduced capacity for egress [92]. Thus, we assayed parasites
in the MPCCs for expression of this late stage antigen. While at the earliest time
point tested, on day 5, all parasites were negative for this marker, day 8 parasites
displayed a differential expression pattern where small forms but not large forms,
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Figure 2-1: MPCCs can recapitulate liver stage P. vivax infections: (A) Histograms representing the size distribution of liver stage P. vivax parasites (EEFs) in the MPCC system are shown
after infection with 3 clinical isolates. (Data is pooled from EEFs scored in at least 3 wells per
time point.) (B) Size distribution of day 11 parasites from 3 additional clinical isolates. Each circle
represents one EEF. (C) P. vivax exoerythrocytic forms (EEFs) from MPCC cultures were fixed on
days 5 and 8. Antibodies against P. vivax upregulated in infectious sporozoites 4 (UIS4) targeted
against the PVM, binding immunoglobulin protein (BIP) targeted against the ER, heat shock protein 60 (HSP6O) targeted against the mitochondria and a histone-acetylation antibody recognizing
the acetylated lysine 9 of histone H3 (H3K9Ac) were used to visualize parasite structures on days
5 and 8. Day 8 structures were further characterized with antibodies against heat shock protein 70
(HSP7O) and macrophage inhibitory factor (MIF) targeted against the cytoplasm and acyl carrier
protein (ACP) targeted against the unique parasite organelle, the apicoplast. A representative small
and large form is shown for all day 8 proteins. Scale bars are 5 mi. (D) Representative images of
small and large parasites on days 5 and 8, stained with an anti-MSP1 antibody. Scale bars are 5
mi. (E) Representative image of P. vivax mnerosomes (left panel, Scale bar 50 pmn), and infected
reticulocytes (right panel, Scale bar 5 pmn). Reticulocyte-enriched red blood cells were overlaid onto
P. vivax-infected MPCCs, 10 days post-infection. The overlaid blood cells were collected one day
later, and assayed by blood smear and Giemsa staining. (6/1018, 10/1070 and 4/995 infected red
blood cells counted in 3 separate wells.) This experiment was performed 3 times by adding blood
cells to at least 6 infected wells.
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were negative for this marker (Figure 2-1D). Similarly, on day 21 only large forms
showed MSP1 expression (Figure 2-2C). Thus, in the MPCCs, on both day 8 and day
21, candidate hypnozoites were negative for the late stage antigen MSP1.
(3) Hypnozoites are resistant to drugs other than primaquine. We treated
P. vivax-infected MPCCs with two drugs that have been proposed to have differential hypnozoite-killing activity in clinical settings: primaquine, the only drug that
can prevent P. vivax relapse and atovaquone, which has activity against liver stage
P. cynomolgi schizonts [17] but no anti-relapse effect in P. vivax infections.

We

characterized the half-maximal inhibitory concentration (IC50) of primaquine and
atovaquone on all forms, by assessing the number of parasites remaining in culture
when exposed to a range of drug concentrations. Primaquine exhibited an IC50 of 0.32
pM (95% confidence interval; 0.26 to 0.4). In contrast, treatment with atovaquone,
a drug that is clinically ineffective against hypnozoites, reduced the number of EEFs
in culture, but not sufficiently to achieve an IC50, even at the highest concentrations
tested (Figure 2-2D). Indeed, atovaquone eliminated the subpopulation of parasites
that were larger than 10 pm in diameter, and left a residual subpopulation of only
small forms. Primaquine, on the other hand, had killing activity against both small
and large forms, consistent with its clinical use as the only available drug with antihypnozoite activity (Figure 2-2E).
(4) Hypnozoites have the potential to reactivate. Day 21 MPCC cultures readily revealed not only persistent hypnozoites, but also a collection of large schizonts
(Figure 2-2F). The observation of large forms that appear beyond the first wave of
merosome release is consistent with the interpretation that they originate from reactivated hypnozoites. To support the hypothesis that the large forms detected on day
21 represent reactivated small forms, we treated cultures with drugs to enrich early
cultures for hypnozoites and assess their growth kinetics. Cultures were treated starting either right after infection for 5 days (prophylactic) with atovaquone or starting
5 days post infection for 3 days (radical cure) (Figure 3-2) with a drug that inhibits
the parasite phosphatidylinositol-4-OH kinase (PI(4)K) [93]. In two independent experiments, atovaquone pre-treated cultures also contained large forms on either day
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18 or day 21, consistent with possible reactivation events, where large forms derive
from previously dormant hypnozoites (Figure 2-2F and Figure A-4A). In an alternative approach, we treated cultures with a different schizonticide, a PI(4)K inhibitor,
from days 5 to 8 to eliminate all schizonts from cultures. Six days beyond the last
drug treatment, on day 14, cultures solely exhibited small forms in comparison to
the control wells that also contained large forms. In contrast, in one of the two experiments performed, drug pre-treated day 18 cultures revealed re-emergence of large
forms (Figure 2-2G and Figure A-4B).
Thus, in the MPCC system, persistent small forms that lack MSP1 expression
also display characteristic functional traits of dormant forms: they are differentially
drug sensitive to primaquine versus atovaquone, and appear to have the capacity to
reactivate. Furthermore, late hypnozoites in the MPCCs exhibit similar size ranges
and morphologies as those on day 8 based on their staining pattern with antibodies
against MSP1, HSP60, and H3K9Ac. We believe that this set of phenotypic attributes
supports their classification as bona fide hypnozoites.

2.2.3

Clinical isolates in P. vivax infection of MPCCs

Since reliable reactivation of hypnozoites has never been observed in any in vitro
experimental system to date, limited experimental information is available on patterns
of relapse after P. vivax infection. One clinical observation that has been made is
that parasite strains that originate from different regions of the world give rise to
different relapse frequencies 194-961, which has been attributed to varying hypnozoite
ratios [3,97]. By establishing the existence of hypnozoites in our experimental setup,
and with the added benefit of sourcing parasites from 3 distinct regions in Thailand,
we set out to observe differences, if any, between isolates that might inform this
clinical hypothesis.
We assessed the relative abundance of hypnozoites in a number of infections.
This feature termed 'hypnozoite frequency' was measured in the MPCCs on day 8,
a time point before the first wave of merosome release. Thus far, working only with
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parasites were assessed (triplicate wells per experiment.)
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clinical isolates from Thailand, we observed hypnozoite ratios ranging from 11 to 75%
from 3 different regions in Thailand (Figure 2-3A). Pooled, the hypnozoite ratios of
parasites sourced from the eastern and western parts of Thailand did not significantly
differ in their hypnozoite frequencies with an average of 40%, similar to what has
been reported for Thai isolates in clinical studies, while parasites from the south
had significantly higher hypnozoite ratios (Figure 2-3B). It would be interesting to
further study these differences to determine whether this geographical segmentation in
hypnozoite frequency holds true for more isolates. Furthermore, recently, one study
compared the two subtypes of parasites observed in Thailand, termed VK210 and
VK247, which differ in their central repeated region of the circumsporozoite protein
(CSP) [98] using a humanized mouse system and found differences in hypnozoite
frequencies [241. In contrast, in the MPCCs, hypnozoite ratios were independent
of the CSP subtype of the isolate used (Figure 2-3C). Notably, MPCC infections
established with either parasite CSP subtype yielded a similar development pattern
(Figure 2-3D). It is not clear whether the VK210 and VK247 categorization of P.
vivax is sufficient to capture hypnozoite frequency or other biological differences, if
any, between the Thai strains.
Future studies using parasites derived from other geographic locations in addition
to more clinical isolates from the geographical regions covered in this study should
elucidate similarities and differences between strains; including reactivation frequency,
relapse periodicity and drug sensitivity.

2.3
2.3.1

Materials and Methods
P. vivax parasites

Anopheles dirus mosquitoes were fed on blood collected from symptomatic patients
attending malaria clinics in Tak, Songkla, and Ubon-Ratchathani Provinces in Thailand, confirmed positive for only P. vivax via microscopy and RT-PCR. Briefly, P.
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vivax infected blood was drawn into heparinized tubes and kept at 37C until processing. Infected blood was washed once with RPMI 1640 incomplete medium. Packed
infected blood was resuspended in warm non-heat inactivated naive human AB serum
for a final hematocrit of 50%. Resuspended blood was fed to laboratory reared female
Anopheles dirus mosquitoes for 30 minutes via an artificial membrane attached to a
water-jacketed glass feeder kept at 37C. Engorged mosquitoes were kept on 10% sugar
at 26C under 80% humidity at the designated insectary at the Mahidol Vivax Research Unit for 14 days. The confirmation of single species of P. vivax infection was
performed by nested-PCR. Sporozoites were aseptically dissected from the salivary
glands of infected mosquitoes 14-21 days after blood feeding and pooled in harvesting
medium (RPMI media supplemented with 2% (v/v) penicillin-streptomycin).

2.3.2

Cells

Cryopreserved primary human hepatocytes were purchased from vendors permitted
to sell products derived from human organs procured in the United States by federally
designated Organ Procurement Organizations. Vendors include Bioreclamation IVT
and Thermo Fisher. Human hepatocytes were maintained in high glucose Dulbecco's
Modified Eagle's Medium (DMEM with L-glutamine, Corning) with 10% (v/v) fetal
bovine serum (FBS, Gibco), 1% (v/v) ITS+ (insulin/human transferrin/selenous acid
and linoleic acid) premix (BD Biosciences), 7 ng/ml glucagon (Sigma), 40 ng/ml dexamethasone (Sigma), 15 mM HEPES (Gibco), and 1% (v/v) penicillin-streptomycin
(Corning). J2-3T3 male murine embryonic fibroblasts (gift of Howard Green, Harvard
Medical School) were cultured at <18 passages in fibroblast medium comprising of
DMEM with high glucose, 10% (v/v) bovine serum (Thermo Fisher), and 1% (v/v)
penicillin-streptomycin (Corning).

