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Abstract 

 Malaria is one of the leading causes of mortality attributed to infectious diseases 

worldwide. Every year, hundreds of thousands of children succumb to the disease and 

hundreds of millions more suffer the characteristic symptoms of malaria.  It is caused by 

eukaryotic parasites of the genus Plasmodium and is transmitted to the human host via 

the bite of an Anopheles mosquito. Upon infection, the parasite must travel to the liver 

where it develops and replicates into merozoites, the parasite form that is able to infect 

red blood cells. It is only after release back into the blood stream as a merozoite that the 

parasite invades red blood cells, leading to the manifestation of disease.  

 The liver stage is clinically silent, yet an obligatory stage of the Plasmodium life 

cycle. Our knowledge of this portion of the life cycle is lagging compared to that of the 

blood stage because of inherent difficulties in experimental design. In particular, very 

little is known about the host and parasite gene expression during the early hours of 

infection. This work seeks to gain a greater understanding of the biological processes of 

host and parasite throughout the liver stage of infection through dual-RNA sequencing. 

We first utilize next-generation sequencing to map the global transcriptional state of the 

P. berghei-infected hepatocytes during the entire course of the liver stage infection. We 

find the most significant changes in gene expression occur early during infection and are 

primarily related to the host mounting an immune response. During mid to late time 

points of P. berghei infection of hepatocytes, genes related to host metabolism are 
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enhanced among the differentially expressed genes, indicating a shift in active cellular 

processes later in infection.  

 From the host transcriptomic dataset, we identify aquaporin-3 (AQP3), a water 

and glycerol transporting membrane protein, as significantly induced upon P. berghei 

infection.  Microscopic experiments reveal that the host AQP3 protein is trafficked to the 

parasitophorous vacuole membrane (PVM), the interface between the parasite and host 

cytosol. Through molecular genetic and chemical approaches, we show host AQP3 is 

essential for the proper development of the parasite during the liver and blood stages of 

the life cycle. Phenotypic studies suggest AQP3 is utilized by the parasite to obtain 

nutrients for growth.  

 Lastly, we also utilize target-based screens to identify novel antiplasmodial small 

molecules that have potential for treating liver stage malaria. We interrogate the species 

specificity of a panel of Hsp90 small molecules inhibitors and seek to understand the 

chemical moieties that determine species selectivity. We also utilize cell-based assays to 

screen for and identify compounds that act synergistically. The work presented herein 

sheds light on novel host-parasite interactions during the liver stage of Plasmodium 

infection and explores novel small molecules for malaria treatment.  
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1. Introduction  
 
Portions of this chapter are adapted from the research article “Plasmodium exploits host 
aquaporin-3 during liver stage malaria infection” published in 2018 by Posfai et al. in the journal 
PLOS Pathogens and the review article “Current therapies and future possibilities for drug 
development against liver-stage malaria” authored by Raphemot, Posfai, and Derbyshire in 2016 
and published in the Journal of Clinical Investigation.  
  

 Malaria remains one of the greatest burdens to global health with an estimated 

440,000 deaths in 2015 - the majority being children under the age of five [1]. Not only is 

this malaria death toll staggering, but the economic burden of the disease is equally 

burdening on developing economies [2]. Nearly half of the world’s population is at risk 

of infection and 300 million people become infected every year. Overall, fatalities 

attributed to malaria have significantly declined in the past decade as a result of 

increased interventions such as the mass distribution of insecticide-treated bed nets and 

shifting treatment to artemisinin-based combination therapies. Between 2000 and 2015, 

deaths decreased by 48% from 840,000 to 444,000 [1]. This reduction has been an 

immense international accomplishment; however, the spread of resistance to current 

antimalarial treatments and insecticides threatens the progress that has been made in 

eliminating this devastating disease. 2016 was the first year that malaria deaths did not 

decline, highlighting the need for novel antimalarial therapies [3]. Chapters 2 and 3 of 

this dissertation focus on understanding the basic biology of the Plasmodium parasite in 

hopes of identifying weaknesses that can be exploited to develop novel interventions.  

Chapter 4 focuses on identifying novel small molecules for the treatment of Plasmodium 
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liver stage infections, with an emphasis on the Hsp90 inhibitors. Finally, Chapter 5 

discusses the future focus of the research presented in this body of work. 

1.1 Species of Plasmodium 

 The obligate intracellular parasite Plasmodium is the causative agent of malaria 

and, though it is most commonly thought of in the context of human health, over 100 

Plasmodium species have been identified, infecting animals as diverse as penguins and 

water buffalo. It is an ancient organism and the two most common human-infective 

Plasmodium species are thought to have diverged from their closest relative at the time of 

the human-chimp divergence 7-8 million years ago [4]. Thus, Plasmodium has been 

associated with humans since the origin of hominids and as a result has shaped the 

evolution of humans – most notably demonstrated by the textbook example of sickle-cell 

prevalence in Africa.  

 Five species of Plasmodium infect humans: P. falciparum, P. vivax, P. ovale, P. 

malariae, and P. knowlesii. Nearly all malarial deaths are attributed to P. falciparum, which 

is primarily found in sub-Saharan Africa. However, P. vivax is the most widespread 

human-infective species, found throughout the Americas, Asia, and only a small portion 

of eastern Africa [5]. The unique characteristic of P. vivax to produce dormant liver 

forms, termed hypnozoites, allows this species to have a greater geographical 

distribution even throughout temperate climates. While P. vivax, generally does not lead 

to mortality, its morbidity is significant. The remaining three species of Plasmodium are 

far less common and account for an insignificant percentage of malaria cases.    
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1.2 Human-infective Plasmodium life cycle.  

 Plasmodium species have a complex life cycle, alternating between the human 

host and the Anopheles mosquito (Figure 1). Upon taking a blood meal, the female 

mosquito deposits parasites, termed sporozoites, into the bloodstream. The sporozoites 

must first travel to the liver where they spend several days developing into merozoites, 

the blood-infective form of the parasite. The merozoites are released from the liver to 

begin the cyclical blood stage, or the intraerythrocytic developmental cycle (IDC) [6]. 

The IDC begins with the initial invasion of the erythrocyte by a merozoite. The parasite 

then progresses through the ring, trophozoite, and schizont stages, asexually replicating 

into 18-36 newly formed merozoites, before egress and invasion of new erythrocytes to 

perpetuate the IDC. Depending on the species, one cycle lasts 24-72 hours and it is 

during the synchronized release of merozoites that patients experience the characteristic 

symptoms of malaria [7]. 
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Figure 1: Plasmodium life cycle in the human host and mosquito vector. 

 A small portion of parasites (0.2-1%) do not divide upon invasion of the 

erythrocyte, but instead differentiate into male and female gametocytes during the blood 

stage [8]. The gametocytes travel to the periphery of the circulatory system where they 

are taken up by a feeding mosquito [9]. The cooler mosquito environment triggers the 

gametocytes to complete maturation into gametes within the mosquito midgut [10]. The 

female gamete is fertilized by the male sperm and the fertilized egg forms the oocyst. 



 

5 

Each oocyst produces thousands of sporozoites that travel to the mosquito’s salivary 

glands, where they will be dispensed upon the next blood meal. 

1.2.1 In-depth look at parasite development during the liver stage. 

Much of the work in this dissertation focuses on understanding the biological 

processes during the liver stage of malaria. Historically, our understanding of the liver 

stage has lagged compared to our knowledge of the blood stage. The Plasmodium 

parasite was first discovered in 1880 in patients’ blood by Dr. Charles Laveran, who 

would be awarded one of the first Nobel prizes [11]. Yet it was not until 1948 that the 

liver stage was discovered by Drs. Shortt and Garnham [12]. Even after the discovery of 

the liver stage, it took dedicated scientists decades to develop models with which they 

could gain even the most rudimentary understanding of the parasite’s biology at this 

stage. As a result, most of our knowledge of the liver stage comes from the last 15 years 

and below I briefly review the basic cellular events scientists have uncovered during the 

initial phase of the Plasmodium human infection. 

The Plasmodium parasite in the form of a sporozoite is transferred to the human host 

via the bite of an Anopheles mosquito. The long, slender sporozoites that reach the 

bloodstream travel to the liver, alongside red blood cells, unable to infect erythrocytes at 

this time.  Upon reaching the liver sinusoid the parasite traverses through an endothelial 

resident macrophage called the Kupffer cell to reach the liver tissue. The parasite then 

passes through multiple hepatocytes before establishing an infection in a final cell 

(Figure 2) [13-16]. As the sporozoite invades the final hepatocyte in which it will 
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establish residence, invagination of the host cell membrane forms the parasitophorous 

vacuole membrane (PVM) around the parasite, protecting it from clearance [17, 18]. Two 

theories exist on how the parasite choses its resident hepatocyte. The first, postulates 

that as the sporozoite traverses hepatocytes it begins to shed surface proteins that alter 

its molecular composition and after traversing 3-4 cells, motility is slowly arrested [15]. 

The second theory suggests that the parasite senses cues on the surface of the hepatocyte 

that signal a suitable environment for parasite development [19, 20]. Preliminary 

evidence has been shown supporting both of these theories, but scientists continue to 

search for conclusive mechanistic evidence. 

 
Figure 2: Diagram of P. berghei liver stage progression. 

The PVM that forms upon the invasion of the resident hepatocyte is the interface 

between the parasite and the host cytosol. It is within the parasitophorous vacuole that 

the sporozoite undergoes dramatic morphological changes to become the round, 

metabolically active exo-erythrocytic form (EEF) [21], which subsequently divides into 

tens of thousands of merozoites within a single hepatocyte [6]. The EEF first undergoes 

nuclear division in the absence of cytokinesis and only after roughly 13 rounds of 
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nuclear division does cytokinesis occur. Upon maturation within the hepatocyte, the 

blood infective merozoites are released into the blood stream where they go on to the 

IDC and cause the symptoms of malaria.  

1.3 Plasmodium liver stage models. 

 The liver stage of the Plasmodium infection is an obligatory stage that precedes 

the onset of malaria symptoms. For this reason, the pre-erythrocytic stage of the life 

cycle is an ideal target for the development of vaccines and prophylactic drugs [22]. To 

date, the most successful method of vaccination has been the administration of 

irradiated sporozoites that are able to invade the liver but have arrested development 

within the hepatocyte [23, 24]. Because the irradiated sporozoites arrest in the 

hepatocyte, the host immune system is able to develop recognition for a repertoire of 

parasite antigens without the infection proceeding to the IDC. Irradiated sporozoites 

were shown to provide complete protection against subsequent Plasmodium challenges 

in the 1970’s. Yet a feasible method for administering such as vaccination on a large scale 

has not been resolved, primarily due to challenges of obtaining sporozoites in large 

quantities from infected mosquitoes. Though sporozoite irradiation has provided the 

greatest protection, RTS,S has been the most successfully deployed vaccine candidate. 

RTS,S is a sub-unit vaccine targeting the circumsporozoite protein (CSP) that is highly 

abundant on the surface of sporozoites during the pre-erythrocytic stage [25]. However, 

during Phase III trials this vaccine only provided, at most, a 28% efficacy in protection 

from subsequent infections for children over the course of 3 years [22].  
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 Several other liver stage sub-unit vaccines are in development, along with a sub-

unit vaccine designed for blood-stage antigenic targets [26, 27], however preliminary 

results remain modest. There is widespread agreement within the malaria vaccine 

community that a pre-erythrocytic targeting vaccine would be ideal, and to identify 

promising novel targets, a better understanding of the liver stage is needed. The in vivo 

and in vitro models described below will be critical for gaining this knowledge. 

1.3.1 In vitro models 

 Though P. falciparum and P. vivax have the greatest impact on global health, our 

understanding of the Plasmodium liver stage has been predominantly advanced by the 

use of murine-infective parasites, such as P. berghei and P. yoelii [6, 28, 29]. Two factors 

make human-infective Plasmodium species prohibitively difficult to work with for liver 

stage studies.  First, liver stage studies require freshly harvested sporozoites from the 

salivary glands of live mosquitoes. P. falciparum and P. vivax are generally considered 

BSL-2 organisms, except when they are in the Anopheles vector. Within the mosquito, 

human-infective species of Plasmodium must be handled in BSL-3 arthropod 

containment, making their breeding cost and resource intensive [30-32]. Indeed, few 

research institutes have insectaries that are able to breed human-infective parasites in 

mosquitoes. The second difficulty with P. falciparum and P. vivax is that they exhibit 

extremely low infection rates in vitro (<0.01%), rendering certain experiments unfeasible 

[33].  
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 Mouse- and human-infective Plasmodium parasites reach maturity at varying 

lengths of time, but otherwise undergo highly conserved transformations within the 

liver, making murine-infective models an attractive alternative [28, 29]. As a result, 

scientists have developed in vitro models with murine-infective Plasmodium parasites 

infecting human hepatoma cell lines and primary hepatocytes [34-36]. The most 

commonly used liver stage in vitro model is the infection of human hepatoma cell lines 

(HepG2 or HuH7) with the mouse-infective P. berghei or P. yoelii. The ability of these 

mouse-infective Plasmodium species to infect human hepatocytes in vitro suggests these 

species encounter barriers upstream of the liver stage that prevent human infection in 

nature. This could be an inability of the mouse-infective parasite traverse through 

human epithelial cells or potentially an inability to cross the Kupffer cells.  The relatively 

low cost of hepatoma cell lines and the lower safety requirements of working with 

murine-infective parasites make these in vitro models appealing for large-scale studies 

and are still the gold-standard for high-throughput drug screening [37-43].  Because 

cancer cell lines exhibit abnormalities compared to normal hepatocytes (i.e. not 

polarized), some researchers have preferred working with primary hepatocytes infected 

with murine parasites, which provide greater clinical heterogeneity and more 

representative hepatic functions. However, primary hepatocytes present their own 

challenges as they are difficult to maintain in vitro and are only amenable to 

experiments <48 hours because of their rapid decline in hepatic functions [44].    
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 Significant findings in P. berghei or P. yoelii are typically verified in human-

infective species. Either the HC04 hepatoma cell line is infected with P. falciparum or the 

HepG2 hepatoma cell line is infected with P. vivax [45, 46]. Adding to the complexity of 

Plasmodium biology, the various species of human-infective Plasmodium all require 

different host cell receptors for invasion of the hepatocyte, necessitating the use of 

different cell lines for each species, [33]. This highlights the intriguing fact that certain 

characteristics of Plasmodium biology have greater differences between two human-

infective species of Plasmodium than when one compares a mouse- and a human-

infective species, also supporting the importance of the murine models used in research.  

 Both murine and human models described thus far have their limitations – most 

notably, they are unable to sustain the development of hypnozoites. P. vivax often forms 

hypnozoites that remain dormant in the liver for multiple weeks and in some cases, 

months. Cancer cell lines, such as HC04 and HepG2, cannot be maintained for extended 

periods of time because of their uncontrolled proliferation and monolayers of primary 

hepatocytes quickly lose their hepatic functions. By co-culturing primary hepatocytes 

with non-parenchymal cells, researchers found that hepatocyte cultures can be 

maintained for several weeks while maintaining liver-specific functions [44]. With this 

technology, a “microscale of human liver cells” has been developed that takes into 

account higher-order processes absent in cell lines, such as interactions with neighboring 

cell types, extracellular matrices, and physical forces [47]. In this microscale liver model, 

hepatocytes are seeded in a micropatterned arrangement and surrounded by stromal 
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cells, which recapitulate some of the liver structures and help maintain their phenotypic 

functions for several weeks.  