2.3.3

Micropatterned Cocultures (MPCCs)

The technique has been previously explained in detail [41]. Briefly; glass-bottomed
96-well plates were coated with rat-tail type I collagen (50 ig/ml) and subjected to
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soft lithographic techniques [39] to pattern the collagen into microdomains (islands
of 500 [im) that mediate selective hepatocyte adhesion. Each well is seeded with
primary human hepatocytes (from cryopreserved sources) and shaken throughout the
seeding process to ensure uniform seeding. Once the collagen islands are >85% filled,
the wells are washed with culture medium to remove cells that did not adhere to the
surface. Adhered hepatocyte islands are kept in the incubator for 18-24 hours to fully
spread followed by addition of mouse 3T3-J2 fibroblasts.

2.3.4

P. vivax infection of MPCCs

Anopheles dirus mosquitoes were fed on P. vivax-infected blood, containing gametocytes, as previously described

[34].

P. vivax sporozoites were extracted from infected

mosquitoes by dissection of their salivary glands. 30,000 to 60,000 sporozoites were
overlaid onto MPCC cultures, seeded the day before, in hepatocyte medium and kept
at 37oC and 5% C02 for 3 hours for infection to occur. Post-infection, wells were
washed twice and fresh media containing fibroblasts was added. Cultures were fixed
on days 5, 8, 9, 10, 11, 18 and 21 for in 4% paraformaldehyde (PFA) or ice-cold
methanol for analysis by immunofluorescence.

2.3.5

Human Reticulocyte Overlay

Adult human blood from the Thai Red Cross was passed through filters (Pall Corporation) to remove leukocytes. Remaining red blood cells were washed with RPMI
1640 and collected via centrifugation (100 g, 10 min). Packed cells were resuspended
in OptiPrep (Axis Shield) and KC1 buffer and centrifuged at 3,000 g for 30 minutes.
Reticulocytes were collected from the interface and washed with RPMI 1640 then resuspended to 50% hematocrit. Reticulocyte enrichment was calculated by methylene
blue staining. 33E6 red blood cells (of which 33% were reticulocytes) were overlaid
per well of the 96-well MPCC, diluted in hepatocyte medium. Fresh media containing
red blood cells was added daily.
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2.3.6

Immunofluorescence Staining

MPCCs were fixed with either ice-cold methanol for 10 minutes at 4C or 4% paraformaldehyde (PFA) for 20 minutes at room temperature. PFA-fixed samples were permeabilized with 0.1% TritonX for 10 minutes at room temperature. Wells were washed
twice with PBS, blocked with 2% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS), and incubated with primary antibodies for 1 hour at room temperature.
Samples were washed with PBS, then incubated with Alexa 546-conjugated secondary
goat-anti-mouse (Invitrogen) and Alexa 647-conjugated goat anti-rabbit (Invitrogen)
for 1 hour at room temperature. Samples were washed with PBS, counterstained with
the DNA dye Hoechst 33258 (Invitrogen; 1:5,000), and kept in Aquamount (Lerner
Laboratories). Images were captured on a Nikon Eclipse Ti fluorescence microscope
or a Nikon 1AR Ultra-Fast confocal microscope. Areas of the developing liver stage
parasites were measured using ImageJ and used to calculate the corresponding diameter. Liver stage P. vivax parasites were detected using rabbit polyclonal antibodies
against UIS4, BIP, MIF, HSP60, HSP70, MSP1 (gifts from Sebastian Mikolajczak,
CIDR) and mouse monoclonal antibodies against UIS4 and ACP. The nuclei of the
parasites were visualized using a rabbit polyclonal anti-acetyl-Histone H3 (Lys9) antibody (Millipore).

2.4

Conclusion

In this chapter, we have shown that MPCCs are able to recapitulate the entire liver
stage life cycle of P. vivax in vitro, from hepatocyte-infection to release of merosomes
and infection of overlaid reticulocytes. One important challenge that was tackled in
this work was sporozoite sourcing. In lack of P. vivax blood cultures and sporozoite
cryopreservation methods, sporozoites are supplied through the complicated process
of feeding infected, fresh patient blood to lab-reared mosquitos, followed by a 2-week
development process in the mosquito and eventual manual dissection of mosquito
salivary glands to access sporozoites. Since sporozoites do not survive outside of a host
environment, experiments need to be performed in a setting where liver cultures are
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setup side-by-side with mosquito dissections. Thus, our ability to setup MPCCs in an
endemic setting has been a crucial step towards growing and thoroughly characterizing
persistent small forms in our cultures, which match all the described hallmarks of
hypnozoites. Importantly, we show evidence of spontaneous reactivation, a first-ofits-kind observation in vitro, as evidenced by the reappearance of large forms beyond
the first wave of merosome release.
Many biological aspects of P. vivax liver stage infections can be studied in the
MPCCs such as host factors that enable sporozoite entry into its host hepatocyte, roles
played by both the parasite and the host that enable maturation of EEFs, a detailed
description of merosome release kinetics and pathways implicated in dormancy and
reactivation. Additionally, the liver stage is an attractive target for antimalarials as
this stage is before the massive amplification of parasite burden in the blood stages
which reduces the chance of emergence of drug resistance and hypnozoites can only
be eliminated with liver-targeting agents.

Screening of antimalarials against liver

stage hypnozoites and schizonts is a crucial application of MPCCs that could greatly
benefit eradication efforts.
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Chapter 3
Using the MPCC System as a Drug
Screening Platform for the
Elimination of Hypnozoites

"So, on June sixteenth I intend to refresh their pea-brain memories: I'm going to set
fire to the apartment (with the barbecue lighter). Don't get me wrong, I'm not a
criminal: I'll do it when there's no one around (the sixteenth of June is a Saturday
and on Saturday Colombe goes to see Tibere, Maman is at yoga, Papa is at his club
and as for me, I stay home), I'll evacuate the cats through the window and I'll call
the fire department early enough so that there won't be any victims. And then I'll go
off quietly to Grandma's with my pills, to sleep. With no more apartment and no
more daughter, maybe they'll give some thought to all those dead Africans, don't you
suppose?"

- Muriel Barbery (The Elegance of the Hedgehog)

3.1

Introduction

While the liver stage of malaria is an attractive target for antimalarial development,
especially for relapsing malarias, there is currently only one clinically available drug,
primaquine, which can completely eliminate P. vivax and P. ovale hypnozoites. Primaquine is an 8-aminoquinoline

199]

requiring a long dosing regimen (up to 14 days)

and is contraindicated in individuals with G6PD deficiency, a genetic alteration that
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excludes 2.85 billion people at risk for P. vivax infection in endemic regions [100].
Although there are compounds with activity against the blood stages, malaria eradication can only be achieved by developing compounds that are active against all
stages of malaria, including the liver stage. With this in mind, the ultimate goal is
to develop a compound that has 'single exposure radical cure and prophylaxis' (SERCaP) activity [1011: a compound that requires a single dose administration, that can
both prevent the formation of hypnozoites (prophylaxis) and can kill them (radical
cure) [102].
Antimalarial screens in recent years have benefited from new high throughput
screening technologies, which enabled screening of millions of compounds against the
blood stages of Plasmodium in culture [103-105]. The addition of sequencing capabilities to this arsenal even helped identify potential targets via analysis of resistance
mutations in blood cultures of parasites under drug exposure [106-1081. However,
lack of models prevented screening of compounds with targeted activity against liver
stage parasites. The landscape for P. vivax has been less encouraging. Lack of blood
cultures prevented screens specifically against P. vivax, lack of liver stage models prevented screening of anti-hypnozoite compounds and lack of transgenic parasite strains
made it impossible to setup assays with rapid phenotypic readouts (e.g. luciferase)
for high throughput assays. Thus, current strategies for screening anti-hypnozoite
compounds rely on phenotypic screens in surrogate assays [84,109,110] such as using
asexual blood stages of P. falciparum [103-105, 1111 or hepatoma cell lines infected
with rodent parasite species [112,113]. However, from the perspective of developing
an anti-hypnozoite drug candidate, the prior model focuses on a different life cycle
of another human infecting parasite species and the latter uses neither the human
parasite nor the human host. Thus there is no clear end-point in either assay as to
what would constitute true anti-hypnozoite activity.
P. cynomolgi, the macaque species of malaria is the strain most phylogenetically closely related to P. vivax. This species also has the relapse phenotype and
harbors hypnozoites, thus is a closer proxy for an anti-hypnozoite screen. In fact,
primaquine, FDA approved as recently as 1952 was identified by treating hundreds of
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P. cynomolgi-infected monkeys with various aminoquinolines [114] and using relapse
as a final readout for efficacy. Identifying this compound would not be possible in
hepatoma cell lines since it is a prodrug that requires bioactivation by the liver. Thus
one important property of a screening platform would be its ability to activate this
prodrug as primaquine is an important positive control for screening. Such a platform
could also enable the uncovering of primaquine's still unknown [115] mechanism of
action and spearhead the development of safer alternatives since all agents in development today, with hypnozoite radical cure activity, bear risk of hemolysis in subjects
with G6PD deficiency.
Today, the P. cynomolgi-infected monkey model is still the gold standard preclinical model since it allows demonstration of anti-relapse activity up to 100 days post
infection. Of course, the final validation of radical cure activity is in human clinical
trials once preclinical safety and pharmacokinetic analysis has been completed.
An in vitro platform that can replicate human biology and harbor the human
parasite would be a valuable addition to the arsenal of methodologies currently employed for anti-hypnozoite drug screening. The MPCC system provides advantages
over current systems by: (1) culturing and enriching for P. vivax hypnozoites for
hypnozoite-specific drug testing (2) using primary human hepatocytes, more precisely mimicking human infection and liver drug metabolism including activation of
primaquine and (3) reducing the need for precious resources (e.g: sporozoites, primary hepatocytes) by testing more drugs with fewer sporozoites compared to animal
models.

3.2
3.2.1

Results and Discussion
Primaquine bioactivation in the MPCCs

Primaquine, despite its many shortcomings, is the only clinically available drug with
anti-hypnozoite activity.

An important clinical reality faced by providers is that

primaquine sensitivity of patients is variable, in part due to differences in CYP2D6
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metabolism, the enzyme complex thought to be primarily responsible for primaquine
bioactivation, and thus not all patients respond similarly to primaquine [44,116]. The
MPCC system has the potential to more closely predict not only clinical outcomes
related to treatment with drugs such as primaquine that require adequate metabolic
activity, but also liver toxicity which is a major problem in clinical drug development
[117].
In order to query whether the MPCC platform can detect patient-specific variations in drug responsiveness, we interrogated the primaquine IC50 values obtained
using different hepatocyte lots. Human hepatocytes isolated from two different human donors infected with the same P. vivax clinical isolate (VK210) showed a 6-fold
difference in their responsiveness to primaquine (Figure 3-1A, left). This result is consistent with a 2-fold change in CYP2D6 activity between the two hepatocyte sources,
in that the more sensitive cells exhibit 2-fold higher CYP2D6 activity (Figure 3-1A,
right).

Thus, infection of MPCCs can model complex patient-specific phenotypes

that arise from a combination of host biology and drug metabolism. Notably, only
relatively common genotypes are available using primary hepatocytes. For rare genotypes, induced pluripotent stem cells provide a complementary platform to study
drug efficacy in a defined host [118,119].
It should be noted that while, to the best of our knowledge, the MPCC system
is the only in vitro system that has shown elimination of P. vivax parasites with
prophylactic primaquine treatment (day 0 to day 5), the radical cure treatment regimen (day 5 to day 8) used here has not achieved complete clearance of small forms
by microscopy. The clinical standard of primaquine radical cure requires a 14-day
regimen, usually co-administered with chloroquine, with blood stage breakthrough as
readout. However, clinical studies show that even with this dosing regimen, relapses
occur in humans infected with P. vivax, likely due to inadequate dosing, geographical origin of the parasite, evolving primaquine resistance, or a combination of these
factors [95,120]. It is possible that radical cure in vitro might require a longer dosing regimen, in combination with a blood schizonticide. Furthermore, the observed
lack of primaquine efficacy on day 5 cultures raises questions regarding the biological
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Figure 3-1: Primaquine bioactivation in the MPCCs: (A) 2 hepatocyte donors with predicted
differential CYP2D6 activity were treated with debrisoquine, a substrate for CYP2D6, and the
amount of daughter metabolite produced was measured (right panel). Primaquine was added, at
the indicated concentrations, to cultures in prophylactic mode (day 0 to day 5). In 3 separate
experiments, the 2 primary human hepatocytes indicated in the left panel were used to create
MPCCs that were infected with the same P. vivax clinical isolate. IC50 curves were produced by
plotting the fraction of parasites (EEFs) remaining in culture at each concentration, as measured
against untreated control wells (mean s.e.m. from triplicate wells, the 2 donors were tested in 3
independent experiments each). Donor 1 is used for all subsequent experiments (left panel). (B)
Cultures were dosed with primaquine in prophylactic mode. After removal of the drug at this time
point, cultures were maintained with daily media changes until day 21 at which point the sizes
of remaining parasites were assessed (triplicate wells per independent experiment. 3 experiments
pooled for control, 1 experiment for primaquine). (C) Representative images of small forms in
control wells on day 5 compared to residual small forms that remain in culture after treatment with
primaquine (5 4M) at the same time point. Scale bar, 5 4m.

changes that the hypnozoite or the host might undergo. Under prophylactic dosing
on day 5, there still remained a subset of small forms in culture, which disappeared
by day 21 (Figure 3-1C). Given that the mechanism of hypnozoite clearance in the
human liver has not yet been identified, to definitively assess whether the remaining
small forms observed in culture post-treatment are viable parasites, their reactivation
capacity should be interrogated with longer-term studies, combined with reticulocyte
overlays to assess blood breakthrough.
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3.2.2

Hypnozoites cultured in the MPCCs provide an antimalarial testing platform for drugs in clinical development

Having established that MPCC infections can replicate clinical drug responsiveness
outcomes using existing antimalarials, we applied our platform to assess the potential effectiveness of novel candidate compounds: 4 compounds (LMV599, KDU691,
MMV390048 and MMV674594) [931 that target the lipid kinase phosphatidylinositol4-OH kinase (PI(4)K), one compound (DDD107498) [121] that targets translation
elongation factor 2 (eEF2) in P. falciparum with activity against P. vivax blood
stages, and one compound (KAF156) [122,123] with an unknown mechanism of action. All drugs were tested under two dosing regimens, termed 'prophylactic' (dosing
day 0 to day 5) and 'radical cure' (dosing day 5 to day 8) (Figure 3-2), and the effect
of each drug on both parasite number and size were recorded on day 8.
In prophylactic mode (Figure 3-3A), the four PI(4)K inhibitors tested all had
varying activity on both small and large forms. LMV599, the most potent of the
four, cleared all parasites even at the lowest concentration tested. The other three
PI(4)K inhibitors tested had similar IC50 values and all achieved complete clearance.
Notably, all the PI(4)K inhibitors tested were more potent than primaquine, which
was most effective at 5 pM. DDD107498 had similar potency to the most potent
PI(4)K inhibitor tested, and KAF156, though less potent, had activity against both
small and large forms(Figure 3-4A). In radical cure mode (Figure 3-3B and 3-4B), all
compounds appeared less efficacious. PI(4)K inhibitors cleared a majority of large
forms but did not clear hypnozoites while DDD107498 and KAF156 did not cause
as significant a reduction in parasite number as the PI(4)K inhibitors, even at the
highest concentrations tested. However, all the remaining parasites under these 2
compounds were small in size.
An in vitro system such as the MPCCs provides certain advantages in terms of
the types of data it can provide. First, the ability to interrogate the effect of a compound not only on the numbers of parasites but also on their size can help categorize
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drugs that have stage-specific activity (anti-hypnozoite versus anti-schizont) as well

as killing versus growth inhibiting effects. In the panel above, we assayed 2 drugs,
DDD107498 and KAF156, which failed to reduce the number of parasites in radical
cure mode (Figure 3-4B), however all remaining parasites under high concentrations
of these drugs were small in size, indicating growth inhibition. This is in stark contrast

with the PI(4)K inhibitors such as LMV599 where there is a clear killing effect, shown
by the reduction in parasite numbers, resulting in an enrichment of hypnozoites under
drug treatment. Additionally, we can determine IC50s of compounds against both
hypnozoites and schizonts in the MPCCs (Figure 3-5A). Unfortunately, our initial
screen of six compounds fell short of identifying a successful candidate which would
have nanomolar activity against both stages, in both drug dosing regimens. Finally,
since the MPCCs can culture clinical P. vivax isolates, we can query the effects of dis-

tinct biological features (e.g. hypnozoite frequency) on the efficacy of screened drugs.
In one example, 3 clinical isolates with varying hypnozoite frequencies (Figure 3-5B,
left) were dosed with MMV674594 in prophylactic mode. In all cases, the observed
IC50s were similar (Figure 3-5B, right), revealing that in this mode, the drug was
effective in killing parasites regardless of their hypnozoite content.
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3.2.3

MPCCs can be fabricated in 384-well plates

Anti-hypnozoite drug screening efforts can benefit from a reduction in biomass requirements, since access to sporozoites is a major logistical bottleneck. Towards this
goal, we scaled down the MPCC platform to be compatible with industry standard
384-well plates (384 MPCC). We have previously shown that precise ratios of homotypic and heterotypic interactions play essential roles in maintaining hepatocyte
function in MPCCs [30].

In line with this observation, adapting the protocol for

use in the smaller, novel 384-well system required that the island size and centerto-center distances were preserved. The monolithic (poly)dimethylsiloxane (PDMS)
mold with elastomeric pillars and patterns was re-designed and precision-engineered
to be compatible with the 384-well plate format. The 384-MPCC mold consists of
individually spring loaded, composite metal-PDMS pillars with protruding patterns.
The protruding patterns comprise 12 soft PDMS posts that, when in contact with
the collagen-coated surface of each well, protect islands of collagen from ablation
when exposed to oxygen plasma (Figure 3-6A). Spring-loading each pillar ensures
uniform, conformal contact across an entire 384-well plate. After plasma treatment,
seeded human hepatocytes selectively attach to the remaining collagen pattern and
are subsequently surrounded by supportive stromal cells.
Seeded human hepatocytes, positive for host markers such as CK18 (Figure 3-6B),
were functionally stable for 3 weeks, as depicted via stable albumin secretion levels.
Furthermore, a primary drug metabolism enzyme, CYP3A4, remained both active
and inducible for at least 23 days (Figure 3-6C). A pilot infection of the 384 MPCCs
with clinical Thai P. vivax isolates revealed only a 2-fold reduction in infection rates
per well compared to the 96-well format, despite the 10-fold reduction in initial parasite load and a 3-fold reduction in number of hepatocytes seeded. When expressed
as a function of infection efficiency, this encouraging proof-of-concept translates to
an enhanced outcome per biomass of 1.5-fold (hepatocytes), or 5-fold (parasites). On
day 8, a bimodal population in parasite size became apparent, allowing distinction of
hypnozoites and schizonts (Figure 3-6D). Furthermore, the platform is fully automat68

able. Cell seeding, media change, and drug dosing steps can all be performed with
liquid handlers, imaging is performed with an automated microscope, and image analysis is performed using Cell Profiler [124,125]. In one example, automated imaging
and subsequent Cell Profiler-mediated image analysis revealed strong agreement between automated and manual parasite counts and sizes, suitable for high throughput
drug screening (Figure 3-6E). Finally, we have achieved a 200X reduction in the cost
per well of the MPCC platform since 2011 for anti-malarial screen purposes (Figure
3-6F). The decreased biomass needs achieved by the 384 MPCC represents the most
significant contributor to the price reduction in 2016.
Overall, the 384 MPCC is an important proof-of-concept that provides more efficient use of the limited sporozoite resources and allows for testing more compounds
as compared to the 96-well MPCCs. This is best exemplified by the contribution of
this second generation platform to the cost reduction as well as its increased infection efficiency (per hepatocyte and per sporozoite), both important criteria for drug
screening.
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3.3
3.3.1