 More recently, this microscale human liver cell culture was used to demonstrate 

the full development of P. falciparum and P. vivax liver stages [48]. Using cryopreserved 

primary human hepatocytes and cryopreserved P. falciparum, researchers achieved 

higher infection efficiency than with the HC04 cell line infected with freshly harvested P. 

falciparum (HC04 is currently the only hepatoma cell line supporting the full 

development of P. falciparum in vitro) [48]. Most importantly, the micropatterned 

hepatocytes can be maintained for several weeks, allowing for the study of hypnozoite 

biology. The Bhatia group further developed this microscale culture technology by 

demonstrating that tissue engineering of the human liver can also be derived from 

induced pluripotent stem cells (iPSC) [49]. This model has the added advantage of being 

able to model infections originating from the diverse genetic make-up of human 

populations, as they are not limited to hepatocytes sourced from a small pool of donors 

(i.e. patients with liver cancer). Undoubtedly, these newly established models will be 

critical for investigating hypnozoite formation and reactivation in liver cells. In the past 

year, the first data generating experiments using the hypnozoite-supporting models was 

published (reviewed in chapter 2) [50]. These developing models will be essential for 

translating findings for murine-infective parasites to human-infective parasites, but 

currently remain cost-prohibitive for large-scale studies.  
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1.3.2 In vivo models 

 Until recent years, the most common in vivo model for liver stage studies has 

been the use of P. cynomogli, a murine-infective parasite, in mice. However, in recent 

years, in vivo models capable of supporting the development of human-infective 

Plasmodium species have also been developed. While in vitro models are advancing to 

more accurately reconstitute the human liver, they lack key host-parasite characteristics 

such as the interaction of Plasmodium parasites with Kupffer cells and the host immune 

system. One of the greatest advances in liver-stage malaria research has been the 

development of a humanized mouse that can be infected by P. falciparum and P. vivax to 

more accurately recapitulate human infections. The full development of P. falciparum in 

an immunocompromised mouse was first demonstrated in 1992 [51], and later in 

humanized mice in 2006 [52]. Several years later, liver-chimeric mice that were 

immunocompromised and fumarulacettate hydrolase-deficient were engrafted with 

human hepatocytes (FRGhuHep) to generate a humanized mouse with actual human 

liver tissue [53]. This mouse model is T-, B- and NK-cell deficient and is repopulated 

with >90% human hepatocytes. As a proof of concept, it was demonstrated that 

primaquine treatment is able to clear hypnozoites in this model, making it the closest 

model to human infections to date.   

 The FRGhuHep mouse model can facilitate various aspects of malaria research. 

For example, these mice were used to enable Plasmodium genetic crosses that, until now, 

have been extremely difficult to perform [54]. While genetic crosses are powerful tools 
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for understanding drug resistance and host specificity [55, 56], few have been 

successfully performed to date [57]. FRGhuHep mice were also used to show that host-

based prophylaxis is a promising strategy for the treatment of malaria [58]. Because 

human- and rodent-infective Plasmodium parasites have overlapping host hepatocyte 

requirements [59, 60], the FRGhuHep mouse model infected with P. falciparum or P. 

vivax represents the closest model to actual human infections. This will be an immensely 

useful resource in testing various treatments to predict human efficacy and toxicology 

before moving to higher organisms such as monkeys, which will save invaluable time 

and resources in the pursuit of novel antimalarial drugs [61].  

 Newly developed liver stage models are greatly advancing malaria therapeutic 

development, yet some limitations remain. For instance, the microscale human liver 

platform is not yet readily available to the research community and the high cost of 

cryopreserved sporozoites is prohibitive. Cryopreservation itself is extremely inefficient 

with only 5% of sporozoites viable after thawing. Commercially purchased P. falciparum 

sporozoites cost $1,300/vial and contain enough viable sporozoites to infect 3 wells in a 

384-well plate after thawing. Moreover, the humanized chimeric mice are still being 

developed and are currently prohibitively expensive, preventing their use in the wider 

malaria research community. With broader efforts in these systems it is likely that these 

humanized-liver mouse models will soon support cerebral and placental malaria as 

well. Despite these restrictions in use, both in vitro and in vivo models will be essential 



 

14 

for evaluating promising therapeutics and understanding the biology of Plasmodium 

parasites.  

1.4 Manipulation of host cell by Plasmodium parasites  

 By definition, all parasitic organisms rely on their host environment to obtain the 

nutrients and resources required for their survival. Plasmodium parasites have been 

immensely successful in manipulating the host cell through secreted effector proteins 

that are known to remodel the enucleated erythrocytes and likely manipulated host 

cellular processes in hepatocytes as well.  

1.4.1 Hijacking of erythrocytes by the Plasmodium parasite 

 Over the past decade scientists have uncovered a breadth of knowledge on how 

the Plasmodium parasite interacts with the host erythrocyte. Upon invasion, the host cell 

is extensively remodeled by the parasite [62]. One of the most apparent changes is the 

formation of knobs on the surface of the erythrocyte, caused by the remodeling of the 

cytoskeleton, that leads to rigidity of the host cell and contributes to the adhesion of 

erythrocytes to the lining of the blood vessels [63, 64]. Plasmodium achieves this 

remodeling through the export of the parasite effector proteins. One method by which 

the parasite secretes proteins is the Plasmodium translocon of exported proteins (PTEX), a 

complex of five proteins that form pores in both the parasite and parasitophorous 

vacuole membranes [65]. Proteins that contain a conserved 5 residue motif, called the 

Plasmodium export element (PEXEL), make up a large portion of proteins that are 

secreted through PTEX [66, 67]. An astonishing 28% of the P. falciparum putative 
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proteome encode the PEXEL motif; however, the PEXEL motif in itself is not sufficient to 

be trafficked out of the parasite and PVM [68]. The proteins must also have a conserved 

hydrophobicity profile in the PEXEL-flanking regions. Current estimates suggest that 

10% of the proteome is exported from the parasite, roughly 500 proteins [69]. 

 Two of the most studied effector proteins are erythrocyte membrane protein-1 

(EMP1) and knob-associated histidine-rich protein (KAHRP). EMP1 was one of the first 

effector proteins to be identified and is crucial for the pathogenicity of Plasmodium. It 

crosses the PVM and is trafficked to the cell surface where this adhesin interacts with 

receptors on host endothelial cells to mediate the adhesion of erythrocytes [70]. Another 

Plasmodium effector protein, knob-associated histidine-rich protein (KAHRP), facilitates 

the reorganization of the host cytoskeleton to form the knobs that are also essential for 

the cytoadherence [71]. Hundreds of additional effector proteins have been identified in 

the blood stage and are crucial for the proper development of Plasmodium during the 

IDC.  

1.4.2 Host-parasite interactions during Plasmodium liver stage  

 Far fewer host-parasite interactions have been identified during the liver stage of 

the Plasmodium infection, many of them reported in the last two years. The most clearly 

understood of these interactions relate to hepatocyte invasion. Sporozoites can invade 

hepatocytes in several independent manners that are species specific, however the 

parasite CSP and thrombospondin-related adhesive protein (TRAP) are essential for all 

species and are responsible for the gliding motility and initiation of invasion [72-75]. 
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CSP is known to bind to heparan sulfate proteoglycans (HSPGs) of the hepatocyte to 

latch on to the surface of the host prior to invasion [76]. Whether TRAP directly interacts 

with the host has remained unclear for many years, but one recent study identified the 

host integrin, anb3, as the TRAP receptor in P. falciparum infections [77]. Other host 

proteins essential for invasion are the host receptors CD81 and/or SR-BI. The Plasmodium 

P36 protein determines host receptor usage: P. falciparum relies on CD81 for invasion, P. 

vivax invades in an SR-BI-dependent manner, and P. berghei can invade interacting with 

either host protein [78].   Slowly, researchers are piecing together the components of 

how the parasite interacts with the host for successful invasion.  

 Unlike the blood stage, mechanisms of transport for parasite proteins to the host 

cytosol remain unclear. Functional parasite EXP2, the pore-forming component of PTEX, 

is essential for parasite transition to the blood stage, however HSP101, the so-called 

molecular motor of PTEX, is not found during the liver stage [79]. Additionally, this 

study showed that a reporter PEXEL protein expressed in the parasite was efficiently 

exported into the host cytosol during the blood stage but aggregates within the confines 

of the PVM during the liver stage.  These data suggest mechanisms of protein trafficking 

are not conserved across the various Plasmodium life stages.  

 Nevertheless, several exported proteins are found to have conserved functions in 

both the blood and liver stage. A handful of parasite PVM resident proteins have been 

identified and have been classified as early transcribed membrane proteins (ETRAMPS) 

[64]. Exported protein 1 (EXP1) was the first parasite protein to be identified localizing 
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to the PVM (first in the blood stage and only a decade later the liver stage) [80, 81]. 

EXP1, is one of the very few protein-protein interactions identified between the parasite 

and the host within the hepatocyte. EXP1 interacts with host apolipoprotein H (ApoH) 

and is important for the proper development of the parasite [82]. It has been speculated 

that because ApoH has a role in clearing of plasma liposome, that it is utilized by the 

parasite as a means of obtaining lipids and cholesterol, though no direct evidence has 

been shown.  

 The most prominent proteins of the ETRAMP family are the upregulated in 

sporozoite proteins (UIS) 3 and 4 [83]. The genes encoding the proteins are exclusively 

expressed during the liver stage of the Plasmodium life cycle. The liver stage-specific 

UIS3 was first described in 2004 [84], and later found to interact with liver-fatty acid 

binding protein (L-FABP). This was the first host-parasite interaction identified in the 

liver stage and downregulation was shown to reduce parasite load. UIS3 was also 

discovered to directly interact with host LC3 [85]. LC3 is a host autophagy marker that 

had previously been shown to surround the PV of infected hepatocytes [86]. In roughly 

half of infections, LC3 integration into the PV successfully recruits lysosomes that clear 

the EEF. Plasmodium infections that are not successfully cleared by the host cell are able 

to fully mature and eventually lose the LC3 localization around the PV. This and other 

studies have suggested that host autophagy mediated by LC3 is a double-edged sword 

[85-87]. One study showed depletion of LC3 by RNA interference reduced EEF size 
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during the liver stage, supporting the hypothesis that the parasite can manipulate the 

host autophagy pathway to its benefit to scavenge additional nutrients.  

 The proteins described in the previous paragraphs comprise the vast majority of 

host proteins known to interact directly with parasite proteins or that are essential for 

the parasites proper development. However, scientists are certain many interactions are 

yet to be discovered, especially related to the transport of essential host molecules 

including fatty acids [88], glucose [89], and cholesterol [90]. In the following chapters I 

discuss the identification and characterization of novel host responses to Plasmodium 

infection. In particular I discuss aquaporin-3, a host protein that is found to have 

elevated expression upon parasite invasion and which is essential for the proper 

development of Plasmodium during both the liver and blood stages.  
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2. Utilizing transcriptomics to probe host-parasite 
interactions  

Portions of this chapter are based on the research article “Plasmodium exploits host aquaporin-3 
during liver stage malaria infection” published by Posfai et al. in the journal PLOS Pathogens in 
2018. 

2.1 Introduction 

 Plasmodium parasites have repeatedly thwarted human efforts in their 

eradication. Nevertheless, scientists continue to pursue cures for malaria through drug 

screening campaigns and attempts to dissect the intricate biological processes of the 

organism to identify a weakness that can be exploited. The initial sequencing of the 

Plasmodium genome was pivotal in unleashing the genomic resources for studying this 

pathogen [91, 92]. The sequencing revealed approximately 5,000 genes within a 22 Mbp 

genome, setting the foundation for work aimed at revealing how genes are regulated. 

 The Plasmodium parasite has unique morphological and functional characteristic 

during every stage of its life cycle. Understanding the transcriptional profile of the 

parasite throughout the life cycle is one approach that has allowed scientists to better 

understand the unique biological programming of Plasmodium during various stages. In 

particular, transcriptomic analysis during the blood stage has revealed fundamental 

principles in the manner in which gene expression is regulated and identified essential 

gene products. Advances in models recapitulating the various life stages of the parasite, 

along with advances in transcriptomic analysis are now enabling scientists to 

comprehensively probe gene regulation throughout the liver stage.  

   



 

20 

2.1.1 Transcriptional regulation of Plasmodium during the blood stage  

 The first comprehensive transcriptomic studies of the parasite were completed 

on the blood stage because of the greater flexibility presented by IDC models that can be 

maintained in a continuous cyclical culture. One of the most pivotal studies was 

completed by Bozdech et al. in which they utilized microarray analysis to reveal that 

~60% of the genes are transcriptionally active during the IDC and that transcriptional 

regulation is a cascade in which genes are upregulated in a “just-in-time” fashion, many 

unique to the ring, trophozoite, or schizont stages [93]. While several groups had 

analyzed the P. falciparum transcriptome previously [94, 95], they did not have access to 

the fully sequenced Plasmodium genome at the time and did not have hourly resolution 

of the Bozdech study.  This 2003 study illuminated many features of Plasmodium 

transcriptional regulation that were previously unknown, including that chromosomal 

genes are rarely co-regulated in a polycistronic manner (except for those on the plastid 

genome). They also found that genes induced early during the IDC have general 

functions such as protein synthesis, while later during the IDC the upregulated genes 

are more specialized, such as those related to erythrocyte invasion.  

 Since this important work was published, transcriptomic studies of the blood 

stage have also assessed the gene regulation of other human-infective species of 

Plasmodium, such as P. vivax by microarray and RNA-seq [96, 97]. These studies 

highlighted that P. vivax genes generally have a single peak in expression that 

corresponds to a particular developmental stage during the IDC (in greater than 90% of 
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genes), similar to P. falciparum. Additionally, utilization of RNA-seq as opposed to 

microarrays has greatly expanded the gene annotations of the P. vivax genome. In recent 

years, RNA-seq in combination with other sequencing techniques, such as ATAC-seq 

has helped map the regulation of the transcription factors [98].  

 Researchers have also utilized single-cell RNA-seq (scRNA-seq) approaches to 

better understand the heterogeneity of the IDC and identify discrete transcriptional 

signatures that could shed light on mechanisms of sexual determination, parasite 

sequestration, or immune evasion. Poran et al. utilized a high-throughput, low-coverage 

approach to sequence over 18,000 single parasites to determine the gene expression 

profile of cells undergoing sexual commitment to become gametocytes.  Transcriptional 

activation of ap2-g is required for sexual commitment, so researchers utilized AP2-G+ 

and AP2-G- cells and found that cell transcriptomes cluster based on cell progression 

and do not have a characteristic transcriptome that would distinguish those that are 

destined to undergo sexual differentiation compared to those that continue the asexual 

cycle prior to sexual commitment [99]. Reid et al. took a more high-coverage, low-

throughput approach and sequenced over 500 individual parasites at different 

developmental times, as well as from both P. falciparum and P. berghei to optimize 

scRNA-seq specifically for Plasmodium species [100]. This work suggested expression 

throughout the IDC is not as continuous as previous population-level transcriptomic 

studies have shown, and that both P. falciparum and P. berghei exhibit abrupt changes in 

genes expression throughout the cell cycle. Work by Walzer et al. at Duke University 



 

22 

also utilized scRNA-seq to observe this heterogeneity in the IDC population. 

Furthermore, they identify novel gametocyte specific genes that were not detected 

through bulk-cell transcriptomic studies (unpublished work).  

2.1.2 Transcriptional regulation of Plasmodium during the liver stage 

 While constantly evolving, liver stage models have historically presented more 

challenges for researchers, and thus our understanding of the transcriptional expression 

of the parasite during the liver stage is less understood than that of the blood stage of 

infection. The liver stage cannot be kept in continuous culture and thus requires the 

dissection of Anopheles mosquitoes that have been fed on infected blood. Furthermore, 

the presence of abundant host RNA during the liver stage presents difficulties when 

analyzing the parasite transcript levels, especially during the early hours of the 

hepatocyte infection. This challenge is not encountered during the blood stage as mature 

erythrocytes lack nuclei. Additionally, due to low infection rates of hepatocytes in vitro, 

it is necessary to isolate infected hepatocytes from the general population [101].  

 Despite these challenges, several groups have successfully analyzed the 

Plasmodium transcriptome during the mid- and late- liver stage using EST library 

sequencing and microarrays [102, 103]. Sacci et al. utilized laser capture microdissection 

(LCM) to isolate schizonts from the livers of infected BALB/c mice 40 hpi and found 

roughly 600 genes expressed, 25% of those being unique to the liver stage [102]. 

However, using LCM limited the researchers’ ability to analyze anything but mature 

schizonts at 40 hpi, a time at which mouse-infective parasites are nearing merozoites 
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maturity and expressing many of the same genes that are found during the IDC. A later 

study that was able to utilize cell sorting of fluorescent transgenic parasites and 

microarray technology found ~2,000 genes expressed during the liver stage. Of these, 

roughly 400 are expressed during all three time points tested (24, 40 and 50 hpi) and 174 

are unique to the liver when concurrently analyzing proteomic studies [103]. Of note, 

the FASII pathway, responsible for the synthesis of fatty acids in plants, prokaryotes, 

and Archea, was extremely active in the liver stage. The FASII pathway had previously 

been of interest as a drug target as it is unique to the parasite, but later was found to be 

dispensable during the blood stage [104].  Identification within the liver stage led to 

renewed interest as a target. The Plasmodium transcriptome during the early hours of the 

liver stage still remains unresolved and could be important for the identification of 

genes that are essential for the morphological changes of the sporozoite into merozoites 

– an ideal target as it would prevent the progression of the life cycle.   