Materials and Methods
Debrisoquine

Cultures were washed once with media and then dosed with 100 pM Debrisoquine
(Sigma), dissolved in media. After a 1-hour incubation, the cell culture supernatant
was collected and stored in -80C. The amount of 4-OH Debrisoquine was measured
in the collected media via high-performance liquid chromatography (HPLC) to assess
CYP2D6 activity.

3.3.2

Drug Treatment of P. vivax EEFs in MPCCs

Infected MPCCs were incubated with media containing the drug being tested: primaquine diphosphate (Sigma) ranging from 0.1 10 rM; atovaquone (Sigma) ranging from 0.1 to 270nM; MMV390048, MMV674594, KDU691, LMV599, KAF156,
DDD107498 (Medicines for Malaria Venture) ranging from 0.03 tM to 10 rM. For
prophylactic treatment, fresh drug-containing medium was added daily until day 5
with drug-free media changes until fixation on day 8. For radical cure treatment,
fresh drug-containing medium was added daily from day 5 until day 8 when cultures
were fixed.

3.3.3

IC50 calculation

IC50 curves were produced by plotting the fraction of parasites (EEFs) remaining in
culture at each concentration, as measured against untreated control wells, using a
nonlinear regression fit in GraphPad Prism (v.7.0c).

3.3.4

Biochemical assays

Albumin content was measured in cell culture supernatants via an enzyme-linked immunosorbent assay (ELISA) using goat anti-human albumin antibody (Bethyl Labs)
with horseradish peroxidase detection (Bethyl Labs) and 3,3',5,5'-tetramethylbenzidine
(TMB, Pierce) development. CYP assays were performed via induction of cultures
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daily with 20pM rifampin for 24, 48 or 72 hours and subsequent application of the
P450-Glo CYP3A4 Assay with Luciferin-IPA (Promega) according to manufacturer's
instructions.

3.3.5

Establishing 384-Well Plate Micropatterned Cocultures
(MPCCs)

The mold for the 384 MPCC was designed and constructed by Phenomyx (PHYX.384.MPCC,
Cambridge, MA). Briefly, the system comprises composite aluminum-PDMS pillars
with 12 circular protruding patterns arranged on an orthogonal grid. Each pillar is oriented in a polycarbonate plate and spring-loaded to ensure conformal contact with the
plate bottom. A clamping plate with plasma access holes holds the 384-pillar assembly together. A sliding bracket with torque-control knob applies controlled pressure
to the 384-pillar assembly during plasma ablation. To create MPCCs, cryopreserved
primary human hepatocytes (Bioreclamation IVT) were pelleted by centrifugation
and then seeded on collagen-micropatterned plates. 3T3-J2 murine embryonic fibroblasts were seeded 1 day after hepatocyte seeding, following infection with 5,000 P.
vivax sporozoites.

3.4

Conclusion

The demonstrated capacity to culture hypnozoites marks the MPCC system as a
promising screening platform and paves the way towards high throughput testing
of existing and novel antimalarial candidates.

Drug testing can be performed in

both prophylactic and radical cure dosing strategies that target growing liver stage
parasites or established hypnozoites, respectively.

Here, we have shown the first

efficacious, in vitro killing of P. vivax parasites with the only clinically available
anti-hypnozoite drug, primaquine, enabled by the MPCC's capacity to activate the
prodrug. We then tested six compounds, KAF156, DDD107798 and four compounds
that target PI(4)K. All 6 compounds cleared both hypnozoites and schizonts under
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prophylactic treatment. Under radical cure treatment, some of the drugs had killing
activity against large forms, but were unable to eliminate remaining small forms, in
line with the observed relapses reported in monkeys treated with these compounds
[126], demonstrating the predictive capacity of MPCCs in both prophylactic and
radical cure dosing regimens. Notably, this screening platform offers the added benefit
of using P. vivax as the test parasite, without the need for large animal studies. For
more thorough characterization of the remaining small forms under drug pressure,
longer term kinetic studies should be performed to measure their reactivation capacity.
Finally, in an attempt to scale down the MPCCs to enable higher throughput drug
screening, we prototyped a 384-well format of the system and compared its functional
stability and infection efficacy to the existing 96-well format. Combined, the 96- and
384-well MPCCs provide a robust antimalarial screening platform that can identify
efficacious drugs in early clinical development.
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Chapter 4
Describing the P. vivax Liver Stage
Transcriptome to Gain Insight into
Hypnozoite Biology

"Imagine that, death was just like being asleep. Would he have time to think before
it was all over? And would he have time to think that he had thought it? But wait,
how much do you have to think before you have finished thinking?"
- Jonas Jonasson (The 100-Year-Old Man Who Climbed Out of the Window and
Disappeared)

4.1

Introduction

Transcriptional regulation in Plasmodium is implicated in many processes including
stage transitions, potentially including the hypnozoite stage, and is likely under many
mechanisms of epigenetic control. Unfortunately, our understanding of these mechanisms for P. vivax liver stages is extremely limited. Furthermore, lack of knowledge
on the metabolic activity of hypnozoites has hampered rational drug design. Today, phenotypic screens of diverse libraries remain the primary method of screening
in identifying liver-acting compounds, an approach that suffers from lack of high
throughput in vitro models, as well as limited access to the P. vivax sporozoite. As
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a result, 8-aminoquinolines still remain the only class of drugs with anti-hypnozoite
activity.
Given the difficulties of working with P. vivax liver stages, transcriptomic (and
proteomic) data would be extremely valuable for nominating hypnozoite biomarkers
and potential drug targets. Unfortunately, significant challenges remain in purifying
infected hepatocytes from a large pool of uninfected hepatocytes, given low infection
rates. Furthermore, the hypnozoite is smaller in size compared to the schizont and is
assumed to be relatively transcriptionally silent, making it even more challenging to
purify RNA from these rare forms from an otherwise transcriptionally active host cell
environment. In vitro platforms hold promise for increasing the signal-to-noise ratio,
however no in vitro platform that maintains long-term P. vivax hypnozoite culture
has previously been available.
Recently, in vitro cultures of P. cynomolgi liver stages have been used. One study
[1271 performed laser capture microdissection (LCM) to individually pick and pool 4060 hypnozoites from fixed samples and performed RNA sequencing (RNA-seq). They
were able to identify AP2-Q, an ApiAP2 transcription factor as a possible regulator
of hypnozoite fate based on its relatively high expression in the hypnozoite samples
as compared to schizont samples. However, the 2 independent hypnozoite samples
collected had low correlation, making the results less reliable. In contrast, a second
study [128j used a GFP-expressing transgenic P. cynomolgi line and performed RNAseq on infected hepatocytes identified via fluorescence-activated cell sorting (FACS).
In this dataset, AP2-Q was not detected in the hypnozoite samples. However, this
work identified a copper transporter as a potential target in both hypnozoites and
schizonts based on their expression in both stages and showed a reduction in the
number of all liver stages under high doses of a copper chelator. Whether higher
doses of the chelator can completely eliminate hypnozoites, without causing liver
toxicity, and whether these targets also exist in P. vivax liver stages still remain
unknown. One caveat of this study however, was that they were unable to nominate
a hypnozoite biomarker based on a lack of genes more highly expressed in hypnozoites
compared to schizonts.
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The MPCC platform emerges as a unique platform in which the liver stage transcriptome of P. vivax can be interrogated. However, even after establishing a platform
that supports an in vitro hypnozoite culture, RNA-seq is challenging to perform due
to the limited number and relatively quiescent state of these parasites, thus additional enrichment steps might need to be performed. Given the difficulties of working
with P. vivax, exacerbated by lack of access to the sporozoite, transcriptional and
proteomic studies hold promise in finding candidate genes as drug targets and as
biomarkers [64]. Thus, in this chapter, we use P. vivax infected MPCC cultures and
present the first liver stage transcriptome of any human malaria. We employ a hybrid capture strategy to enrich Plasmodium transcripts and using the data generated,
provide insight into hypnozoite biology, nominate quiescence regulators and survey
potential drug targets.

4.2
4.2.1

Results and Discussion
Hybrid capture reveals that P. vivax hypnozoite schizonts and hypnozoites are transcriptionally distinct

While an in vitro culture of P. vivax greatly enhances the relative biomass of parasite versus host hepatocyte, RNA-sequencing revealed that an additional enrichment
step would be necessary to capture parasite RNA, given their relative number in wells
containing 3 species (Plasmodium, human and mouse), the latter two being extremely
transcriptionally active. Thus, in an effort to enrich rare samples from a transcriptionally active pool, we employed a hybrid capture strategy. To compare schizont
and hypnozoite transcriptomes, hypnozoite enrichment was achieved by treatment
with a PI(4)K inhibitor in radical cure mode and processed in parallel with untreated
cultures (referred to as mixed samples) on day 9 post infection (Figure 4-1A).
Total RNA from infected MPCC cultures was enriched for P. vivax transcripts by
magnetic pull-down using custom made baits tiling the recently assembled P. vivax
P01 genome 1621. Baits were designed to include all P. vivax annotated genes and
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intergenic regions, and exclude all ribosomal RNA (rRNA) transcripts and regions
with homology to human or mouse. Selection by hybrid capture was followed by
Illumina HiSeq2000 sequencing to generate over 100 million single end 40nt reads,
with an average of 29 million reads per sample (Figure 4-iB). Alignment to P. vivax
P01 transcriptome revealed robust enrichment, with approximately 92% and 48%
of reads mapping uniquely to P. vivax in mixed and hypnozoite-enriched cultures,
respectively. Notably, hypnozoite-enriched samples showed lower library complexity
compared to mixed samples, suggestive of a preserved, albeit reduced transcriptional
activity, consistent with a quiescent state.
We observed a small number of intron spanning reads in both mixed and hypnozoiteenriched samples, as shown in one example highlighting read distribution across
PVP01_0934200 (AMAl) and PVP01_0916300 (AP2) which follows the annotated
gene structure (Figure A-5) and suggests that there is no DNA contamination in our
samples. Data also showed strong strand specificity (in the 7 to 24-fold enrichment
for the strand antisense to the gene of origin, as expected based on the reverse-strand
library preparation protocol).
Hypnozoite-enriched samples showed a significantly different transcriptional profile relative to mixed samples (Figure 4-1C). Gene ontology (GO) enrichment analysis
of the differentially expressed genes revealed suppression of functions related to maturity, merozoite invasion, and egress in the hypnozoite-enriched samples. While over
30% of the identified transcripts encode proteins of unknown function, the gene list
contains RNA and DNA-binding proteins, nucleases, proteases, and transferases, suggestive of some metabolic and catalytic activity. Notably, in the course of our efforts
to track the dynamic phenotype of P. vivax EEFs in MPCCs, our kinetic analysis has
revealed that in addition to their capacity for reactivation, and despite their dormant
appearance, hypnozoite sizes increase slightly over time (7 to 10 pm) (Figure 4-iD),
consistent with a previous description 124]. This observed increase in hypnozoite size
in our long-term cultures could be linked to the core metabolic activities observed in
the hypnozoite transcriptome.
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Figure 4-1: RNAseq reveals differential expression patterns between hypnozoites and
schizonts: (A) Cultures were treated with a PI(4)K inhibitor in radical cure mode to enrich
for hypnozoites (Hyp). Drug was removed on day 8 post infection and cultures were kept for
one additional day in media before processing. Diameters of EEFs remaining in culture on day 9
were plotted for treated and untreated cultures. (B) Schematic showing sample processing. RNA
extraction was performed on mixed (Mix) and hypnozoite enriched (Hyp) cultures on day 9. cDNA
libraries were hybridized to P. vivax specific baits for enrichment before sequencing. (C) The heat
map was generated for all transcripts with adjusted P value <0.01. Median log-transformed TPM
values were calculated for each gene and the log2-fold-changes over the median was calculated for
each sample. The resulting matrix was subjected to hierarchical clustering (2 biological replicates per
condition). (D) Hypnozoite diameters from day 8 and day 21 cultures (3 independent experiments,
triplicate wells per experiment). *P=0.0004, two-tailed unpaired t-test with Welch's correction.
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4.2.2

ApiAP2 family of transcription factors as regulators of
quiescence

Sequence-specific transcription factor families, which play an important role in controlling transcription in many eukaryotes are absent in Plasmodium. Instead, the
phylum apicomplexan has expansion of a protein family that contains one or more
apetala2 (AP2) DNA-binding domains which have been shown to regulate stagespecific transcription and parasite development in Plasmodium [66-711. Given that
the function of many members of this family is unknown and that they are regulators
of multiple stages of the parasite life cycle, it is possible that one or more members
play a role in maintaining the quiescent stage in relapsing malaria species.
Recently, a member of this family, AP2-Q, was proposed as a transcriptional
suppressor in a transcriptomic study of P. cynomolgi hypnozoites [83]. However AP2-

Q exhibited

low representation in our P. vivax samples in both mixed and hypnozoite-

enriched samples (Transcripts Per Million (TPM)<25).

Our analysis of the AP2

genes that are differentially represented in the mixed and hypnozoite enriched samples
instead revealed PVPO1_0916300 to have higher transcript abundance (TPM>100)
and significantly higher representation in hypnozoite-enriched samples (Figure 4-2A
and 4-2B). Of note, PVP01_0916300 appears to also show high expression in P.
falciparum gametocytes [129], another quiescent form of the parasite, which raises
questions about whether different quiescent parasite stages share similar regulatory
mechanisms.
An alternative mechanism by which the AP2 family could control quiescence is as
transcriptional activators, with potential implications for reactivation. To interrogate
this hypothesis, we nominated several AP2s that showed higher representation in
mixed samples (Figure 4-2A). One example that could be of interest to investigate
is PVPO1_0118100, which is one of the 25% of differentially detected genes that
are exclusively found in P. vivax, P. cynomolgi, P. fragile, P. knowlesi and P. inui,
with no orthologues in P. falciparum or rodent malaria parasites. Other unveiled
candidates for which no function has been assigned could also be explored in the future
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as hypnozoite-specific biomarkers. Finally, the liver-specific AP2, PVP01_0216000
[661 had equivalent representation in the two sample sets (TPM>160) (Figure 4-2B).
This AP2 was originally identified in P. berghei to play a critical role in liver stage
development. Later, it was shown that knockouts of this gene produced parasites
that could infect hepatocytes but resulted in no patency in the mouse [81]. While
we expected this gene to be expressed in P. vivax liver schizonts, their equivalent
expression in hypnozoites was an interesting and novel finding and suggests that
inhibition of this AP2 family protein could affect the development of all liver stages
of P. vivax.
Notably, the transcripts discussed above (AP2-Q, AP2-L, PVPO1_0916300), as
well as AMA-I, a marker of mature schizonts that was more highly represented in the
schizont samples, were confirmed by performing quantitative RT-PCR (qRT-PCR) on
the same RNA samples, as well as independently collected samples, prior to hybrid
selection (Figure 4-2C) and showed perfect correlation with the RNA-seq data as a
validation of the relative representation of these transcripts using the hybrid capture
method.

4.2.3

Nominating hypnozoite drug targets based on expression
patterns in the liver stage transcriptome

With the caveat that mRNA does not always correlate with protein, we believe that
the RNA-seq data presented in this work can provide a starting point for nominating
drug targets, which can benefit drug discovery efforts, given the challenges associated
with setting up high throughput phenotypic screens of P. vivax liver stages.
For the compounds tested against hypnozoites in MPCCs (Figure 3-3 and 3-4),
two targets have been identified: PI(4)K and eEF2. Both RNA-seq post-capture and
qRT-PCR in pre-capture samples (in the same and independent biological replicates)
showed lower representation of genes coding for PI(4)K and eEF2 in hypnozoiteenriched samples relative to mixed samples (Figure 4-3A), which could explain the
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Relative expression of 4 genes by quantitative RT-PCR of pre-capture samples (mean s.e.m. from
at least biological replicates).

superior killing activity of the four PI(4)K inhibitors and DDD107498 on schizonts
versus hypnozoites under radical cure treatment (Figure 3-3B and 3-4B). However,
we cannot exclude the possibility that the experimental framework selected for druginsensitive hypnozoites, nor that the target pathway is downregulated in response to
drug treatment.
For many additional compounds that are in preclinical development, either drug
targets or loci of resistance have been identified in P. falciparum and/or rodent
malaria species [106,130]. We surveyed our transcriptome data for existence of the
P. vivax orthologues of these genes and down-selected those that showed differential
expression between the mixed and hypnozoite-enriched samples. On this list, the 3
genes that were more highly represented in the hypnozoite samples were cytochrome
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b (cytb), multidrug resistance protein 1(mdrl) and an additional unannotated gene.
Notably, atovaquone is known to target cytochrome b, however in the MPCCs, this
drug showed no activity against hypnozoites. While this discrepancy might be due to
a lack of correlation between mRNA and protein levels, we cannot exclude the possibility that the lack of efficacy of this drug might be due to its inability to penetrate
the hypnozoite membrane or its inability to correctly interact with the hypnozoite
electron transport chain (ETC). Many GO terms related to genes more highly represented in hypnozoites implicated ATP homeostasis to be important for dormancy.
This is an interesting insight as the non-replicating form of Mycobacterium tuberculosis (MTB) and P. cynomolgi hypnozoites also harbor genes known to be required
for ATP homeostasis [128, 1311. Thus, we can gain insight from testing additional
drugs [132] that can abrogate the mitochondrial membrane potential or selectively
inhibit complexes in the electron transport chain. In one example, decoquinate, a
compound not yet tested in the MPCCs, is a cytb inhibitor with a distinctly different
mode of binding to this target as compared to atovaquone [133].
Amplification and mutations in P. falciparum multi drug resistance protein 1
(pfmdrl), which encodes an efflux pump on the food vacuole membrane, is known
to confer resistance to many antimalarials such as mefloquine and lumefantrine
and were reported for Thai P. vivax isolates

[135]

as well.