 The most elusive of all the Plasmodium life stages has been the hypnozoite, a 

dormant form of the parasite that is most notably unique to P. vivax and can remain in 

the liver for weeks or months before reactivating and causing relapse. It was not until 

recent years that scientific breakthroughs allowed researchers to recapitulate 

hypnozoites development in culture [50, 105, 106].  Gural et al. were the first to compare 

the transcriptome of P. vivax hypnozoites and mature schizonts in micropatterned 

primary human hepatocyte co-cultures [50]. As expected, transcription levels were much 

lower in the dormant hypnozoites compared to the actively replicating schizont and 
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genes related to maturity, merozoite invasion, and egress were suppressed in the 

hypnozoite-enriched samples. The authors also suggest PVP01_0916300, a gene 

belonging to the AP2 transcription factor family, as a potential marker for hypnozoites. 

Others have utilized P. cynomogli, a non-human primate form of the parasite to assess 

the transcriptome and found similar results in the overall reduced expression of genes 

[107], while Cubi et al. also found ApiAP2 transcriptional regulators as potential markers 

for the hypnozoite [105], something the scientific community has been searching for for 

many years.  

2.1.3 Transcriptomic understanding of Plasmodium infected hepatocytes 

 While the mapping transcripts to the Plasmodium genome during the liver stage 

has posed challenges due to “background” host RNA, it has also presented an 

opportunity to better understand how the host cell responds to infection. Analyzing the 

hepatocyte can be utilized to identify novel host-pathogen interactions, and it also 

provides an opportunity to develop drugs or vaccines targeting the host. One advantage 

of this approach is that by targeting host factors, the emergence of drug resistance can be 

prevented [108]. To this aim, Albequerque et al. assessed the host transcriptome of 

infected hepatocytes both in vivo and in vitro using microarrays [109]. They found the 

majority of differentially expressed genes are early during infection and are related to 

cytokine activation and inflammation. To expand upon this study and to gain a more 

comprehensive analysis of gene expression of the infected hepatocyte, our group 

utilized RNA-seq to probe the host genome at 8 time points throughout the liver stage 
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infection. We found a similar initial response to a pathogen, but also identified genes 

that could be regulated in a manner that is beneficial to the parasite [110]. Utilizing this 

dataset, we identified aquaporin-3 as a gene that is highly induced upon infection and is 

essential for the proper development of the parasite, highlighting the importance of 

these datasets in uncovering novel host-pathogen interaction. The liver stage 

interactions will be especially important in developing a vaccine, as this stage is 

asymptomatic and represents a bottleneck in the Plasmodium life cycle [22].  

2.2 Results 

Here we sought to fill the knowledge gap related to the global transcriptional state of 

the Plasmodium-infected hepatocyte during the liver stage. We performed RNA-seq on 

human HepG2 and HuH7 hepatocytes infected with GFP-expressing P. berghei. Because 

of the inherently low infection rate of sporozoites in the best in vitro model systems [35], 

we isolated infected cells by fluorescence-activated cell sorting (FACS). Approximately 

3,000 P. berghei infected-cells were sorted for 2—4 biological replicates of each time 

point. HepG2 cells were sorted at 4, 24, and 48 hpi in addition to mock-infected and 

uninfected control. These hepatocytes are extremely adherent and tend to cluster 

together even after trypsinization, often leading to blockage in the flow cytometer. For 

this reason, fewer HepG time points were collected. HuH7 infected cells were collected 

at the following time points: 2, 4, 8 12, 18, 24, and 48 hpi in addition to mock-infected 

and uninfected controls. Infecting with the contents of the mosquito salivary glands, it is 

inevitable that some bacteria and viruses are collected with the sporozoites and are 
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present during hepatocyte infection. In an attempt to minimize these confounding 

effects, salivary glands were dissected into media containing antimycotic-antibiotics.  As 

an added control, the contents of male mosquito salivary glands were used to mock-

infect hepatocytes. Male mosquitoes do not feed on blood and as a result they do not 

carry the Plasmodium parasite. In preliminary studies we saw a high positive correlation 

between datasets normalized to uninfected and mock-infected samples (Pearson 

correlation coefficient, r = 0.80). For this reason, and because it was not possible to collect 

mock-infected cells for each biological time course replicate, the data reported is 

normalized to uninfected samples.  

2.2.1 Reads successfully mapped to both H. sapiens and P. berghei genomes  

In total, we performed RNA sequencing on 40 samples. Samples sequenced on 

the Illumina HiSeq4000 had a sequencing depth of 60 million reads on average (46-86 

million reads) and an average quality score of 37 (QC30% = 88%). We observed a steady 

decrease in the proportion of reads mapping to the H. sapiens transcriptome as a function 

of time after infection in both HuH7 and HepG2 cells (Figure 3, Figure 4A and B). This 

decrease was expected due to the rising parasite occupancy of the host cell as the 

parasite develops. Reads that did not map to the human genome largely mapped to P. 

berghei (Figure 3).  
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Figure 3. Mapping summary for individual samples. 
(A) Percentage of reads mapping to H. sapiens and P. berghei genomes in HepG2 
infected hepatocytes and (B) HuH7 infected hepatocytes (prior to trimming and quality 
controls). 
 

For this particular analysis, HuH7 time points were clustered into early (2-12 

hpi), mid (18-24 hpi), and late (36-48 hpi) time points. Upon quality control and 

trimming, uninfected and early time points had >90% of reads mapping to the H. sapiens 

genome. At the mid time points HepG2 and HuH7 had 78 and 93% of reads on average 

mapping to H. sapiens genome, respectively (Figure 4A and B).  At the late time points 

HepG2 and HuH7 had 31 and 57% reads mapping to H. sapiens on average. P berghei 

mapping reads were inversely correlated with H. sapiens. It is not clear whether HepG2 

had more reads mapping to P. berghei at mid and late times points because of any 

biological characteristics or whether it was introduced because of experimental 

variability on days samples were sorted.  Principal component analysis (PCA) of host 
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gene expression data showed HepG2 and HuH7 clustered discreetly, accounting for 

roughly 90% of variability (Figure 4C). This suggests differences in the basal 

transcriptional profiles of the two hepatoma cell lines.  Such discreet clustering of 

particular time points was not observed when cell lines were analyzed independently, 

but samples did loosely group together (Figure 4D and E). Interestingly, the late time 

points tended to cluster with the uninfected controls.  

 

Figure 4. RNA-seq summary data for early, mid, and late grouped time points. 
(A) Percentage of RNA-seq reads mapping to Homo sapiens genome for HepG2 and (B) 
HuH7 P. berghei-infected samples. Averages of all early, mid, and late samples (C) PCA 
of HuH7 and HepG2 Homo sapiens mapping samples. The two cell lines cluster discreetly 
and account for 91% of variation between samples. (D, E) When HepG2 and HuH7 cell 
lines are analyzed by PCA separately, early, mid and late time points loosely cluster 
together.  
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2.2.2 Host hepatocyte genes differentially expressed early during P. berghei 
infection  

To understand dynamics of the host transcriptome upon P. berghei infection we 

performed a differential gene expression analysis for the infected hepatocytes collected 

at early, mid, and late time points. HepG2 and HuH7 had 168 and 180 genes 

significantly differentially expressed, respectively (adjusted p < 0.05). The 15 genes with 

the highest induction of gene expression for HepG2 are listed in Table 1. These genes 

have unique implications for Plasmodium development within the hepatocyte and below 

I will highlight just a few.  

Table 1. Most highly induced gene expression in P. berghei-infected HepG2 cells 

Gene Log2 fold change p value adjusted p 
MMP3 4.70 1.07E-14 1.76E-10 
TAF7L 3.99 3.44E-13 7.74E-9 
uncharacterized protein 3.47 1.87E-11 2.10E-7 
HRC 3.45 1.61E-07 6.03E-4 
ANT4 3.23 7.29E-08 3.28E-4 
PLA2G2A 3.19 7.39E-06 0.009 
TAS2R20 2.67 5.34E-05 0.036 
PIK3R3 2.59 1.13E-05 0.017 
CA9 2.53 5.17E-05 0.041 
LAS1L 2.52 1.94E-09 1.09E-5 
INHA 2.50 9.35E-07 0.002 
TAF7L 2.49 1.70E-06 0.002 
S100A2 2.49 6.45E-10 2.63E-6 
AQP3 2.42 1.90E-11 1.55E-7 
TFPI2 2.33 9.00E-07 0.001 

 

Matrix metallopeptidase 3 (MMP3), was found to be the most significantly 

upregulate of host genes with a 22-fold increase in gene expression upon P. berghei 

infection compared to uninfected control. The MMP family of proteins are involved in 
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wound healing and tissue remodeling [111]. Their upregulation is likely a response to 

the invading parasite but could also be selectively induced by P. berghei to alter the 

hepatocyte cytoskeleton in a manner similar to P. falciparum-infected erythrocytes. 

Interestingly, the uncharacterized protein (C14orf37), which was the third must highly 

differentially expressed gene, is located upstream of mTORC2 and is likewise a 

regulator of the cytoskeleton.  

The membrane-associated phospholipase A2 (PLA2G21) is involved in the 

regulation of phospholipid metabolism. Enzymes of the phospholipase A2 family 

release fatty acids from the second carbon group of  glycerol from phospholipids [112], 

which could have implications on host nutrient acquisition by the parasite. Lastly, the 

glycerol and water channel AQP3 was of great interest to is with regards to transport of 

nutrients across the PVM. The role of AQP3 in Plasmodium infection will be discussed in 

detail in the following chapter.  

Hierarchical clustering of differentially expressed genes (DEGs) throughout P. 

berghei infection show distinct transcriptional profiles, especially when comparing early-

mid time points to late and uninfected controls (Figure 5). The majority DEGs were 

found to be associated with the early and mid-time points, similar to previous reports 

[108]. Genes involved in cell cycle (ARG1), immune processes (CXCL family, including 

IL8), and apoptosis (PHLDA1) were found to be up-regulated.  

.   
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Figure 5. Hierarchical clustering of statistically differentially expressed genes.  
Samples are grouped by early (2-12 hpi), mid (18-24), and late (36-48) time points. Late-
infected hepatocytes have some unique transcriptional signatures, but largely cluster 
with control samples.  

 
Several studies have shown that successful infection by Plasmodium renders the 

host cell resilient to apoptosis [114, 115]. For this reason, it was interesting to find two 

anti-apoptotic highly upregulated among the DEGs, PHLDA1 and SLC25A31. Evidence 

has supported both pro- and anti-apoptotic roles for PHLDA1; meanwhile SLC25A31 
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has been reported to be highly expressed in cells exhibiting anti-apoptotic characteristics 

[116]. These will be interesting candidate for future studies seeking to understand the 

manipulation of the host apoptotic pathway by the parasite 

We next performed a gene set enrichment analysis (GSEA) [117] to identify a 

priori biological gene sets that are overrepresented at the extremes of differential 

expression among P. berghei infected cells at various stages of infection (Figure 6). This 

method considers the entire distribution of genes within a gene set along the differential 

expression spectrum, not just the statistically significant DEGs, and provides an 

enrichment score. The most significantly enriched gene sets included up-regulation of 

chemokine receptor binding pathways, apoptosis, and cell cycle processes, while the 

down-regulated pathways included cholesterol biosynthesis, respiratory electron 

transport, and organelle biogenesis and maintenance (Figure 6).  
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Figure 6. Gene set enrichment analysis of HuH7 transcriptome. 
Gene set enrichment was completed for the early, mid, and late time points of P. berghei 
infected hepatocytes. HepG2 analysis showed similar results in pathways that were 
enriched among the up- and down-regulated. All pathways shown are significantly 
differentially expressed (adjusted p <  0.05). 
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Figure 7 takes a closer examination of four gene sets that were found to be 

significantly overrepresented at the extremes: organelle biogenesis and maintenance, 

chemokine receptors, glucose metabolism, and vesicle-mediated transport. For all of the 

plots, the x-axis represents the ranked list of all genes from the most highly differentially 

expressed to the lowest. The lines represent all of the genes within the gene set and 

where they fall along the ranked distribution and the green line provides a visualization 

of how the genes within the gene set are distributed.  It is important to note that GSEA 

does not distinguish whether a particular gene within the gene set activates or 

suppresses a pathway when the gene is upregulated, yet it is a powerful tool for 

transcriptome systems level analysis.  
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Figure 7. Enriched gene sets at early, mid and late time points upon P. berghei 
infection. 
(A) Host organelle biogenesis and maintenance is enriched the downregulated genes at 
early time points (adjusted p = 0.003). (B) Chemokine receptor genes are enriched among 
upregulated genes at both early and mid time points (adjusted p = 0.021 and 0.013). (C 
and D) Glucose metabolism (adjusted p = 0.04) and vesicle-mediated transport (adjusted 
p =0.044) gene sets are enriched among upregulated transcripts at late time points of 
infection.  Black lines denote individual genes within the gene set and where they lie on 
the ranked list of genes. Green line indicates distribution of genes within the ranked list.  
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2.2.3 Parasite transcriptome of P. berghei–infected hepatocytes. 

 We were also interested in analyzing the parasite transcriptome throughout the 

course of the liver stage infection. All samples mapping >1 million reads to the P. berghei 

genome were used for a preliminary analysis. Principle component analysis (PCA) of the 

P. berghei mapped reads was plotted to visualize variability of the samples. The PCA did 

not show any clustering of samples based on host cell line (HuH7 or HepG2), indicating 

parasite development in the two cell lines does not differ at the transcriptional level, as 

would be expected.  

 
 
Figure 8. PCA of all samples with P. berghei mapping reads. 
Samples from each individual sequencing batch are circled. Dotted line indicates 
sporozoite samples within that sequencing run.  
 
 However, samples did cluster based on sequencing run. Preliminary studies in 

HepG2 cells were completed in 2015. Of these samples three had low cluster formation 

and were re-run. Though these samples were sequenced from the same sequencing 
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library prep as the other 2015 samples, they still grouped separate, indicating a batch 

effect that needs to be accounted for in the analysis.   

2.3 Discussion 

 Elucidating the complex interplay between the Plasmodium parasite and its 

obligatory host liver cell is critical for understanding how a single sporozoite transforms 

into thousands of merozoites. In an attempt to gain a greater understanding of these 

events we evaluated the dynamic shifts in gene expression of P. berghei infection during 

the liver stage by RNA-seq. We set out to analyze both host and parasite transcriptomes, 

but our initial transcriptomic analysis focused on changes to the host hepatocyte 

expression. Previous work shows that the intrahepatic environment is crucial for the 

proper development of the parasite, but how the host cell responds to infection in a 

manner that can be exploited by the parasite remains unclear. In particular, we were 

interested to see if any host pathways are regulated in a manner that would be beneficial 

for the survival of the parasite.  

 In this chapter I report transcriptomic findings from two hepatoma cell lines 

infected with P. berghei, HepG2 and HuH7.  Principle component analysis indicated that 

91% of the variation observed within the 40 samples could be attributed to the varying 

cell type, indicating that the basal transcriptional states of these two cell lines are very 

different. Because of this, we did not see a high concordance between significant DEGs, 

but did observe generally the same gene sets enriched in both cell lines. This highlights 
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the need for work to be validated in multiple cell lines, and preferably multiple 

Plasmodium species.  

 In agreement with a past microarray study that reported changes to host 

hepatocyte transcriptome expression in response to P. berghei infection [109], we find 

that early time points (2-12 hours) after P. berghei infection accounted for the majority of 

differentially expressed genes in both HepG2 and HuH7 hepatocytes. Among the DEGs, 

the host exhibited multiple immune regulators as would be expected early in parasite 

infection. Many of the upregulated immune genes belonged to the CXCL family of 

proteins. Malaria patients exhibit extreme elevations of neutrophils, both in the 

circulating blood and in the liver sinusoid [113].  IL8 is considered the major activator of 

neutrophils; therefore, it was not surprising to find IL8 as one of the most highly 

induced genes of the CXCL protein family. In general, the activation of genes related to 

an immune response was expected early in P. berghei infection; however, it is remarkable 

to note that most of these genes are no longer upregulated later during infection. This 

suggests the invading parasite is able to mitigate the host immune response through 

unknown mechanisms.  