[1341

The observation that

this gene is more highly expressed in our hypnozoites might suggest a mechanism by
which the hypnozoite is able to survive drug pressure. Membrane transport proteins
are in the top 5 protein classes which are currently used as drug targets in FDA approved compounds [136] as they have crucial roles in nutrient uptake, waste disposal,
shuttling of metabolites between organelles and maintenance of the electrochemical
gradient [137]. Thus, in addition to mdrl, we mined our transcriptome data for the
expression of other Plasmodium transporters. A survey of transporters in our dataset
revealed the presence of many transporters in both hypnozoites and schizonts.
Of the differentially expressed transporters, (Figure 4-4), the majority were porters
and pumps (based on the Transporter Classification Database) [138]. First, of those
that were more highly represented in the hypnozoite-enriched samples, the major
83

facilitator superfamily (MFS)-type transporter has an ortholog in the relapsing P.
cynomolgi but is absent in the non-relapsing P. falciparum and rodent malaria species
and presents an intriguing potential anti-hypnozoite target. While this specific protein has not been extensively studied, the MFS protein family has multiple members
that, in their absence, cause defects in different life stages of P. berghei infection (e.g
MFS1 in mosquito to mouse transition, MFS2 in blood to mosquito transition and
MFS6 in liver to blood transition) [137,138]. Second, recently, based on their expression in the P. cynomolgi liver stages, heavy metal transporters have been nominated
as drug targets. In fact, a copper chelator was shown to have activity against hypnozoites at high concentrations [128]. While most of the heavy metal transporters are
highly but equivalently expressed in our two samples, CorA-like Mg2+ transporter
protein is unique as it was more highly represented in hypnozoites. Based on this
finding, it would be interesting to interrogate the role of magnesium transport on
hypnozoite survival. Finally, the majority of the hypnozoite hits are mitochondrial
transporters and further suggest screening of drugs that target the parasite ETC. In
conclusion, this first example of the P. vivax liver stage transcriptome can provide
many insights to nominate drug targets as exemplified in this section. Much work
remains to validate the targets that have been nominated here via RNA fluorescence
in situ hybridization (FISH), immunofluorescence (IFA) and by testing of compounds
with potential activity against these targets. Importantly, ATP homeostasis shows
up as an important hit in hypnozoites and could provide a starting point in the search
for anti-hypnozoite compounds.
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Figure 4-3: Expression of drug targets and resistance loci for antimalarials in development in the P. vivax liver stage transcriptome: (A) Relative expression of eEF2 and PI(4)K
by quantitative RT-PCR of pre-capture samples (mean s.e.m. from at least biological replicates).
(B) Heat map of differentially expressed (adj P <0.01) drug targets (bold) or resistance loci in the
two samples plotted as in Figure 4-1C (2 biological replicates per condition).

85

.00
06
4

00

F

r 4

E

rsi

Hf

40 .

rs n h P. _iY g)?er st g

PV

0o
0

0Q

0

S~C
-

4*,
d.

0.

Q

&

46

QF
p pors

Q

Ca

)

(t

-4Z q
VI

C_.

oq)
V

0

0

-:

map of differentially expressed transporters in the two samples (adj P <0.01) plotted as in Figure

4-2. Hits have been

categorized into transporter types according to the Transporter Classification

Database. Pumps (purple), porters (green), channels/pores (yellow).

4.3
4.3.1

Materials and Methods
Hybrid capture, RNA-seq

extraction and analysis

SureSelectXT RNA Direct capture probes were designed for the P. vivax P01 genome
using eArray with the assistance of Agilent Technologies. Preliminary RNA-seq experiments revealed significant transcription outside the annotated gene loci in P. rivax

(data not shown). To accommodate novel transcripts, probes were designed to tile
the P. vivax genome such that they included all known genes and intergenic regions
while specifically excluding rRNA transcripts, known pseudogenes and regions with
homology to human or mouse. Design is available as ELID: S3090564.
Total RNA was extracted using TRIzol (Thermo Fisher) and purified using RNeasy
Mini Kit (Qiagen) according to manufacturer's instructions.

Samples were DNase

treated. RNA was quality controlled using an AATI Fragment Analyzer and lO0ng
was prepared following the SureSelectXT RNA Direct protocol version AO. Illumina
libraries were quantitated using the Fragment Analyzer and by qPCR and sequenced
as a single end 4Ont read using a HiSeq2000.
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4.3.2

Quantitative RT-PCR

Total RNA was extracted with TRIzol (Thermo Fisher), DNAse treated and purified using the RNeasy MinElute Cleanup Kit (Qiagen). cDNA synthesis was performed using SuperScript II (Thermo Fisher) and RT-PCR was carried out using
PowerUp SYBR Green Master Mix (Applied Biosystems) in a Roche Light Cycler
480 Real-Time PCR Detection System according to the manufacturer's instructions.
The primers used are listed in Table B.1. Relative gene expression was calculated
with the AACt method, using PVP01_1213400 as the housekeeping gene.

4.3.3

Quantification and Statistical Analysis

(1) Sample sizes and statistical analysis: Data were analyzed using Prism 7.0
(GraphPad Software, San Diego, CA) and results represent means ts.e.m. Methods
used for computing statistical significance is indicated in figure legends. Statistically
significant differences were defined as * when p values were < 0.05, ** p < 0.01, *** p

< 0.001, and **** p < 0.0001. To avoid plate position effects, setups of all conditions
were randomly assigned in each experiment. Drugs tested in chapter 3 were blinded
and scored by independent researchers.
(2) RNA-seq Data: Illumina Offline BaseCallerl.9.3 software was used for basecalling. Reads were aligned against Plasmodium vivax PvPO1 from PlasmoDB v. 34
(Sept 2017) using STAR v. 2.5.3a [1391 with flags -runThreadN 8 -runMode alignReads -outFilterType BySJout -outFilterMultimapNmax 20 -alignSJoverhangMin
1 -outFilterMismatchNmax 999 -alignIntronMin

10

-

8 -alignSJDBoverhangMin

alignIntronMax 1000000 -alignMatesGapMax 1000000 -outSAMtype BAM SortedByCoordinate -quantMode TranscriptomeSAM with -genomeDir pointing to a 75ntjunction P. vivax P01 STAR suffix array.
Gene expression was quantitated using RSEM v. 1.3.0 [140] with the following flags
for all libraries: rsem-calculate-expression -calc-pme -alignments -p 8 -forward-prob
0 against an annotation matching the STAR SA reference. Posterior mean estimates
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(pme) of counts were retrieved, and transcripts corresponding to rRNAs and tRNAs
were removed.Resulting read counts were summarized by genes, then converted into
RPKMs using RSEM effective gene length estimates, and finally to TPMs.
For principal components analysis (PCA), log-transformed, quantile-normalized TPM
data were processed using a singular-value decomposition approach (SVD) as implemented in the prcomp function in the R statistical environment (v. 3.4.0). Gene loadings for each gene for component 1 were extracted and ranked. Differential-expression
analysis was performed using DESeq2 on the rRNA-substracted raw counts [141,142]
Briefly, sequencing library size factors were estimated for each library, and differences
in gene expression between conditions (expressed as log2-transformed fold-changes
in expression levels) were estimated under a general linear model (GLM) framework
fitted on the read counts. In this model, read counts of each gene in each sample
were modeled under a negative binomial distribution, based on the fitted mean of
the counts and aforementioned dispersion parameters. Differential expression significance was assessed using a Wald test on the fitted count data (all these steps were
performed using the DESeq() function in DESeq2).

Genes with at least a 2-fold

change between Mixed and Hypnozoite sample groups (with adjusted P values <0.01
using Benjamini-Hochberg procedure [143] were selected for downstream analysis.
For heat map generation, median log-transformed TPM values were calculated for
each gene and the log2-fold-changes over the median was calculated for each sample.
The resulting matrix was subjected to hierarchical clustering using 1-Pearson correlation as a distance metrics and a [complete-single-sample average] linkage function.
(3) Data and Software Availability Raw RNA-seq data has been deposited into
the Gene Expression Omnibus (GEO) under the accession number GSE108016.

4.4

Conclusion

Towards further molecular characterization of the elusive dormant parasites, we provide here the first example of a human Plasmodium liver stage transcriptome, including the hypnozoite.

This was achieved via a hybrid capture method whereby
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Plasmodium transcripts were enriched using nucleic acid 'baits' designed specifically
for the P. vivax genome. While a similar strategy has previously been used to enrich
for pathogen DNA in clinical blood samples [55], this is the first application of hybrid
selection for RNA enrichment of low input samples prior to sequencing.

The ob-

tained results were successfully corroborated by an independent method (RT-PCR),
for various targets in multiple samples, strengthening confidence in our findings. This
new methodology can now be applied towards querying transcriptomes of not only
other Plasmodium liver-stages, but also other developmental stages of the parasite in
mammalian and mosquito hosts, which have historically been challenging to perform
due to major host contamination. We anticipate the utility of this tool towards elucidating the dynamic transcriptomes of the full parasite life-cycle, identifying stagespecific biomarkers, as well as elucidating novel drug and vaccine targets. The work
presented here should be validated with RNA FISH, immunofluoresence and via phenotypic screening of the compounds that were potentially identified to have targets
in the hypnozoites.
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Chapter 5
Perspective and Future Directions

"Are you gonna go to sleep or you gonna stay up and think your weird thoughts?
I'll stay up and think weird thoughts for a while."
- John Irving (The World According to Garp)

5.1

Contributions to P. vivax biology and therapeutic intervention

Malaria eradication campaigns cannot be envisioned without strategies to eliminate
the hypnozoite reservoir of P. vivax. In 1991, interventions including mass drug administration, bednet distribution, and introduction of larvae-eating fish in Aneityum,
a small island in the Southwest Pacific with 718 inhabitants, enabled the complete
eradication of P. falciparum within a year. In contrast, it took five years to eliminate
P. vivax [144] due to the relapsing nature of this infection. Today, mechanisms underlying commitment to dormancy and reactivation are poorly understood, yet studies
suggest that relapses caused by dormant hypnozoites might contribute up to 80%
of all symptomatic P. vivax infections [145]. In line with this statistic, the Malaria
Eradication Research Agenda (malERA), originally published in 2011, has recently
been updated and a few points are especially striking. They concluded that research
on P. vivax malaria was "consistently failing to garner adequate resources and thus
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scientific engagement" The report in 2011 had acknowledged hypnozoites as a major
barrier to P. vivax elimination, and the 2017 report read [146]: "this remains the case,
with a lack of diagnostics to identify carriers and safe efficacious treatments to clear
[hypnozoites]" Importantly, it was emphasized that "additional in vitro studies were
necessary to expand current knowledge of [hypnozoite] biology and metabolism [147]."
Less than a year after publication of the updated report, I believe that we are already in a position to accelerate research in elucidating hypnozoite biology and help
uncover new compounds that can be used to eradicate this reservoir. Towards this,
in the first part of the thesis, we establish the liver stages of P. vivax in an in vitro
primary human hepatocyte system, using clinical isolates. Hypnozoites detected in
this system exhibit the known hallmarks of this liver stage: they are small, uninucleate, MSP1-negative, and are differentially sensitive to primaquine versus atovoquone.
Furthermore, in addition to persistent hypnozoites, we also observe large forms that
reemerge on day 21, consistent with potential reactivation, a first-of-its-kind observation in vitro. The entire liver stage of the parasite can be recapitulated as displayed
by blood breakthrough at the end of liver stage development. In the second part, we
demonstrate the potential of the MPCC system as a promising screening platform
(in 96 and 384 well formats) using compounds that are clinically available (e.g. primaquine, atovaquone) as well as compounds in preclinical development (e.g. PI(4)K
inhibitors). The observed effects of all the tested compounds match data from human
and monkey studies, showcasing the predictive capacity of MPCCs without the need
for human experimentation or large animal studies. Finally, in the last part of the thesis, we provide a first look into the hypnozoite transcriptome, making use of a novel
RNA capture methodology, and query the transcriptome for potential reactivation
triggers and drug targets.
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5.2
5.2.1

Future directions
Identifying cues for reactivation

Elucidating reactivation biology is a major step towards the eradication of P. vivax.
Currently, numerous drugs against P. falciparum are in use while the only available
drug that can kill hypnozoites is primaquine. In the case of P

.vivax,

an alternative

strategy for the eradication of the dormant reservoir could be via induction of reactivation. If one can reactivate all hypnozoites in the liver, then the numerous clinically
available blood stage drugs would be added to our drug arsenal against P. vivax.
However, since reliable reactivation of hypnozoites has never been observed in any
in vitro experimental system to date, limited experimental information is available
on the causes of relapse and on defining drug candidates. Several hypotheses have
been suggested to explain the mechanism behind reactivation, however none of them
could be experimentally validated in any existing in vitro platform. By establishing
the existence of hypnozoites in our experimental setup, we can subsequently leverage
the platform to interrogate these hypotheses.
The only experiment to date involving the potential reactivation of a dormant
Plasmodium hypnozoite was performed in an in vitro monkey model, using P. cynomolgi
parasites. Based on a recent speculation that epigenetic control, such as the mechanism of var gene family silencing in P. falciparum blood stages, could have an effect
on P. vivax hypnozoite reactivation [148,149], a histone lysine methyltransferase inhibitor (BIX-01294 and its derivative TM2-115) was used to induce reactivation of P.
cynomolgi hypnozoites. Upon treatment, an increase in the number of schizonts was
observed. Since there is evidence that histone modifications play an important role
in adapting the parasite to survive in multiple hosts, it was hypothesized that they
could also play a role in sensing environmental cues to select paths to dormancy for
survival. In our preliminary studies, we treated MPCC cultures with BIX-01294, but
did not observe reactivation. Thus, as an alternative approach, we started screening a
small library of epigenetic modifiers. Expansion of this work to larger libraries as well
as more diverse sets of compounds to set up a phenotypic screen could be a valuable
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method for identifying hypnozoite-reactivating compounds.
Additionally, observations in P. vivax-infected patients have provided theories
regarding relapse. In one example, clinical data suggests that under stresses of nutritional deficiency or co-infection with other hepatotropic pathogens [3,150] the parasite
has been observed to relapse with higher frequency. Based on these observations, we
can induce nutritional stress on the cells by zinc and vitamin A since deprivation of
these two minerals has been observed to correlate with patient relapse rates [151,152].
In addition, co-infecting MPCCs with P. falciparum or other parasites, viruses or bacteria could elucidate whether co-infection contributes to hypnozoite reactivation.

5.2.2

Live imaging of the liver to blood stage transition in P.

vivax
Upon completion of its liver stage development, Plasmodium parasites emerge from
their host hepatocytes within membrane-bound vesicles known as merosomes

[9].

Most of our knowledge on this transition is based on live imaging of transgenic rodent parasites. Studies with green fluorescent protein (GFP)-expressing P. berghei
have revealed a sequence of events that are initiated by rupture of the parasite parasitophorous vacuole membrane (PVM) and followed by detachment of the cortical
actin cytoskeleton from the host cell plasma membrane (HCM). The destabilization of
the plasma membrane caused by these events was hypothesized to enable merosome
formation. The ability of the merosome to evade immune surveillance as it leaves the
liver is thought to depend on the composition of its membrane, originating from the
HCM [153]. Following detachment, merosomes of another rodent malaria species, P.
yoelii, buds off from its mother hepatocyte, goes through the liver tissue, and circulates in the blood stream until shear stress in the lung capillaries cause it to rupture
and release infective merozoites [154]. However, many questions remain: what are the
events that trigger PVM breakdown? What are the molecular mechanisms behind
immune evasion, the changes the HCM undergoes [155] and the release of merozoites?
Finally, how do these sequences of events manifest in human malaria species?
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Of the human-infecting Plasmodium species, P. falciparum merosomes were reported, only once, in a humanized mouse model and described to potentially be
surrounded by a host-hepatocyte-derived membrane without in depth characterization [156]. P. vivax merozoites were described in the same mouse model but intact
merosomes were not observed in this study [24]. To the best of our knowledge, the
first examples of P. vivax merosomes were imaged in the MPCC model [157]. In one
example, merozoite release was captured in the MPCCs and seemed to more closely
resemble merozoite release of P. falciparum in the blood stages than release during
the liver to blood transition in rodent species.
The cyclic invasion of merozoites in erythrocytes have been described in 3 steps via
live, high-speed imaging. This coordinated process, observed in erythrocytes in suspension, begins with osmotic swelling of the infected erythrocyte, followed by opening
of a pore where 1-2 merozoites are ejected and ends with the outward curling of the
cell membrane [158]. We have already shown preliminary examples of robust merosome formation and ability to perform live bright field imaging of merosome release in
the MPCCs, in the absence of fluorescently tagged transgenic P. vivax parasites. The
expansion of this work through dynamic monitoring of release kinetics, evaluation of
the P. vivax merosome membrane composition and follow-up of the findings based on
rodent parasites would be valuable for not only identifying biological pathways behind
the liver to blood stage transition but also for nominating potential drug targets to
halt infection during this asymptomatic stage. Additionally, incorporation of immune
components such as liver-resident Kuppfer cells to the MPCCs could help test the
hypothesis that the HCM-derived membrane of the merosome renders it resistant to
destruction via macrophages.

5.2.3

Readouts of P. vivax infection

Currently, the most reliable readout for P. vivax infection is via immunofluorescence
staining of fixed cultures. Hypnozoites are distinguished by size as no unique biomarkers have been identified. We believe that our transcriptome data could provide im95

portant insights into identifying hypnozoite-specific antigens. In fact, we have already
started producing antibodies against candidate proteins, based on the high representation of transcripts in hypnozoite samples. Additionally, novel readout modalities that
can monitor P. vivax infection in live cultures would be an important addition to the
existing repertoire and further unleash the power of engineered liver platforms. Since
reporter lines of P. vivax are not available, development of new secreted biomarkers
could aid in kinetic tracking of infection. An example could be the adaptation of a
protease detection system such as those already developed for cancer [159-1621 and
HCV [163] monitoring. This would be especially useful within the context of Plasmodium infections, as no secreted biomarkers have been described to date. However,
it is known that malaria parasites encode a serine protease, which can be found in the
serum of malaria infected individuals and is hypothesized to play a role in parasite
egress out of infected hepatocytes [164]. Such an approach could allow live tracking
of not only lab strains but also clinical isolates of both P. falciparum and P. vivax.

5.2.4

Dynamic monitoring of the P. vivax liver stage transcriptome

Our ability to query the schizont and hypnozoite transcriptomes enable us to ask
scientific questions, previously difficult-to-answer.