 Several studies have shown that apoptosis is inhibited when the Plasmodium 

parasite successfully monopolizes the hepatocyte to complete EEF maturation [115, 118]. 

For this reason, it was interesting to find PHLDA1 and SLC25A31, two anti-apoptotic 

regulators, among the upregulated DEGs. Other genes of interest among the significant 

DEGs included the phospholipase A2 Group IIA (PLA2G2A) protein. This enzyme is 
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known to catalyze the hydrolysis of phosphoglycerides, releasing free fatty acids and 

phospholipids. It could represent a pathway by which host resources are broken down 

to be trafficked to the developing parasite.  

 Gene set enrichment analysis also provided meaningful insights about general 

trends in gene expression of P. berghei-infected hepatocytes compared to uninfected 

cells. Similar to studies that have shown an increase in cell metabolism during the blood 

stage [119, 120], we find that genes involved in the “fatty acid, triacylglycerol, and 

ketone body metabolism” gene set are enriched among upregulated transcripts upon P. 

berghei infection. The activation of this metabolic pathway during the late stage could 

suggest a breakdown of stored nutrients within the host liver cell that can then be co-

opted by the developing parasite. Glucose metabolism is yet another metabolic gene set 

that is enriched among upregulated genes, demonstrating an overall increase in 

metabolic processes during the mid-late stages of liver infection. Somewhat surprisingly, 

cholesterol biosynthesis genes are downregulated at early and mid-time points after 

infection. This is an interesting observation as it has been shown that Plasmodium relies 

on cholesterol acquisition from the host hepatocyte [121]. However, because GSEA does 

not indicate whether genes are acting in manner that would promote or inhibit a 

particular pathway, further investigation of the genes involved in the cholesterol 

biosynthesis pathway is required. 

 GSEA results were largely in accordance with the what scientists know about 

host cell response to Plasmodium infection. For example, an overrepresentation of 
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downregulating genes related to organelle biosynthesis and maintenance was observed, 

as would be expected from a cell that is fighting off an infection and activating 

autophagy pathways. While many of the GSEA results were in accordance with 

previous literature, some of the most interesting findings will come from mechanistic 

studies showing how individual genes are regulating the host response and interacting 

with the parasite.  

 From our initial evaluation of the host transcriptome upon P. berghei infection, 

we focused on host factors with the highest induction in gene expression. In particular, 

we took a special interest in host aquaporin-3. This will be described in detail in Chapter 

3. Future work will aim validate other significant DEGs by qRT-PCR and characterize 

their role in Plasmodium infection. Together our dataset of two hepatocyte cell lines, 

HepG2 and HuH7, is a rich resource for identifying future areas of functional research in 

host-pathogen interactions during the liver stage of malaria.  

 Some of the most impactful findings from this work will come from the analysis 

of the P. berghei transcriptome during the early hours of infection. It has the potential to 

reveal genes that are essential for the morphogenesis of the sporozoite into the blood-

infective merozoite. Targeting such genes could be the key to novel therapies. The liver 

stage represents one of the two greatest bottlenecks of the Plasmodium life cycle, along 

with the mosquito oocyst stage. At any given time, there are no more than a handful of 

productive infections within the liver, allowing for easier clearance. In comparison, the 

blood stage circulates 1011 asexual merozoites [122].  
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2.4 Materials and Methods 

2.4.1 Cell culture, growth conditions and infection of hepatocytes. 

 HepG2 were purchased from ATCC and HuH7 cells were a kind gift from Dr. Peter 

Sorger (Harvard Medical School). Hepatocytes used for P. berghei infections were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) with L-glutamine (Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (v/v) (Sigma-

Aldrich) and 1% antibiotic-antimycotic (Thermo Fisher Scientific) in a standard tissue 

culture incubator (37 °C, 5% CO2).  

2.4.2 Cell sorting. 

 HuH7 and HepG2 cells were seeded 12-24 hours prior to infection in 25 cm2 

flasks in a manner that cells would be 60% confluent at the time of infection. Flasks were 

infected with 8 x 105 GFP-expressing P. berghei parasites freshly harvested from infected 

Anopheles purchased from NYU Langone Medical Center Insectary Core Facility. Prior to 

sorting cells were trypsinized and filtered through 35 µm nylon mesh. SYTOX blue 

(ThermoFisher Scientific) was added to samples 5 minutes prior to sorting as a live/dead 

indicator. Gating strategy was determined using uninfected control samples and 

infected hepatocytes were sorted on the FACSAriaII (BD Biosciences) at the Duke 

Human Vaccine Institute flow cytometry core facility. Cells were sorted into lysis buffer 

(19 µl 0.2% Triton X-10/PBS, 1 µl recombinant RNAse inhibitor) and immediately frozen 

in liquid nitrogen.  
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2.4.3 RNA isolation and library preparation.  

RNA was extracted using SMART-seq v4 Ultra Low Input RNA Kit for 

Sequencing (Clonetech) and libraries were prepared at the Duke Next Generation 

Sequencing Core Facility and sequenced on the Illumina HiSeq 4000 as 50 base pair 

single-end reads.  

2.4.4 RNA-seq analysis.  

FASTQ files comprising reads from RNA-seq were tested for quality using FastQC 

v.0.11.5 [123]. Adaptor sequences and low quality reads were trimmed using 

Trimmomatic v.0.36 [124]. Alignment was performed using the STAR v.2.5.1a aligner 

[125] to map reads to the reference Homo sapiens GRCh37.82 genome or the Plasmodium 

berghei PlasmoDB-35_PbergheiANKA genome. PCR duplicates were marked using Picard 

v.2.8.2 (http://broadinstitute.github.io/picard/). The final output was a matrix of read 

counts per transcript. DESeq2 [126] was used to normalize the read count matrix, and to 

perform differential analysis. Gene set enrichment analysis was performed using GSEA 

[117, 127]. All statistical analyses and plots were generated using R v3.4.3.   
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3. Characterizing aquaporin-3 during liver stage 
Plasmodium infection 

This research chapter is adapted from the article “Plasmodium exploits host aquaporin-3 during 
liver stage malaria infection” published by Dora Posfai et al. in the journal PLOS Pathogens in 
2018.  

3.1 Introduction 

 Plasmodium species have evolved into immensely successful parasites capable of 

infecting a wide range of vertebrates including birds, reptiles, and mammals. The 

parasite owes this success to its ability to manipulate its host and scavenged resources 

from its environment. The liver stage of the Plasmodium life cycle is the quintessential 

example as the parasite experiences its largest expansion during this time – from a single 

sporozoite into tens of thousands of merozoites. This is one of the fastest replication 

rates among eukaryotic species, and during this time the EEF grows to a size larger than 

the original host cell [128]. While it is known that the Plasmodium parasite requires 

certain host factors and metabolites, how it is transported across the PVM remains 

unclear. Chapter 3 focuses on the host factor, aquaporin-3 (AQP3), that was identified as 

highly upregulated by RNA-seq of P. berghei-infected hepatocytes. Here we demonstrate 

AQP3 is essential for the proper development of the Plasmodium parasite.   

3.1.1 Plasmodium parasite manipulates host hepatocyte.    

 Upon invasion, the parasite manipulates the host cell in order to thrive in the 

hepatic environment. The first change to the invaded hepatic cell is the engulfment of 

the parasite by the host cell membrane, forming the parasitophorous vacuole membrane 
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(PVM) [17, 129]. This is the interface between the parasite and the host cytosol. The PVM 

is then decorated with various secreted parasite proteins, including EXP1 and UIS4, 

while many host proteins are purged from the membrane [130]. The PVM allows some 

parasites to evade clearance by the host immune response, but is also central for nutrient 

acquisition and waste disposal for the growing EEF [129].  

 Though the Plasmodium parasite is metabolically active during the liver stage of 

infection, it has been shown to scavenge and rely on numerous host molecules including 

fatty acids [88], glucose [89], cholesterol [90], phosphatidylcholine [131], and lipoic acid 

[132, 133]. To obtain those nutrients, they must pass through both the PVM and the 

parasite membrane. A “molecular sieve” has been described in the Plasmodium PVM that 

allows for solutes up to 855 Da to pass through the membrane and could allow for these 

nutrients to pass through the PVM; however, the mechanisms by which this transfer 

happens remain unclear [134]. The plasmodial surface anion channel (PSAC) has been 

shown to mediate erythrocyte cell permeability during the blood stage and could be the 

method by which essential host nutrients are able to permeate the PVM [135].  Evidence 

of the anion channel during the liver stage has not been identified and as demonstrated 

by PTEX, erythrocyte membrane trafficking mechanisms are not necessarily conserved 

between the blood and liver stages [136].  

3.1.2 Role of aquaporins in Plasmodium infections  

Aquaporins (AQPs) are a family of highly conserved membrane proteins that 

transport water and other small solutes across membranes [137]. They are highly 
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conserved and have been found across all three kingdoms of life. Humans encode 13 

AQP isoforms that belong to one of two groups: orthodox aquaporins that strictly 

transport water, and aquaglyceroporins that are capable of transporting small solutes, 

such as glycerol, in addition to water molecules across membranes (Figure 9) [138, 139]. 

Aquaporins are generally found as homotetramers, each monomer consisting of six 

membrane-spanning alpha-helices [140]. Two main constriction sites exist within the 

channel: two conserved Asn-Pro-Ala motifs (NPA) at the center of the channel and the 

aromatic/arginine constriction site near the entrance of the pore [141-143]. These 

constriction sites determine the permeability of the aquaporins.  

Most of the research surrounding aquaporins and malaria infections has focused on 

the single aquaporin encoded in the Plasmodium genome. The P. falciparum 

aquaglyceroporin, PfAQP, localizes to the parasite cell membrane where it is thought to 

be critical for glycerol transportation [144]. The role of host aquaporins during 

Plasmodium infection is understood to a lesser extent, but have been implicated in blood 

stage infections [145] where one report demonstrated that AQP3 localizes to the 

parasitophorous vacuole of P. falciparum infected red blood cells [146].  
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Figure 9. Phylogeny of aquaporins discussed in this chapter. 
Phylogeny of all human aquaporins, P. falciparum aquaporin (PfAQP), P. berghei 
aquaporin (PbAQP),  T. gondii aquaporin (TgAQP), and E. coli glycerol uptake facilitator 
protein (GLPF). Aquaporins in blue font are considered aquaglyceroporins. Aquaporins 
highlighted in a grey box are H. sapiens aquaporins.  

 

In this chapter I discuss our findings that show host AQP3 expression is induced in 

human hepatocytes in response to P. berghei infection at times that implicate a role in the 

rapid expansion and replication of the parasite. Subsequent molecular studies revealed 

that this host protein is actively trafficked to the PVM after successful invasion. Genetic 

disruption or depletion of AQP3 leads to a significant decrease in P. berghei liver stage 

parasite load. Furthermore, treatment with auphen, a known AQP3 inhibitor, reduces P. 
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berghei parasite load in hepatocytes as well as P. falciparum parasite load in erythrocytes, 

suggesting the host protein has an essential role during various parasite life stages. 

Importantly, deletion of AQP3 in mice is non-lethal [147], suggesting the host protein 

has potential as a possible therapeutic target. To test this possibility, we used auphen to 

treat mice and observed that this inhibition significantly reduced P. berghei parasite 

burden. Lastly, we show induction of AQP3 gene expression and protein localization is 

conserved in Toxoplasma gondii-infected cells, suggesting a broader role for this protein 

in Apicoplexans. C. trachomatis, a bacterial pathogen possessing a similar pathogen-

containing vacuole, does not demonstrate any AQP3 localization to the inclusions. This 

work enhances our current understanding of host liver processes influenced by 

Plasmodium infection and highlights the potential of targeting these processes for future 

drug and vaccine development against malaria.  

3.2 Results 

3.2.1 Aquaporin-3 expression is upregulated in P. berghei-infected hepatocytes 

RNA-seq analysis shows that AQP3 is one of the most highly differentially 

expressed genes in HepG2 cells infected with P. berghei. AQP3 is a member of the 

aquaporin family, comprised of integral membrane proteins that transport water, and in 

some cases other small solutes, across plasma membranes[139, 148]. Human AQP3, 

which is widely expressed in the kidney, skin, and erythrocytes [149-152], can transport 

both water and glycerol. The human genome encodes thirteen AQP isoforms, and based 

on the literature, AQP3, AQP6, AQP7, AQP8, AQP9, and AQP11 are expressed in 
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uninfected HepG2 cells [153].  Upon infection, AQP3 is highly induced and shows the 

most significant overexpression among the aquaporins in response to P. berghei infection 

and is the only isoform to be significantly differentially expressed (p = 1.55 x 10-7) (Figure 

10A).  We further confirmed the induction of AQP3 expression in P. berghei-infected 

hepatocytes by qRT-PCR in both HepG2 and HuH7 infected cells (Figure 10B). At 48 hpi, 

HepG2 cells exhibited a 15-fold increase in AQP3 mRNA expression (p = 0.001, two-

tailed Student’s t-test; n = 3) and HuH7 cells, an alternate human hepatoma cell line, had 

a 4-fold increase in AQP3 expression compared to uninfected HuH7 cells (p = 0.0075, 

two-tailed Student’s t-test; n=4).  

 

 

Figure 10: AQP3 differentially expressed during the liver stage of P. berghei infection.  
(A) Differential gene expression of all human aquaporin isoforms in HepG2 hepatocytes 
post P. berghei infection compared to uninfected cells (n = 2-4 biological replicates). 
AQP3 is the only aquaporin to be significantly differentially expressed (p = 1.55 x 10-7). 
(B) qRT-PCR quantification of AQP3 mRNA expression at 48 hpi in both HuH7 and 
HepG2 cells. P. berghei infected HuH7 cells had a 4.1-fold increase in AQP3 mRNA 
transcripts compared to uninfected HuH7 cells (**p=0.0075, unpaired Student’s t-test; 
n=3) and HepG2 infected cells had a 15.3-fold increase in AQP3 mRNA transcripts 
compared to uninfected HepG2 cells (**p = 0.001, unpaired Student’s t-test; n = 3). Error 
bars represent SEM. 



 

49 

 AQP3 is a membrane protein that generally localizes to the plasma membrane in 

human cells where it facilitates the transport of water and glycerol [137]. However, upon 

hepatocyte infection by Plasmodium a second membrane is formed, the PVM, which is 

derived from the host cell plasma membrane. Findings of human AQP3 localization to 

the PVM in P. falciparum-infected erythrocytes [146], led us to hypothesize that host 

AQP3  localizes to the PVM of Plasmodium infected hepatocytes. We used 

immunofluorescence (IF) microscopy with antibodies targeting human AQP3 and 

monitored the intracellular localization of the protein throughout infection to test if 

AQP3 localizes to the PVM during the liver stage. Visualization of AQP3 in P. berghei-

infected hepatocytes demonstrated that the protein localizes at the PVM of both HepG2 

and HuH7 cell lines (Figure 11). In this in vitro infection model system, protein 

quantification by Western blot analysis is difficult due to the limited number of 

Plasmodium-infected cells that can be feasibly collected; however, antibody staining in 

Figure 11 shows protein levels are elevated in P. berghei infected hepatocytes when 

compared to uninfected cells. 
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Figure 11. AQP3 protein is abundant in P. berghei-infected cells and localizes to PVM. 
Fluorescent microscopy showing hepatocyte nuclear staining (white), parasite nuclear 
staining (blue), and human AQP3 (red). AQP3 protein is abundant in infected 
hepatocytes (outlined in yellow for one of the infected cells) compared to uninfected 
hepatocytes. Scale bars represent 10 µM. 
 
 We utilized confocal microscopy to show colocalization of AQP3 with UIS4, a 

parasite protein that is known to be integrated into the PVM (Figure 12A) [154]. A 

Pearson colocalization coefficient of 0.56 ± 0.014 (mean ±SD) was calculated from z-

stacked images of three individual cells with staining for AQP3 and UIS4. We also show 

that AQP3 localizes to the PV of P. berghei infected HuH7 cells as early as 28 hpi, after 

the parasite initiates nuclear division (Figure 12B). Some infected cells showed partial 

localization of AQP3 to the host cell membrane at 28 hpi, but localization thereafter is 

restricted to the PVM. Taken together, this analysis indicates that human AQP3 protein 

levels in hepatocytes increase in response to P. berghei infection. This is in agreement 
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with the observed increase in transcription levels, and that AQP3 is actively trafficked to 

the PVM rather than being incorporated from the host cell membrane during parasite 

penetration of the host cell.    
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Figure 12: AQP3 co-localizes with PbUIS4 and is recruited to the PVM in a manner 
corresponding to transcriptomic data. 
(A) Representative confocal image of a HepG2 cell infected with P. berghei and stained 
for UIS4 (green), HsAQP3 (red), and DAPI (blue) at 48 hpi. Images represent 0.8 µm 
sections, scale bar = 10 µm. Pearson colocalization coefficient of 0.556 ± 0.014 (mean ± 
SD) calculated from the z-stacked images of three individual cells stained for Hs AQP3 
and UIS4. (B) Widefield fluorescent microscopy of HuH7 cells infected with GFP-
expressing P. berghei (green) and fixed at various times post infection. Cells were stained 
for HsAQP3 (red) and DAPI (blue). Earliest localization of AQP3 to the PVM was 
detected at 28 hpi. After 32 hpi all EEFs have AQP3 staining.  Scale bar, 10 µm. 
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3.2.2 Host aquaporin-3 is essential for proper Plasmodium development 

To address whether host AQP3 expression in P. berghei infected cells is necessary for 

the parasite to undergo morphological changes and replication within the PV, AQP3 

mRNA was depleted and mutant AQP3 cell lines were generated. First, AQP3 mRNA 

expression was depleted by pooling two small interfering RNAs (siRNAs) targeting 

AQP3. Scavenger receptor type B class I (SR-BI) siRNA depletion was used as a positive 

control as it is one of the few host genes that is known to be important for parasite 

development [42]. Efficiency of siRNA knockdown was evaluated 48 hours after siRNA 

transfection and measuring mRNA expression of targeted genes by qRT-PCR. In parallel 

experiments, the impact of gene silencing on parasite load and cell viability was 

assessed in hepatocytes 48 hours after P. berghei infection. Parasite load after infection 

was quantified using a luciferase reporter constitutively expressed in P. berghei ANKA 

parasites [155]. Upon AQP3 siRNA reverse transfection of HuH7 cells, a 90% reduction 

in AQP3 transcripts resulted in a 60% reduction in parasite load (P<0.0001, two-tailed 

Student’s t-test; n=3 independent experiments) (Figure 13A and B). Reverse transfection 

of hepatocytes did not lead to any changes in cell viability 48 hpi (Figure 13B). The 

depletion of SR-BI transcripts by 86% led to a 69% reduction in parasite load (p < 0.0001, 

two-tailed Student’s t-test; n = 3 independent experiments), similar to what was 

observed in AQP3 depleted cells.  
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Figure 13: Depletion of aquaglyceroporins reduces parasite load in P. berghei-infected 
HuH7 cells. 
(A) Relative mRNA expression of cells targeted by pooled AQP3 or SR-BI siRNAs at 50 
nM. Reverse transfection of HuH7 cells by two siRNAs targeting AQP3 led to a 90% 
decrease in AQP3 mRNA transcripts (p = 0.005, unpaired Student’s t-test; n=3 
independent experiments), similar to the 86% efficiency in depletion of SR-BI, the 
positive control (p = 0.0186, unpaired Student’s t-test; n=3 independent experiments). 
Genes were normalized to Hs18S RNA expression and compared to cells treated with 
non-targeting scrambled siRNAs. (B) siRNA depletion of AQP3 and SR-BI mRNA 
decreased parasite load by 60% and 68%, respectively as measured by luminescence 48 
hpi (p < 0.0001, One-way ANOVA, Dunnett’s multiple comparison test; n=3 independent 
experiments). Cell viability was not significantly affected (green dots). (C) siRNA 
depletion of all aquaporins expressed in hepatocytes, normalized to cells treated with 
non-targeting scramble siRNA. Bars represent the parasite load of cells treated with 
control siRNAs (dark grey), siRNAs targeting aquaglyceroporins (blue), and siRNAs 
targeting orthodox aquaporins (light grey) (One-way ANOVA, Dunnett’s multiple test 
comparison; n= 3-4 independent experiments). Green dots represent cell viability of 
these cells 48 hpi. Black dots represent the percent reduction in mRNA for the targeted 
genes as quantified by qRT-PCR of transfected cells at 48 hours post transfections from 
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one biological replicate. mRNA depletion of all aquaglyceroporins led to a significant 
reduction in P. berghei parasite load. A single siRNA targeting AQP11, an orthodox 
aquaporin, reduced the parasite load significantly. *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
 
 To further assess the impact of aquaporins on liver stage Plasmodium parasite 

development, all human aquaporin isoforms present in hepatocytes [153] were targeted 

by RNA interference. Each gene was targeted by four individual siRNAs (Table 4). 

Efficiency of siRNA knockdowns, parasite load, and cell viability were assessed as 

described above (Table 2, Figure 13C). Figure 13C shows data for the two siRNAs for 

each gene that correspond to the greatest mRNA transcript depletion. AQP3, AQP7 and 

AQP9, all aquaglyceroporins, were the only genes where multiple siRNAs were 

identified that reduced gene expression and decreased parasite load in liver cells.  AQP3 

mRNA depletion had the greatest influence on parasite load with an average of 69% 

reduction (Figure 13C). AQP7 and AQP9 depletion also significantly reduced parasite 

load, resulting in a 65% and 63% reduction on average, respectively. One siRNA 

targeting the orthodox aquaporin, AQP11 (AQP11-1), reduced parasite load by 52% (p = 

0.0343, One-way ANOVA, Dunnett’s multiple comparison test). Of the four siRNAs that 

all reduced AQP11 transcripts (>85%), only AQP11-1 significantly altering parasite load, 

possibly due to off-target effects. Importantly, liver cell viability was not altered upon 

siRNA transfection of the selected aquaglyceroporins, indicating that parasite load 

reduction was not a byproduct of hepatocyte toxicity (Table 2) (p > 0.5, One-way 

ANOVA, Dunnett’s multiple comparison test; n = 3). 



 

56 

 
Table 2: Parasite load, cell viability, and relative mRNA expression of targeted genes 
in HuH7 cells treated with individual siRNAs and infected with P. berghei. 

 Parasite Load (%) Cell Viability (%) Relative mRNA 

 n = 3-4 n = 3-4 n = 1 
Qiagen 
siRNA (Mean ± SEM) 

Summa
ry 

p 
value (Mean ± SEM) 

Summa
ry 

p 
value % 

scramble 100 ± 0.00   
  

100 ± 0.00   
  

100 
SR-BI-3 †  8.59 ± 3.00   **** 0.0001 111.9 ± 9.75 ns  ns 0.999 3.45 
SR-BI-4 †  22.52 ± 6.48  **** 0.0001 110.52 ± 10.68  ns 0.9991 3.08 
AQP3-2 †  24.03 ± 6.046     *** 0.0002 84.60 ± 5.31    ns 0.9946 5.69 
AQP3-3 †  37.37 ± 3.84 ** 0.0046 95.72 ± 11.72 ns 0.9997 6.65 
AQP3-5  38.93 ± 3.11 ** 0.0063 85.64 ± 20.15 ns 0.9988 14.06 
AQP3-7  61.88 ± 5.17 ns 0.273 66.10 ± 4.11  ns 0.5947 10.37 
AQP4-3  44.41 ± 2.30  * 0.0187 82.35 ± 4.34 ns 0.994 22.38 
AQP4-4 †  138.13 ± 12.14 ns 0.2728  82.69 ± 13.95 ns 0.9942 4.92 
AQP4-5 †  90.12 ± 11.91 ns 0.9991 123.51 ± 11.97  ns 0.9565 8.48 
AQP4-6  102.48 ± 14.97 ns 0.9998 126.62 ± 28.24  ns 0.8832 9.31 
AQP6-2 †  97.91 ± 26.41 ns 0.9999 73.72 ± 2.51 ns 0.8239 6.47 
AQP6-5  40.80 ± 4.44 ** 0.0093 100.85 ± 18.58 ns 0.9999 29.12 
AQP6-6  44.50 ± 18.51 * 0.019  92.75 ± 8.81 ns 0.9994 - 
AQP6-7 †  165.32 ± 28.59 ** 0.0026 86.02 ± 15.78 ns 0.9987 16.9 
AQP7-3  44.94 ± 5.52 ** 0.004 81.33 ± 9.53 ns 0.9863 80.94 
AQP7-4 †  34.14 ± 4.71 *** 0.0002 91.65 ± 18.34  ns 0.9993 13.63 
AQP7-5 †   36.47 ±7.15 ** 0.0038  83.31 ± 7.50  ns 0.9938 31.1 
AQP7-6  37.26 ± 5.84 ** 0.0045 87.63 ± 25.6  ns 0.999 34.27 
AQP8-1  152.87 ± 25.29 * 0.0306 100.23 ± 7.82 ns 0.9999 731.07 
AQP8-2 †  100.28 ± 4.578 ns 0.9999 95.20 ± 8.30 ns 0.9996 10.05 
 AQP8-5 †  86.24 ± 26.82 ns 0.9987 91.08 ± 11.15 ns 0.9993 28.22 
 AQP8-6  77.03 ± 8.49 ns 0.9159    84.61 ± 12.71  ns 0.9946 84.38 
AQP9-1 57.36 ± 10.25 ns 0.0594 83.82 ± 10.36 ns 0.9941 32.76 
 AQP9-2 † 42.78 ± 13.07 ** 0.0024  77.38 ± 10.05 ns 0.9394 18.24 
 AQP9-4 † 30.81 ± 4.83 **** 0.0001  73.84 ± 8.31 ns 0.8285 7.03 
 AQP9-5   96.40 ± 15.27 ns 0.9997  90.01 ± 7.93  ns 0.9992 23.73 
AQP11-4 † 47.59 ± 8.50 * 0.0332 113.19 ± 17.88 ns 0.9988 4.22 
AQP11-5 †   99.43 ± 17.82 ns 0.9999 132.52 ± 15.78 ns 0.543 7.8 
AQP11-6 89.00 ± 5.98 ns 0.999 78.44 ± 9.11 ns 0.9603 10.26 
AQP11-7   80.63 ± 5.57 ns 0.9833 81.26 ± 5.85 ns 0.9861 14.21 
 
†Data for siRNA shown in Figure 13.  
Alternating highlight distinguishes siRNAs targeting same mRNA 
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To validate the role of AQP3 on parasite load by an alternate means, the AQP3 gene 

was genetically mutated in HuH7 cells using CRISPR/Cas9 [156]. Multiple guide RNAs 

(gRNAs) were used for the generation of AQP3 mutant cell lines, targeting either exon 1 

or 2 of the AQP3 gene. After single cell sorting, PCR amplification of the AQP3 gene in 

clonal populations was used to screen for mutations in the genomic DNA of the cells. 

Four confirmed AQP3 mutant cell lines (AQP3mut1-4) were used for further analysis. All 

four AQP3mut cell lines had confirmed mutations in the AQP3 gene and reduced P. 

berghei parasite load by approximately 80% compared to wildtype HuH7 cells at 48 hpi 

(Figure 14A). Two gRNAs targeting exon 2 of the gene were used to generate AQP3mut1 

and resulted in a 39 bp deletion (Figure 14C). Because the mutation did not result in a 

frame-shift, mRNA was still transcribed, but protein was not detected by IF staining 

(Figure 14B), likely due to the inability of the protein to fold properly. Protein structure 

modeling of AQP3mut1 (SWISS-MODEL) suggests that the 39 bp deletion results in a 

nonfunctional channel that would be incapable of transporting small molecules (Figure 

14D). The remaining mutants had frame shifts and did not have detectable mRNA 

transcripts and protein expression (Figure 14A and B). All of the mutants had a 

consistent phenotype with parasite load dropping 70-82%, compared to wild-type HuH7 

cells (p < 0.001, One-way ANOVA, Dunnett’s multiple comparison test; n = 3 

independent experiments) (Figure 14A). While genetic disruption of AQP3 significantly 

decreased parasite load in the mutant hepatocytes, it did not influence hepatocyte 

viability or cell growth (Figure 14E).  
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Figure 14: Reduced P. berghei parasite load in AQP3mut cells. 
(A)  Parasite load of four AQP3 mutant cell lines compared to wildtype HuH7 cells and 
the corresponding full-length AQP3 transcript PCR amplification. Parasite load was 
reduced by 70-82 % in mutants (mean ± SEM; n=3 independent experiments) (One-way 
ANOVA, Dunnett’s multiple comparison test, ****p < 0.0001). All mutants, with the 
exception of AQP3mut1 lacked host AQP3 mRNA. AQP3mut1 produced a truncated AQP3 
transcript. (B) Representative immunostaining images indicating AQP3 is not present in 
AQP3mut1 or AQP3mut2 cell lines 48 hpi.  (C) Sequencing results of AQP3 genomic DNA in 
wildtype HuH7 and AQP3mut1, showing a 39 bp deletion. (D) Swiss-modeling of 
AQP3mut1 with 39 bp deletion. (E) Cell growth and cell viability is not altered in AQP3mut1 

cells compared to WT (p = 0.94, unpaired Student’s t-test; n=3). Error bars represent SEM. 
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3.2.3 Known AQP3 inhibitor, auphen, hinders parasite development at 
multiple stages of Plasmodium life cycle. 

 To determine if AQP3 is necessary for water permeability or glycerol transport we 

employed the gold-based compound [AuCl2(phen)]Cl (auphen) (Figure 15A). Auphen 

selectively and irreversibly inhibits glycerol transport [157], but only minimally affects 

water permeability of AQP3 at concentrations above 100 µM and does not affect urea 

permeability [157, 158]. This functional selectivity is thought to be a result of the 

interaction between Au(III) and a conserved cysteine residue at the selectivity filter of 

AQP3 that is not present in orthodox aquaporins that only transport water [158]. 

Auphen was synthesized and treatment of P. berghei-infected hepatocytes at 0 hpi 

resulted in an EC50 = 0.77 ± 0.08 µM and EC50 = 0.67 ± 0.18 µM, for HuH7 and HepG2, 

respectively (Figure 15B and C), (mean ± SEM; n = 3 independent experiments). We 

hypothesize that auphen inhibits parasite load during the liver stage by inhibiting the 

glycerol permeability of AQP3, restricting the parasite of resources such as glycerol. 

Most parasite functions that depend on glycerol, such as membrane and organelle 

synthesis, occur after 24 hpi. To determine whether P. berghei parasite load can be 

inhibited to a similar extent when only treating during the latter half of the liver stage, 

hepatocytes were treated with auphen at 24 hpi, when parasites transition from 

morphogenesis to replication. Auphen treatment at 24 hpi yielded nearly identical EC50 

values in both HepG2 and HuH7 cells when compared to cells treated at 0 hpi. 

Importantly, hepatocyte cell viability was not affected by auphen treatment up to 20 µM 

(Figure 15A and B) (HuH7: p = 0.165, One-Way ANOVA; n = 3 independent 
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experiments). Because of the abundance of AQP3 in erythrocytes [151], we also tested 

auphen inhibition of P. falciparum Dd2-infected erythrocytes. Auphen treatment resulted 

in inhibition of P. falciparum with an EC50 of 0.81 ± 0.10 µM (mean ± SEM; n=2) (Figure 

15C), indicating that auphen is an effective inhibitor of multiple species and stages of the 

Plasmodium life cycle. The inhibition of glycerol permeability in human red blood cells 

was reported as IC50 0.8 ± 0.08 µM when cells were challenged with hypertonic glycerol 

solution[157].  