First, based on the observation

that hypnozoites grow over time, it would be of interest to investigate if this observed
development is accompanied by differences in transcriptional regulation. An interesting insight we gained from drug dosing studies was that most drug treatments were
successful in clearing hypnozoites in prophylactic mode but not in radical cure mode.
This led us to hypothesize that perhaps the small forms underwent a transition enabling them to escape drug treatment at later time points. Dynamic tracking of the
transcriptional landscape of hypnozoites over different time points could elucidate if
such a transition exists at the transcript level.
Additionally, comparison of the liver stages with sporozoite and blood stages could
elucidate genes implicated in these specific transition periods in the life cycle. A long96

standing question in the field is regarding commitment to dormancy: is commitment
to dormancy stochastic or is it pre-programmed at the sporozoite stage? Similarly,
in the blood stages, AP2-G [69] has been described as a transcriptional regulator for
commitment to sexual stages, however whether or not this commitment happens during or after the liver stages has not been elucidated. Comparison of transcriptomes
at different stages could be a valuable tool for answering these questions. While there
are existing datasets of sporozoite and blood stage P. vivax transcriptomes [1651, a
reliable comparison of these datasets requires the RNA enrichment method described
in this thesis to be applied to all samples pre-sequencing. Thus, an important future
goal of this study is to sequence (1) the blood obtained from a P. vivax-infected patient, (2) the sporozoite produced via feeding of this blood to lab-reared mosquitos,
(3) the liver stages established in the MPCCs using the same sporozoite batch, (4)
the merosomes formed once the liver stage development is complete and (5) the first
infected reticulocytes following blood overlay onto MPCCs to capture the biological
nuances of P. vivax transitions before, during and after the liver stages.

5.2.5

Single-cell transcriptome

An important aspect of intracellular pathogen biology is its interaction with the host
cell in which it resides. In the case of P. vivax, it is not well understood how the
parasite is able to silence its host 1166, 167], hijack host machinery [168, 169] and
avoid immune detection 1170]. In one example, the role of autophagy has been extensively studied with rodent malaria species to show evidence that in the liver stages,
a subset of parasites are able to escape host autophagy and later hijack it to support
their development [169,171,172]. The role of autophagy in dormancy has not been
studied but would potentially provide interesting insights since more recently, IFNgamma mediated autophagy was shown to play role in P. vivax infection of hepatoma
cells [1731. The specific effect of this mechanism on hypnozoites, however, remains
unknown.
RNA-seq could be a valuable method for studying host-pathogen interactions,
however bulk sequencing is not able to resolve differences in phenotypically distinct
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subpopulations (e.g. hypnozoites vs schizonts), which presumably interact with their
hosts in distinctive ways. Additionally, given that the P. vivax sporozoites are obtained from clinical samples, there might be inherent hetereogeneity in the parasite
which could lead to heterogeneity in the host response [1741, which bulk sequencing
would not be able to capture. Finally, given the low infection rates of P. vivax, signal
from infected host cells would be overwhelmed by the uninfected ones, thus the true
host response to infection would not be captured.
Single cell RNA-sequencing (scRNA-seq) is an important tool that has been developed to address this challenge; however, common methods for isolating single cells
of interest are not suitable for studying the P. vivax liver stages. Flow-activated
cell sorting (FACS) separates a hetereogeneous mixture of cells based on fluorescent
labeling but it unsuitable since: (1) neither transgenic P. vivax lines nor hypnozoitespecific antibodies are available and (2) current sorting methods are not efficient
enough for isolation of rare samples from small volumes.

Laser capture microdis-

section (LCM) employs a UV laser to cut cells of interest and transfer them to a
membrane but is also incompatible with our samples because: (1) the laser is suitable
for use with specific surface chemistries which are not commercially available in the
well-plate formats used for construction of MPCCs (2) cell picking is extremely labor
intensive and low-throughput and (3) sample identification requires fixation of cells
which might reduce the RNA quality of samples [175].
The methodology that showed most promise for our specific application was, SeqWell [176], a recently developed low-cost and portable platform, suitable for endemic
settings. This platform employs a PDMS array of sub-nanoliter wells that are able
to house a single bead and a single cell, based on size exclusion. After cell loading,
the array is sealed with a semi permeable membrane that allows exchange of small
molecules but prevents mixing of cells. Each bead is uniquely barcoded and enables
Poly-A mRNA capture post cell lysis. Beads can then be removed from the array
for subsequent bulk processing and sequencing. Importantly, SeqWell doesn't require
tagging the cells of interest and can be used with live samples.
We believe that we are in a unique position to interrogate the P. vivax liver
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stages with SeqWell to identify differences and similarities in the host response to the
phenotypically distinct liver stages of P. vivax and potentially develop novel therapeutic strategies. One potential therapeutic involves RNA silencing therapies already
in clinical development. As an example, Alnylam Pharmaceuticals has developed an
siRNA conjugated to trivalent N-acetylgalactosamine (GalNAc), which is hepatocytespecific due to its interaction with the asialoglycoprotein receptor (ASGPR) on the
hepatocyte surface [177-179]. Thus, candidate genes that might be implicated in P.
vivax infection could be modulated specifically in the liver as a host-mediated therapeutic strategy. Finally, though still in its infancy, technological developments in
the scRNA-seq field already allows interrogation of both the host and the parasite
transcriptomes [174]. Such a strategy would be invaluable for identifying dormancy
biomarkers, without the need for hypnozoite enrichment.

5.3

Conclusion

In this thesis we have shown evidence for the capacity of the MPCC system to facilitate interrogations of hypnozoite biology and testing of anti-hypnozoite compounds in
the absence of dependence on human experimentation. MPCCs offer advantages over
existing in vivo and in vitro systems, and present new avenues of research. Compared
to other in vitro systems, the longevity and reproducibility of cultures [30,180-183]
allows drug sensitivity testing for identifying not only hypnozoite-killing but also
hypnozoite-activating compounds. Having a full repertoire of host functions allows
assessment of primaquine sensitivity and cross-screening for cellular toxicity [184].
Compared to in vivo systems, MPCCs enable biomass enrichment due to the wellplate format, reduced biomass requirements, and dynamic monitoring of parasite biology via microscopy, such as time-lapse longitudinal studies of live cultures and provide
a platform to develop novel live-tracking tools. Additionally, they are amenable to international dissemination for studying parasites sourced from a variety of geographies
evidenced by its successful implementation at 5 sites in 3 countries. And finally, in a
first-of-its-kind example, the MPCCs allow enrichment of liver stage human Plasmod99

ium RNA. The ability to query the liver stage transcriptome of P. vivax can enable
monitoring of the hypnozoite transcriptomic profile over time and in response to drug
pressure, potentially both at a population level and with single cell resolution and
help us gain valuable insight into the unique biology of P. vivax.
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Supplementary Figures
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Figure A-1: UIS4 prominence is observed in liver schizonts: UIS4 staining of large forms
revealed prominence. A coalescence of UIS4 staining (yellow triangles) was observed in large forms
as well as small forms. This staining pattern of UIS4 is observed in 40% of all schizonts on day 8
(2 independent experiments, triplicate wells per experiment). Scale bars are 10 plm.
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Figure A-2: The apicoplast of the parasites develop in the MPCCs: The apicoplast expands
as the parasite develops. A collection of parasites from cultures fixed on days 8, 10, and 21 are
shown. The apicoplast was visualized by immunofluorescence with an antibody against ACP (red),
and the combined channels (top image in each pair) mark the locations of DAPI nuclear (blue) and
UIS4 membrane (green) stains. Scale bars are 5 pim.
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Figure A-3: P. vivax infections produce merosomes in the MPCCs: (A) Free merozoites in
MPCCs. P. vivax-infected cultures were fixed on day 10 and stained with BIP and DAPI. Top left
panel depicts DAPI staining of cultures. Hepatocyte islands are marked with white dashed circles.
Close up of islands reveal two schizonts (white arrows) and free merozoites (on day 11, four out of
seven wells and two out of six wells, in two independent experiments) that are positive for both P.
vivax BIP and DAPI (bottom panels). Scale bars are 100 pm. (B) Representative merosomes in
live cultures. Scale bars are 50 pm.
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Figure A-4: Hypnozoites in the MPCCs have the potential to reactivate: MPCCs were
infected with P. vivax in 2 separate experiments. (A) Cultures were either kept in media (left
panel, black) or treated with atovaquone from day 0 to day 5 (right panel, red, prophylactic mode)
(B) Cultures were either kept in media (left panel, black) or with a PI(4)K-inhibitor from day 5 to
day 8 (right panel, blue, radical cure mode). Cultures were fixed on days 5, 14 and 18 and the sizes
of the remaining EEFs were plotted.
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Figure A-5: Strand specificity of hybrid capture RNA-seq transcriptome: Purple read
pileups correspond to genes encoded on the 5' -> 3' strand; pink read pileups correspond to genes
encoded on the 3' -> 5' strand, as expected based on the reverse-strand library-preparation protocol.
Example provided from Mix1 samples.
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Gene
PVP01
PVP01
PVP01
PVP01
PVP01
PVP01
PVP01

0934200
1255900
1024200
0216000
1016100
0916300
1213400

Annotation
apical membrane antigen 1
elongation factor 2
phosphatidylinositol 4-kinase
AP2 domain transcription factor AP2-L
AP2 domain transcription factor AP2-Q
AP2 domain transcription factor
60S ribosomal protein L18-2

Forward
CACAGTTCTGGGGTTCGAGTGGATTT
AAGCTAGGGCAAATTACCTACACA
GGACACCTCATCCACATAGACTAC
AATAACGTTGGTGGGGGCAGCA
CGGAAGAGATGCAGCGCGATGAATCA
AAGGGAACGAACAGGCCAGCTT
ACGAATTTTGGATGCCGGGGGA

Reverse
AACCTCCATCCTTCAGCCTCTGATCT
CCACACAGTGCACCTTAATTTCAT
TTCTGACTTTTCTCCGTCCATGAT
TTTGACATCCGGGTTGGCACCA
ACATTCCCCCGCTCGATGTTCAAACC
TTTGGCGCGACTTAGGTGCACA
TTTCTTCCCTTGGAGCGGACGT

Table B.1: Primers used for quantitative RT-PCR in chapter 4
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