 

 

 
Figure 15:  The gold-based small-molecule, auphen inhibits Plasmodium parasite 
development during liver and blood stages.  
(A) Parasite load of HuH7 cells infected with P. berghei and treated with auphen at time 
of infection (black circles) or 24 hours later (blue triangles). Treatment at t = 0 exhibited an 
EC50 = 0.77 ± 0.08 µM (mean ± SEM; n = 3 independent experiments) and t = 24 had an 
EC50 = 0.78 µM (mean ± SD, n = 1 independent experiment). Cell viability was not 
significantly affected (red circles). Cell viability data shown for treatment at t = 0 (mean ± 
SEM; n = 3 independent experiments). (B) Parasite load of HepG2 cells treated with 
auphen. EC50 = 0.62 ± 0.09 µM when treated at t=0 and EC50 = 0.62 ± 0.12 µM when 
treated at t=24. (C) Parasite load of P. falciparum Dd2 infected erythrocytes treated with 
auphen at the time of infection, EC50 = 0.81 ± 0.10 µM (mean ± SEM; n=2 independent 
experiments). All experiments normalized to DMSO treatment, parasite load measured 
at 48 hpi.  
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 The effects of auphen during the early stage of liver infection were tested to 

determine when auphen treatment results in inhibitory effects. HuH7 cells were treated 

with auphen (0.05 – 20 µM) immediately before infection and parasite load was 

quantified before the parasites begin to replicate at 11 hpi, immediately after nuclear 

division commences 24 hpi, and at full parasite maturation 44 hpi (Figure 16A). Parasite 

load was not found to be significantly inhibited when assessed at 11 hpi (One-Way 

ANOVA, Tukey’s post hoc analysis, p > 0.05) even with 20 µM auphen treatment – the 

highest concentration tested. This observation indicates that auphen does not have 

inhibitory effects on invasion or during the early stages of liver stage development. A 24 

hpi there is significant inhibitory effects only at the highest concentration tested. 

Between the 11 and 24 hours, the parasite is growing in size and some parasites will 

have undergone 1-2 nuclear replications and auphen could be inhibiting this growth. 

When parasites were incubated with auphen until maturity (44 hpi), complete inhibition 

of parasite load could be observed in a dose-dependent manner. These data indicate 

auphen has inhibitory effects primarily during the later stages of Plasmodium liver 

infection when the parasite is undergoing nuclear replication and massive growth.  
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Figure 16. Auphen exhibits inhibitory effects during later developmental stages of P. 
berghei infection.  
(A) HuH7 cells infected with P. berghei and treated with auphen in a dose-dependent 
manner at time of infection. Parasite load measured by luminescence at 11 (light blue), 24 
(dark blue) and 44 (black) hpi is plotted as log(relative luminescent units). Parasite load is 
normalized to cells infected with P. berghei and treated with DMSO. No inhibition of 
parasite is seen when measured at 11 hpi and only at the highest concentrations of 
auphen is there some inhibition in parasite load when measured 24 hpi. Three 
independent experiments were completed and showing data from a representative 
biological replicate. Error bars represent SD.  (B) Parasite load of hepatocytes pre-treated 
with auphen for 30 min. with auphen in a dose-dependent manner (light blue) and cells 
treated with auphen immediately after infection (black). Auphen pretreated cells were 
washed with fresh media before P. berghei infection. No significant inhibition of parasite 
load was observed (n = 1, 3 technical replicates). Error bars represent SD. 
 

 Additionally, the effect pre-treating hepatocytes with auphen prior to infection was 

evaluated. Cells were incubated for 30 minutes with auphen and subsequently washed 

with media to remove unbound auphen. As expected, pre-treatment of hepatocytes did 

not lead to any significant inhibition of P. berghei parasite load compared to cells that 

were treated with auphen from 0-48 hpi (Figure 16B). Auphen is an irreversible inhibitor 

but because AQP3 is not expressed until after infection we did not expect to see any 

Plasmodium inhibitory effects. Taken together, these time course studies indicate auphen 

acts between 12 and 48 hpi to inhibit Plasmodium.  
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3.2.4 Genetic mutation or chemical inhibition of AQP3 leads to arrested 
parasite development in liver and blood stages  

 Exo-erythrocytic forms (EEFs), the liver infections, after genetic disruption of AQP3 

in hepatocytes were analyzed microscopically for possible defects in development. EEF 

size calculations were compeleted by widefield fluorescent microscopy of HuH7 

infected cells. The size of the EEFs in wildtype HuH7 cells and AQP3mut1 cells were 

measured at 24, 36, and 48 hpi. Significant changes in size were not detected at 24 hpi 

with both cell lines having roughly 40 µm2 EEFs on average (Figure 17A) (p = 0.81, 

unpaired Student’s t-test; n > 70). However, by 36 hpi EEFs in wild-type HuH7 cells 

were 2.9x larger than in AQP3mut1 cells with EEFs averaging 112 and 40 µm2, respectively 

(p < 0.0001, unpaired Student’s t-test; n > 85). At 48 hpi EEFs in wild-type HuH7 cells 

were 123 µm2 while EEFs in AQP3mut1 were 48 µm2 (p < 0.0001, unpaired Student’s t-test; 

n > 100). Interestingly, EEFs in AQP3mut1 cells had no significant increase in size between 

24 and 36 hpi and only had an 18% increase in size between 24 and 48 hpi. For 

comparison, EEFs in wildtype HuH7 had a 218% increase in size between 24 and 48 hpi. 

Thus, parasite growth is stunted during the late liver stage development of P. berghei. 

While the size of EEFs was significantly reduced in AQP3mut1 cells, the infection rate, 

measured by EEFs/well, was not altered (p = 0.165, two-tailed Student’s t-test) (Figure 

17B). Three independent experiments were performed, and representative data is shown 

from a single experiment due to variability in infectivity of sporozoites across batches. 

Significant changes were not observed in any experiments. 
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Figure 17. EEF phenotype altered in AQP3mut cells and wildtype cells treated with 
auphen. 
(A) Size of EEFs in HuH7 wildtype cells (grey) and AQP3mut1 cells (blue) at 24, 36, and 48 
hpi. The size of the EEFs was not significantly different at 24 hpi but was 65% and 64 % 
smaller at 36 and 48 hpi, respectively, in AQP3mut1 compared to wildtype cells (unaired 
Student’s t-test; n > 100). (B) Number of EEFs was not significantly different in AQP3mut1 

cells compared to wildtype (p = 0.165, unpaired Student’s t-test; n=5). (C) Size of EEFs in 
HuH7 cells infected with P. berghei and treated with DMSO compared to HuH7 cells 
treated with 1.2 µM auphen. HuH7 cells treated with 1.2 µM auphen developed EEFs 
56% smaller than DMSO treated cells (p <0.0001, unpaired Student’s t-test). (D) Number 
of EEFs was not significantly altered upon treatment with 1.2 µM auphen (p = 0.198, 
unpaired Student’s t-test; n = 9). (E) Parasite load of HuH7 cells infected with P. berghei 
sporozoites that had been pre-incubated with DMSO, or various concentrations of 
auphen for 30 minutes prior to infection. Auphen treatment of sporozoites did not 
significantly reduce parasite load when measured 48 hpi (p = 0.9257, One-way ANOVA, 
Dunnett’s multiple comparison test; n = 2-3 independent experiments) while cells treated 
with auphen at the time of infection had significant reduction in parasite load (p < 
0.0001, One-way ANOVA, Dunnett’s multiple comparison test; n = 2-3 independent 
experiments). ***p < 0.001 and ****p < 0.0001. 
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 We also assessed in greater detail how parasite load is reduced upon auphen 

treatment. Similar to AQP3mut cells, auphen significantly reduced the size of EEFs in 

hepatocytes compared to control DMSO-treated hepatocytes (Figure 17C). HuH7 cells 

treated with 1.2 µM auphen developed EEFs 56% smaller than DMSO-treated cells (p < 

0.0001, unpaired Student’s t-test; n > 100). Furthermore, the number of EEFs in cells 

treated with 1.2 µM auphen was not significantly different from that of wildtype cells 

(Figure 17D) (p = 0.198, two-tailed Student’s t-test; n = 9). This supports the hypothesis 

that auphen blocks glycerol permeability of AQP3 and is necessary for parasite growth 

rather than invasion. Additionally, to probe whether auphen acts on the host AQP3 

and/or the parasite aquaporin, we pre-treated sporozoites with auphen prior to 

infection. Freshly dissected sporozoites were incubated with various concentrations of 

auphen or DMSO for 30 minutes. After the incubation, the sporozoites were pelleted and 

resuspended in media before being used to infect HuH7 cells. Treatment of sporozoites 

with 2-10 µM auphen did not significantly reduce parasite load in HuH7 cells when 

assessed at 48 hpi (p = 0.926, One-Way ANOVA; n = 2-3) while treating cells with the 

corresponding concentration of auphen immediately after infection reduced parasite 

load by 83.9-99.5% (p < 0.0001, One-Way ANOVA; n = 2-3) (Figure 17E). As AQP3 is an 

irreversible inhibitor [157], these data suggest that auphen does not act on any 

sporozoite proteins. Future analysis of PbAQP will be important to determine if the 

Plasmodium aquaporin is upregulated after sporozoite morphogenesis and whether 

auphen could exhibit inhibitory effects on parasite load by targeting PbAQP.  
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 The effects of auphen on blood-stage Plasmodium parasites was also further 

evaluated. Immunofluorescent staining of AQP3 in P. falciparum-infected erythrocytes 

was completed to validate the localization of the protein to the PVM as previously 

described [146]. We found that AQP3 localizes to the erythrocyte membrane of 

uninfected cells, but is translocated to the PVM of P. falciparum-infected cells after 

infection (Figure 18A). Infected erythrocytes were also visualized after treatment with 2 

µM auphen or DMSO for 40 hours (Figure 18B). Treatment began during the early 

schizont stage to assess the ability of the parasites to complete maturation and invade 

new erythrocytes. Across three independent experiments, parasitemia significantly 

decreased by 75 ± 12% with 2 µM auphen treatment compared to DMSO treated P. 

falciparum-infected erythrocytes (p = 0.0257, unpaired Student’s t-test) (Figure 18C). 

Erythrocyte toxicity was not microscopically observed in response to auphen treatment. 

For one biological replicate of P. falciparum auphen treatment, the parasite stages were 

scored to assess their development in the newly invaded erythrocytes (Figure 18D). 

Interestingly, the parasites that were able to infect erythrocytes after auphen treatment 

exhibited a developmental delay compared to the DMSO control as indicated by an 

increase in ring stage parasites and a decrease in trophozoites.  
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Figure 18. AQP3 localizes to PVM of infected erythrocytes and is necessary for proper 
development. 
(A) Human AQP3 (red) and nuclei (blue) staining of P. falciparum-infected erythrocytes. 
AQP3 localizes to the PV of infected erythrocyte (yellow arrowhead). (B) Schematic of 
auphen treatment during P. falciparum blood stage. Infected erythrocyte culture received 
treatment starting during the schizont stage and continued for 40 hours at which time 
untreated cultures should be in the trophozoite stage. (C) Percent parasitemia of P. 
falciparum-infected erythrocyte culture when treated with 2µM auphen and normalized 
to DMSO control. Auphen reduced parasitemia by 75% (*p = 0.0257, unpaired Student’s 
t-test; n = 3 independent experiments). (D) Development scoring of P. falciparum-infected 
erythrocytes in auphen and DMSO control samples (n = 1 independent experiment).  
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3.2.5 Auphen effectively clears parasites in vivo 

 To further probe the biological signficance of host AQP3 in Plasmodium infection, we 

tested the efficacy of auphen in vivo (Figure 19A). Swiss mice were treated with vehicle 

as a negative control, primaquine (30 mg/kg) as a positive control for liver stage parasite 

inhibition, and auphen (22 mg/kg). Mice were treated 24 hours before P. berghei infection 

via mosquito bites, at the time of infection, and 24 hpi. Parasites expressed a luminescent 

reporter to facilitate detection. Five days post infection the mice were imaged to assess 

parasite load during the early blood stage. A significant reduction in parasite load was 

observed when mice were treated with auphen or primaquine compared to vehicle 

treated mice (Figure 19B and C). Unfortunately, difficulty detecting luminescence at the 

end of the liver stage at 48-65 hpi did not lead to reliable results.    
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Figure 19. Auphen clears parasite load in vivo 
(A) Treatment plan for P. berghei-infected mice. Mice were administered controls or 
auphen by IP the day before, the day of, and the day after infection. Mice were imaged 5 
dpi (B) Detection of luciferase-expressing P. berghei in mice receiving vehicle control, 
auphen, or primaquine treatment. (C) Quantification of luciferase in P. berghei-infected 
mice treated with vehicle control, auphen, or primaquine.  

 

3.2.6 AQP3 recruitment to infectious agents with pathogen-containing 
vacuoles. 

 Both Toxoplasma and Plasmodium belong to the Apicoplexa genus and they share 

many similar characteristics, including the PVM. To assess if AQP3 recruitment to the 

PVM is conserved in other apicomplexans, GFP-expressing T. gondii-infected Vero cells 

were analyzed by microscopy. Infected samples were fixed and stained with anti-

HsAQP3 antibodies. AQP3 localized to the PV of T. gondii infected cells but had distinct 

differences from P. berghei infected hepatocytes. During the early stages of T. gondii 
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infection (24 hpi) AQP3 appears to localize to the PVM; however, by 48 hpi the protein is 

dispersed throughout the PV (Figure 20A). Of note, an increase in AQP3 staining was 

observed in the cytoplasm of many T. gondii-infected cells at 48 hpi. Upon investigation 

of human AQP3 expression in T. gondii-infected cultures by qRT-PCR, we found that 

infected cultures had a 1.7 ± 0.25-fold increase in AQP3 expression (p = 0.045, unpaired 

Student’s t-test; n = 3 independent experiments) (Figure 20B). Because this was a mixture 

of infected and uninfected cells (MOI = 0.25), the true increase in AQP3 expression is 

likely higher.   
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Figure 20. AQP3 localizes to the PV of T. gondii-infected cells and parasite 
development is delayed by auphen treatment. 
(A) Representative confocal images of Vero cells infected with GFP-expressing T. gondii 
(green) and stained for AQP3 (red), and DAPI (blue). Images show localization to the 
PVM and throughout the PV at 24 and 48 hpi, respectively. (B) qRT-PCR quantification 
of human AQP3 mRNA expression at 48 hpi in T. gondii-infected Vero culture (MOI = 
0.25). Infected culture exhibited a 1.7-fold increase in AQP3 expression (p = 0.045, 
unpaired Student’s t-test; n = 2 independent experiments). (C) Size of developing T. 
gondii cysts decreased in a dose dependent manor with an EC50 = 1.84 ± 0.14 µM upon 
auphen treatment of 0.1-20 µM (mean ± SEM; n=2 independent experiments). 
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 Recruitment of AQP3 to the PV led us to hypothesize that treatment of T. gondii 

infected Vero cells with auphen would reduce parasite load. Vero cells in 384-well plates 

were infected with T. gondii and treated with 0.1 – µM 20 auphen for 48 hours to assess 

the effects on parasite development. Upon auphen treatment T. gondii cyst sizes were 

reduced in a dose dependent manor with an EC50 = 1.84 ± 0.14 (mean ± SEM; n = 2 

independent experiments) (Figure 20C). Image acquisition and size quantification was 

automated using the Cellomics Arrayscan high-content imaging. By 48 hpi, some DMSO 

treated T. gondii cells began to burst from cysts and invade new cells. In comparison, 

cells treated with 10 µM auphen were unable to divide asexually. Similar to P. berghei-

infected hepatocytes, auphen treatment did not affect invasion of host cells, but rather 

inhibited development.  

 A diverse number of pathogens utilize a vacuole membrane in order to create a niche 

in which they can replicate while evading the host immune response. Chlamydia, an 

obligate intracellular bacterium, shares several characteristics with Plasmodium, 

including a PVM that is formed from the host cell membrane. C. trachomatis effector 

proteins are secreted and remodel the PVM, similar to Plasmodium species [159]. To 

determine whether the role of AQP3 is conserved across both eukaryotic and 

prokaryotic pathogens that have a PVM, we analyzed infected HeLa cells with C. 

trachomatis and stained for human AQP3 (Figure 21).  
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Figure 21. AQP3 does not localize to C. trachomatis-infected cells. 
 (A) HeLa cells infected with GFP-expressing C. trachomatis (green), stained for AQP3 
(red) and DAPI (blue). Top panel, arrowheads indicate the edge of three inclusions to 
highlight the lack of AQP3 localization to the pathogen-containing vacuole. Bottom panel, 
outline indicates inclusions, showing cells with abundant and sparse AQP3 both become 
infected with C. trachomatis. (B) Relative mRNA expression of AQP3 in uninfected and C. 
trachomatis-infected Vero cells (n = 1 independent experiment).  
 
 We observed heterogeneity of AQP3 levels in the HeLa cells, however the 

protein did not localize to the Chlamydia inclusions (Figure 21A). Inclusions were 

observed in cells with both high and low levels of AQP3, indicating that Chlamydia does 

not preferentially select cells with high levels of AQP3 and the presence of AQP3 does 

not enhance the growth of Chlamydia (Figure 21). Expression levels of AQP3 in 

Chlamydia-infected HeLa cells quantified by qRT-PCR compared to uninfected control 

did increase AQP3 expression (n = 1 independent experiment). These data suggest AQP3 

may have a conserved role in Apicoplexan infections but is not conserved across all 

PVM-forming pathogens. 
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3.3 Discussion 

 The Plasmodium parasite relies on the manipulation of the intrahepatic environment 

for its rapid expansion during the liver stage. The work in this chapter characterizes the 

role of AQP3, a novel host factor that is required for the proper development of liver and 

blood stage Plasmodium infections. Our findings highlight the potential for uncovering 

host-parasite interactions that can be exploited for the development of malaria 

prophylactic treatment.  

3.3.1 Host AQP3 expression and trafficking is altered upon Plasmodium 
infection. 

 RNA-seq analysis and subsequent confirmation through qRT-PCR showed that host 

AQP3 expression is induced in response to P. berghei infection of hepatocytes. 

Aquaporins are a family of water channel proteins that are found in most living 

organisms and are essential for the rapid movement of water to maintain cellular 

homeostasis [160]. AQP3 is an aquaglyceroporin, a unique aquaporin subtype that is 

highly permeable to both glycerol and water [161], though is not generally expressed in 

hepatocytes (proteinatlas.org). Due to the selective induction of AQP3 expression in 

response to Plasmodium infection, but not the differential regulation of other aquaporin 

proteins, we predicted a critical role for AQP3 during the parasite’s liver stage as a 

nutrient source for the developing parasite. Using immunofluorescent microscopy, we 

show that host AQP3 protein is more abundant in Plasmodium infected hepatocytes 

compared to uninfected cells and that the protein localizes to the PVM. The PVM, which 

is derived from the host cell membrane, is known to be modified by the loss of host 
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proteins and the integration of secreted parasite proteins [108, 129, 162, 163]; however, 

few host proteins are known to be trafficked to the PVM after Plasmodium infection of 

hepatocytes. Host autophagy markers, such as LC3, have been shown to surround the 

PV of infected hepatocytes where they can be integrated into the PVM as a pathogen 

clearance mechanism. In roughly half of infections, LC3 integration into the PV 

successfully recruits lysosomes that clear the parasitic infection [86]. Plasmodium 

infections that are not successfully cleared by the host cell are able to fully mature and 

eventually lose the LC3 localization around the PV. Unlike the recruitment of LC3 and 

other autophagy markers to the PVM, here we demonstrate the incorporation of host 

AQP3 into the PVM in a manner that is beneficial for the growth and development of the 

intrahepatic parasite. 

3.3.2. Disruption of host AQP3 transcripts arrests Plasmodium development 
during the liver stage 

 The importance of AQP3 for intrahepatic Plasmodium development is demonstrated 

by the significant decrease in P. berghei parasite load upon AQP3 gene depletion (4 

targeting siRNA) and genetic disruption (4 unique AQP3 mutant cell lines). Gene 

depletion of all aquaporins expressed in hepatocytes indicate that AQP7 and AQP9 also 

contribute to Plasmodium development, although to a lesser extent than AQP3. AQP7 

and AQP9 are both typically expressed in hepatocytes but did not show elevated 

expression upon parasite infection. Both of these host proteins are classified as 

aquaglyceroporin which suggests a potential role of glycerol or small solute transport 

across the PVM as important for parasite development. The redundant function of AQP7 
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and AQP9 may be responsible for the 20% parasite load observed in the AQP3mut 

hepatocytes, where EEFs were significantly reduced in size. Taken together with our 

data that show AQP3 localizes to the PVM, we hypothesize AQP3 expression is co-opted 

by the Plasmodium parasite and trafficked to the PV transport of nutrients across the 

membrane. 

 The Plasmodium parasite is able to synthesize some nutrients de novo through the 

FASII pathway, a fatty acid synthesis pathway that is distinct from mammalian 

biosynthetic pathways [164]. The FASII pathway has been found to be especially 

important during the liver stage of the Plasmodium life cycle [165]. Interestingly, several 

components of this pathway require glycerol precursors that are abundant in the hepatic 

environment. The fatty acid products of the FASII pathway are then incorporated into 

essential lipids, such as glycerophospholipids and acylglycerols [104, 166]. The parasite 

also supplements its own nutrient synthesis by scavenging lipids and fatty acids from 

the host environment for the rapid assembly of membranes and organelles  [167-169]. 

These scavenged lipids from the host cell require glycerol as the backbone for 

incorporation into the expanding phospholipid membrane of the parasite and it is not a 

reach to imagine the parasite taps into the host glycerol pools to obtain this resource as 

well. Thus, host glycerol could play a crucial role in both the de novo synthesis of fatty 

acids as well as the synthesis of plasma membranes from host-scavenged fatty acids.  

We propose host AQP3 as the mechanism by which some nutrients are trafficked to the 

parasite within the PVM. 
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 This is not the first body of work to implicate aquaglyceroporins in Plasmodium 

infection. The identification of the single aquaporin encoded in the Plasmodium genome, 

[144], was considered an Achilles heel and potential target for drug development. 

PfAQP has been shown to localize to the parasite plasma membrane where it transports 

glycerol to the parasite [145]. Deletion of the parasite AQP significantly reduces the 

parasite growth rate but does not affect viability [145]. However, with the localization of 

the parasite AQP to the parasite membrane it remains unclear how host glycerol pools 

could be accessed by the parasite as they would need to first pass through the PVM. Our 

data suggest that human AQP3 is recruited to the PVM in hepatocytes to facilitate liver 

stage infection. We predict that AQP3 is important for the delivery of nutrients, possibly 

glycerol, through the PV, which enables the parasite AQP to then transport the nutrients 

into the parasitic cytoplasm to facilitate rapid growth.  

 The requirement of AQP3 for nutrient acquisition is particularly intriguing in light of 

a previous study that suggested the PVM is a molecular sieve for small molecule 

movement across the erythrocyte membrane [170]. Using dyes of varying sizes, the 

selectivity filter of the PVM was proposed to be linked to molecular weight, where small 

molecules like glycerol are predicted to diffuse freely. However, it is important to note 

that a mechanism by which permeability is achieved has not been described in the liver. 

In erythrocytes the plasmodial surface anion channel (PSAC) has been shown to 

partially regulate plasma cell permeability but it has not been identified in the liver stage 

[135].  The PTEX complex is also known to membrane trafficking parasite effector 
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proteins across the PVM in erythrocytes, however this function is not conserved in the 

liver stage [136].  Our observations suggest a more complex filtering of solutes occurs, 

which would enable greater control of the chemical components within the PVM.  

3.3.3. Chemical inhibition of AQP3 by auphen impedes IDC parasite 
development 

 Depletion of AQP3 transcripts or genetic disruption of the gene in hepatocytes did 

not influence liver cell viability, which was expected as the protein is not generally 

expressed in hepatocytes and AQP3 knockout in mice has been previously shown to be 

non-lethal [147]. These observations suggest that a therapeutic window for host AQP3 

inhibition may be found that reduces parasite load without inhibiting the host cell 

functions. To this end, we identified the AQP3 inhibitor, auphen [157]. Auphen is a 

gold-based compound that inhibits glycerol transport of human AQP3, but only 

minimally effects water permeability at high concentrations (>100 µM). Even then, urea 

permeability is not affected [158]. The compound was first described as an inhibitor of 

AQP3 but has since been shown to inhibit AQP7 glycerol transport as well [171]. 

Importantly, it does not inhibit other orthodox aquaporins, such as AQP1 [157].  

 Auphen treatment during the liver (P. berghei) and asexual blood stages (P. 

falciparum) of the parasite’s life cycle reduces parasite load. The efficacy of auphen in 

inhibiting parasite growth in both hepatocytes and erythrocytes is nearly identical to 

EC50 reported for glycerol permeability inhibition in red blood cells [157]. This provided 

further evidence that may suggest glycerol is a key factor in parasite development. 

Significantly, auphen also exhibits the ability to reduce Plasmodium parasite load in mice; 
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an important factor for drug development. When mice were fed on by Plasmodium 

infected-mosquitoes, auphen reduced blood stage parasite burden 5 days post infection. 

Though auphen is not a favorable drug lead for further development, the identification 

of auphen supports future investigations of novel host-targeting drugs.  

3.3.4. AQP3 has a conserved role in Apicoplexan infections 

 Plasmodium belongs to the Apicoplexa phylum of parasitic alveolates, a diverse 

group of over 5,000 species that cause a great burden of disease in humans, cattle, and 

many other organisms [172]. Most genus belonging to the Apicoplexan phylum, 

including Plasmodium and Toxoplasma, contain a unique, relict organelle called the 

apicoplast, a non-photosynthetic plastid organelle that gives Apicoplexa unique plant-

like characteristics. Apicoplexa are thought to have evolved roughly 600-800 million 

years ago through secondary endosymbiosis, a process in which a eukaryote engulfed 

and retained another eukaryote that had, through primary endosymbiosis, engulfed an 

algal prokaryote [173].  

 Though Toxoplasma generally does not cause disease in humans, only in pregnant 

women and immunocompromised individuals, it does infect 30-50% of the human 

population [174].  Because of its prevalence and because it is more experimentally 

tractable than Plasmodium, it has been extensively studied. Toxoplasma and Plasmodium 

have many conserved characteristics, allowing for discoveries to be translatable between 

organisms. One characteristic these organisms share is the presence of a PVM.  For this 

reason, we were interested in probing human AQP3 localization T. gondii infection.  
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Beyond Plasmodium, we show that human AQP3 is also recruited to the related 

apicoplexan parasite, T gondii. Upon further investigation of AQP3 in this parasitic 

infection, we found that T. gondii infection leads to a significant increase in human AQP3 

expression in vitro. In vivo studies have also shown similar findings. Transcriptomic 

studies of mice indicate there is a 17-fold increase in  host AQP3 mRNA expression in 

chronically infected brain cells of BALB/C mice infected with the ME49 strain of T. gondii 

[175]. These observations of AQP3 localization to the PVM of two Plasmodium species 

along with T. gondii suggest a possibility of human aquaglyceroporins necessary and 

conserved role in the development of these obligate intracellular parasites. 

 

 In this work, we have uncovered a strategy by which Plasmodium may secure small 

molecules in hepatocytes while protected from the host immune response within the PV. 

Our studies suggest the parasites have a route to induce ectopic expression of host 

AQP3, which is incorporated in to the PVM to ensure nutrient acquisition. Further 

studies investigating metabolism within the PV will be critical for testing if AQP3 is 

importing glycerol as a nutrient source for the parasites, as it remains possible that the 

parasites use the protein to flux another small molecule nutrients. However, no 

strategies currently exist to separate viable parasites in the PV from the host liver cell 

and the low infection rate of hepatocytes hinders metabolic labeling studies. The 

identification of AQP3 and other potential host factors that are differentially regulated 

throughout the liver stage of malaria has implications for understanding host-parasite 
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interactions. Understanding these interactions may in turn enable the development of 

prophylactic measures to prevent malaria. Thus, elucidating how Plasmodium alters host 

gene expression can further enhance our understanding of the host-pathogen processes 

that enable the parasites to cause disease.  

3.4 Materials and Methods 

3.4.1 Cell and Parasite Culturing 

 HepG2 cells were purchased from ATCC and HuH7 cells were a kind gift from Dr. 

Peter Sorger (Harvard Medical School). Hepatocytes used for P. berghei infections were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) with L-glutamine (Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (v/v) (Sigma-

Aldrich) and 1% antibiotic-antimycotic (Thermo Fisher Scientific) in a standard tissue 

culture incubator (37 °C, 5% CO2). Anopheles stephensi mosquitoes infected with 

luciferase- or GFP-expressing P. berghei ANKA were purchased from the NYU Langone 

Medical Center Insectary Core Facility. Sporozoites used for liver stage experiments 

were harvested from freshly dissected salivary glands of mosquitos.  

 P. falciparum parasites of the 3D7 strain were maintained in red blood cells (Golf 

Coast Regional Blood Center) cultured in RPMI 1640 medium supplemented with 0.5% 

(m/v) AlbuMAX II, 25 mM HEPES, 25 ug/mL gentamycin, 24 mM sodium bicarbonate 

and 50 µg/mL hypoxanthine at a pH of 7.2 and maintained at 37°C and 92% N2, 5% CO2, 

and 3% O2. Synchronization was performed using 5% sorbitol as previously 

described [176]. 



 

82 

 Toxoplasma gondii tachyzoites of the type II strain Prugaud A7 were a kind gift from 

Dr. Jörn Coers (Duke Medical School). Parasites were cultured in Vero cells (ATCC) that 

were maintained in DMEM with L-glutamine (Gibco) supplemented with 10% (v/v) HI-

FBS and 1% (v/v) penicillin-streptomycin (Thermo Fisher Scientific) in a humidified 

incubator at 37 °C with 5% CO2. C. trachomatis and HeLa cells were a kind gift of Dr. 

Rafael Valdivia and were cultures and used for infection as previously described [177].  

3.4.2 qRT-PCR 

 HepG2 or HuH7 cells infected with GFP-expressing P. berghei ANKA were sorted 

along with uninfected controls at 48 hpi as described in Chapter 2. T. gondii infected 

Vero cells were not sorted because of the high infection rate (25-35%) and instead 

cultures were harvested and subsequently resuspended into lysis buffer from the Quick-

RNA microprep (Zymo) that was used for RNA isolation according to manufacturer’s 

protocol. cDNA was synthesized using GoScript reverse transcriptase (Promega) 

according to manufacturer’s protocol. Relative abundance of H. sapiens AQP3 was 

quantified using a SYBR Green Light Cycler 480 (Roche) according to manufacturer’s 

protocol in a 96-well plate. Relative abundance of AQP3 expression in P. berghei- or T. 

gondii-infected cells was compared to uninfected cells and normalized to the H. sapiens 

18S housekeeping gene. qRT-PCR was run in technical triplicates. RNA was isolated for 

3 biological replicates for HepG2 cells, 4 biological replicates for HuH7 cells 3 biological 

replicates for T. gondii-infected Vero cells, and 1 biological replicate for C. trachomatis. 
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3.4.3 Immunofluorescent Microscopy 

 HepG2 and HuH7 cells (2.5x105) were seeded on cover slips in 24-wells plates 

and infected with P. berghei or T. gondii with a multiplicity of infection (MOI) of 1:4. For 

C. trachomatis experiments, HeLa cells were infected with an MOI of 1:2. Cells were fixed 

at various times post infection in 4% paraformaldehyde for 20 minutes at room 

temperature. Cells were washed three times in PBS and were subsequently blocked with 

3% BSA/PBS for 45 minutes at room temperature. Cells were incubated in primary 

antibodies: rabbit-anti Pb heat-shock protein 70 [178], rabbit anti-HsAQP3 (Rockland), 

and goat anti-UIS4 (LSBio) and were diluted 1:100, 1:300, and 1:1,000, respectively, for 

1.5 hours at room temperature or 4°C overnight. Cells were washed three times with 

PBS and incubated in secondary antibodies, AlexaFlour 488 goat anti-mouse and 

AlexaFluor 568 donkey anti-rabbit diluted 1:400 (Thermo Fisher Scientific), for 1 hour at 

room temperature. For UIS4, staining AlexaFluor 488 donkey anti-goat was used at 

1:5,000. Cells were washed with PBS and incubated with 0.5 µg/mL DAPI for 7 minutes. 

Cells were washed once more with PBS and slides were mounted with ProLong® Gold 

Antifade (Thermo Fisher Scientific) on glass cover slips. iRBCs samples were fixed, 

permeabilized and blocked as described in [179]. Anti-AQP3 primary antibody and 

secondary antibody were all completed as described for P. berghei. After nuclear staining 

in 1 µg/mL Hoechst 33342, cells were imaged on a widefield fluorescent microscope. 

 Images were taken using the Zeiss Axio Observer wide field fluorescence 

microscope or the Zeiss 880 Airyscan inverted confocal. Z-stacks were acquired on a 
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Zeiss LSM 510 inverted confocal microscope with a 100x 1.4 NA Plan-Apochromat oil 

objective. 3D images were constructed and colocalization parameters were determined 

using Imaris software (Bitplane). A minimum of three independent experiments were 

completed for all localization studies. EEF size quantification was completed using 

ImageJ. Number of EEFs for AQP3mut cells and auphen treated cells were quantified/well 

in 384-well plates. Three independent experiments were performed with 5-10 technical 

replicates in each experiment.  

3.4.4 Inhibition Assays. 

 Parasites isolated from salivary glands of infected A. stephensi were used to infect 

HuH7 and HepG2 hepatocytes as previously described [39]. Cell viability and parasite 

load were assessed using CellTiter-Fluor (Promega) and BrightGlo (Promega) reagents, 

respectively, according to manufacturer’s protocols. Fluorescence and luminescence 

readouts were collected using the EnVision plate reader (Perkin Elmer). For inhibition 

assays, auphen was synthesized [180] and 20 - 0.01 µM of compound was added to P. 

berghei ANKA-infected HuH7/HepG2 cells, P. falciparum Dd2-infected erythrocytes, or T. 

gondii A7-infected Vero cells immediately prior to infection in a dose-dependent manner 

with DMSO normalized to 1% in all wells. P. berghei parasite load upon auphen 

treatment was quantified using the luciferase reporter as described above in biological 

triplicate unless otherwise noted in figure legends. P. falciparum Dd2 parasite load was 

assessed with DAPI nuclear staining as previously described in biological duplicate [39]. 

T. gondii parasite size was quantified using the GFP reporter. For T. gondii inhibition 
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studies, auphen treatment was completed in biological duplicate and was assessed 

microscopically using the Cellomics ArrayScan (Thermo Scientific) high-content 

imaging system. EC50 values were determined by fitting data to a standard dose-

response equation (GraphPad Prism).   

 For auphen pre-incubation studies, freshly harvested sporozoites from mosquito 

salivary glands were incubated with 2-10 µM auphen for 30 minutes at room 

temperature. As a control, sporozoites were also incubated with DMSO and all 

treatments had 1% DMSO. After incubation, the compound was removed by 

centrifugation and resuspension of sporozoites in untreated media. Cells were 

pretreatment with the same concentrations of auphen. After 30 minutes incubation with 

auphen or DMSO control (1%), media was gently aspirated and fresh media was added 

to the wells.  

 For auphen treatment of P. falciparum, synchronized iRBCs in the schizont stage were 

treated with 2 µM auphen for 40 hours. After 40 hours, Geimsa (Sigma-Aldrich) stained 

blood smears were imaged on a brightfield microscope. Parasitemia was calculated by 

counting the number of P. falciparum-infected red blood cells out of a total of 1,600 cells.  

3.4.5 Depletion of aquaporin expression by RNA-interference.  

 HuH7 cells were reverse transfected with 50 nM siRNAs (Table 4) at 2x103 cells/well 

in 384-well plates. siRNAs (Qiagen) were transfected using Lipofectamine 2000 

(ThermoFisher Scientific) according to manufacturer’s protocol. Cells were reverse 

transfected in 6 technical replicates and in duplicate plates. One plate was used to assess 
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RNA knockdown efficiency 48 hours post transfection using Quick-RNA MicroPrep 

(Zymo). cDNA was generated using GoScript (Promega), and qRT-PCR was performed 

as previously described to assess the knockdown of genes of interest compared to mock-

transfected cells. Primers that were used for the qRT-PCR are listed in Table 3. 48 hours 

post transfection the duplicate plate was infected with 4x103 luciferase-expressing P. 

berghei ANKA sporozoites per well. 48 hpi cell viability and parasite load were assessed 

as described above. Each experiment was completed with 6 technical replicates and 

three independent experiments were performed. 
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Table 3: List of primers used in Chapter 3. 

Gene Primer Sequence 
qRT-PCR 

 SR-BI_F TCTCTCCGTCTACTTCTTTGACG 
SR-BI_R AACTGGAAGGTGCGGTACTC 
AQP3_F ACCAGCTTTTTGTTTCGGGC 
AQP3_R ACACGATAAGGGAGGCTGTG 
AQP4_F GCCATCATTGGAGCAGGAATCC 
AQP4_R ACTCAACCAGGAGACCATGACC 
AQP6_F CTGCTTCTGACCCTGCAGC 
AQP6_R GGCCCCACCCAGAAGACC 
AQP7_F GAGGAAGATGGTGCGAGAGTTC 
AQP7_R AGGGTTGAAGTGTCCACCAC 
AQP8_F GGGCAGAGCCCATAGTGTGA 
AQP8_R GAGGAAGATGGTGCGAGAGTTC 
AQP9_F TCTCTGAGTTCTTGGGCACG 
AQP9_R GGTTGATGTGACCACCAGAG 
AQP11_F CACTTCCAGGAAGTCCGAACCA 
AQP11_R GTAGCGAAAGTGCCAAAGCTGG 
TgAQP_F GACGATGAACCCAGCAGTCA 
TgAQP_R GACGTAACCCAGGAATGCGA 

  mRNA 
 ACTB_F GCCTCGCCTTTGCCGA 

ACTB_R GTTGAAGGTCTCAAACATGATCTGG 
AQP3_F ATGGGTCGACAGAAGGAGCT 
AQP3_R TCAGATCTGCTCCTTGTGCTT 
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Table 4: List of siRNAs used in aquaporin studies. 

NCBI gene mRNA siRNA Target Sequence Product Number 
scramble non-targetting TACATAACCGGACATAATC D-001210-04-05 
SR-B1 NM_005505 ACTGACCGGACGTGGGATT  D-010592-03* 
SR-B1 NM_005505 CCTGTTTGACCCTTCTAAG  D-010592-04* 
AQP3 NM_004925 CTGGATGTACATACATAAGTA Hs_AQP3_2 * 
AQP3 NM_004925 CTGGATCAAGCTGCCCATCTA Hs_AQP3_3 * 

AQP3 NM_004925 ACCGGAATTTGGGTCAATACA Hs_AQP3_5 
AQP3 NM_004925 AGCCGGCATCTTTGCTACCTA Hs_AQP3_7 
AQP4 NM_001650 NM_004028  CTGGTTGAGTTGATAATCACA Hs_AQP4_3 
AQP4 NM_001650 NM_004028  GACGGATGACCTGATTCTAAA Hs_AQP4_4 
AQP4 NM_001650 NM_004028  ACCGGTCGACATGGTTCTCAT Hs_AQP4_5 
AQP4 NM_001650 NM_004028  CAGGAAGATCAGCATCGCCAA Hs_AQP4_6 
AQP6 NM_001652 NM_053286  CAGGGACTGCTGTGAAATCAA Hs_AQP6_2 
AQP6 NM_001652 NM_053286  TTCAGTGCCTCTGAAAGACTA Hs_AQP6_5 
AQP6 NM_001652 NM_053286  CCTGGCCTCACTGATCTACAA Hs_AQP6_6 
AQP6 NM_001652  TGGGATCAACGTGGTCCGGAA Hs_AQP6_7 
AQP7 NM_001170  CTGGAGGAAGTTTCCGGTCTA Hs_AQP7_3 
AQP7 NM_001170  CGGGATAACCGTATTGCCCAA Hs_AQP7_4 
AQP7 NM_001170  CACATATGTCATGATGGTATT Hs_AQP7_5 
AQP7 NM_001170  CGCAGCTGTGACCTTTGCTAA Hs_AQP7_6 
AQP8 NM_001169  CTGACAATTCTCACTTTGCAA Hs_AQP8_1 
AQP8 NM_001169  GAGCGTGTTTCTTGAGAGGAA Hs_AQP8_2 
AQP8 NM_001169  ATCCTGATGTCTGGAGAGATA Hs_AQP8_5 
AQP8 NM_001169  TCCGATGTTTGTGCCATCTGA Hs_AQP8_6 
AQP9 NM_020980  CAGCCTCTAATTGGAACGGCA Hs_AQP9_1 
AQP9 NM_020980  ACGACTGTGCTTGTCCATTAT Hs_AQP9_2 
AQP9 NM_020980  AACCGTCTTTGGCATTTACTA Hs_AQP9_4 
AQP9 NM_020980  CACGTTCATCTTGATTGTCCT Hs_AQP9_5 
AQP11 NM_173039  CTGGCTCCTTCTTTAGGTATA Hs_AQP11_4 
AQP11 NM_173039  CTGCATAACAACCATACAATT Hs_AQP11_5 
AQP11 NM_173039  CGAGAGGAGCTTCGCTTGCAA Hs_AQP11_6 
AQP11 NM_173039  CTGGACGCTGACGCTCGTCTA Hs_AQP11_7 

*indicates siRNAs used for pooled siRNA gene depletion in Figure 13 
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3.4.6 Generation of AQP3 mutant cell line 

 Four AQP3mut cell lines were generated using unique guide RNAs (gRNA). The 

gRNA sequences were determined (crispr.mit.edu) for recruitment of Cas9 to the first or 

second exon of AQP3 and are listed in Table 5. Tails were added to gRNA sequence for 

introduction into px33034 (Addgene plasmid #42230), a plasmid containing a human 

codon-optimized SpCas9. px330 was digested using BbsI (NEB) for one hour according 

to manufacturer’s protocol and gel purified. Reverse complements of gRNA were 

annealed using T4 ligation buffer (NEB). Linearized px330 and gRNA were ligated using 

T4 ligase (NEB) according to manufacturer’s protocol. Ligated plasmid was transformed 

into XL-Gold competent cells and plasmids were isolated using a standard mini-prep kit 

(Qiagen). Sequencing was verified using Eton BioScience Inc. 

 

Table 5: List of gRNAs used for generating AQP3mut cell lines using the 
CRISPR/Cas9 genome editing. 

Cell 
Line gRNA1 gRNA2 Targetted 

Exon 

AQPmut1 caccgAAAGCCAAAGGCCAGGTTGA  caccgACTCTGGGCATCCTCATCGC  2 

AQPmut2 caccgGGCGGCGCTGTCGGGCGGGC GCCATGGGTCGACAGA  1 

AQPmut3 caccgAGATGCTCCACATCCGCTACc ✕ 1 
AQPmut4 caccgAAAGCCAAAGGCCAGGTTGA caccgACTCTGGGCATCCTCATCGC 2 
 

 

 HuH7 cells (2x105/per well) were seeded in a 6-well plate into DMEM. Cells were co-

transfected with pX330, containing the gRNA sequence, and pCDNA3.0 containing a 

blasticidin resistance marker using Lipofectamine® 2000 (ThermoFisher Scientific) 
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according to manufacturer’s instructions. Cells that were transfected with gRNAs 

targeting exon 2 were transfected with two separate gRNA-containing px330 plasmids, 

homologous to the second exon of AQP3 and 6 nucleotides away from one another.  

Mock cells containing no plasmids were included. HuH7 cells containing plasmids were 

then trypsinized and replated into 10 cm tissue culture plates in cDMEM 24 hours after 

transfection. Cells were washed and then cDMEM + 5 µg/mL blasticidin was added 48 

hours after transfection. Mock cells were monitored for cell death daily until no 

surviving cells remained. Transfected HuH7 cells were then single-cell sorted into 96-

well plates and maintained in standard culture medium described above. Populations 

were grown from single cells and expression of AQP3 and Actin RNA was assessed 

were assessed using primers listed in Table 3. RNA was extracted, cDNA synthesized as 

previously described, and genomic DNA (gDNA) was purified using the Quick-DNA 

microprep (Zymo). Primers to amplify both exons of the AQP3 gene were designed as 

well as for the full-length AQP3 mRNA Table 3. Clonal populations showing no 

expression of the full-length transcript were selected for further evaluation and 

designated as AQP3mut cell lines. Parasite load of the AQP3mut cell lines infected with 

luciferase- or GFP-expressing P. berghei were compared to wild type HuH7 cells. Parasite 

load of wild type and mutant cells were assessed 48 hpi as previously described.  
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3.4.7 Auphen synthesis 

Reactions were carried out under a nitrogen atmosphere with dry solvents and oven-

dried glassware under anhydrous conditions unless specified otherwise. Reagents were 

purchased at the highest commercial quality and used without further purification, 

unless otherwise stated. Yields refer to chromatographically and spectroscopically (1H 

and 13C NMR) homogeneous materials, unless otherwise stated. NMR spectra were 

recorded on a 400 MHz Varian Inova spectrometer instrument and were calibrated 

using residual undeuterated solvents as internal reference (dimethylsulfoxide, δ = 2.50 

ppm, 1H NMR; 39.52 ppm, 13C NMR). Chemical shifts (δ) are reported in parts per 

million (ppm); NMR peak multiplicities are denoted by the following abbreviations: s = 

singlet, d = doublet, t = triplet, q = quartet, p = pentet, dd = doublet of doublets, dt = 

doublet of triplets, m = multiplet, br = broad; coupling constants (J) are reported in Hertz 

(Hz).  

 [AuCl2(phen)]Cl (Auphen) (2) was prepared as previously described (Figure 22) 

[180]. Briefly, to a solution of HAuCl4 ● 3H2O (100 mg, 0.254 mmol) in EtOH (1.0 mL) a 

solution of 1,10 phenanthroline (151 mg, 0.838 mmol) in EtOH (1.0 mL) was added 

slowly. The reaction was stirred at reflux for 4 hours. The reaction was cooled to room 

temperature, filtered and washed with cold EtOH (3 x 5 mL), affording pure auphen as 

orange crystals (116 mg, 0.240 mmol, 95 %). 1H NMR (400 MHz, DMSO-d6): δ 9.31 (dd, J 

= 4.9, 1.6 Hz, 2H), 9.08 (dd, J = 8.2, 1.5 Hz, 2H), 8.37 (s, 2H), 8.23 (dd, J = 8.2, 4.9 Hz, 2H) 
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ppm; 13C NMR (100 MHz, DMSO-d6): δ 147.60, 141.94, 137.37, 129.55, 127.53, 125.73 ppm 

(Figure 23). 

 

 

Figure 22. Synthesis scheme for [AuCl2(phen)]Cl (Auphen) (2). 
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Figure 23. NMR spectrum of synthesized auphen 
(A) 1H NMR of [AuCl2(phen)]Cl (Auphen) in DMSO-d6 (400 MHz). (B) 13C NMR of 
[AuCl2(phen)]Cl (Auphen) in DMSO-d6 (100 MHz). 
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3.4.8 In vivo experiments 

Experiments were completed at the NYU Langone Medical Center Anti-infective 

Screening Core. Female Swiss Webster mice, weighing 25 to 30 g were used for 

evaluating anti-parasitic activity of auphen. Groups of five mice were used in the vehicle 

control group and auphen experimental group. Four mice were used for the primaquine 

control group. Mice were infected by exposure to the bites of 25 mosquitoes infected 

with luciferase-expressing P. berghei ANKA for 15-20 min. Mice were anesthetized by 

i.p. injection of 300 mg/kg of Xylazine and 3,500 mg/kg of Ketamine before exposure to 

mosquitoes. Mice were treated on day -1, day 0 and day 1 after infection with controls or 

auphen. The negative control group was treated with vehicle, the positive control group 

was treated with 30 mg/kg primaquine and the test groups was treated with 22 mg/kg of 

auphen. Vehicle and compounds were administered by i.p. injection. Five days after 

infection the mice were anesthesized by inhalation of 2.5% isofluorane. Mice were 

injected i.p. with 150 mg/kg of D-Luciferin Potassium-salt (Goldbio) dissolved in PBS. 

Mice were imaged 5 to 10 minutes after injection of luciferin with an IVIS 100 (Xenogen, 

Alameda, CA) and the data acquisition and analysis were performed with the software 

LivingImage (Xenogen). 

3.4.9 Ethics statement.  

 The present study was carried out in strict accordance with the recommendations in 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. 

The protocol (IACUC #160720) was approved by the Institutional Animal Care and Use 
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Committee of New York University School of Medicine, which is fully accredited by the 

Association For Assessment and Accreditation of Laboratory Animal Care International 

(AAALAC). 
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4. Identification of Hsp90 inhibitors with anti-Plasmodium 
activity 

This chapter is adapted from the article by the same title published in the journal of Antimicrobial 
Agents and Chemotherapy by Posfai, Eubanks, Keim, et al. in 2018.  

4.1 Introduction 
 Treatment therapies combating Plasmodium are continually hindered by the 

emergence of drug resistance, necessitating the development of new drugs with novel 

targets. Many antimalarial strategies target the blood stage for disease treatment, but 

inhibition of liver stage parasites offers a favorable prophylactic strategy to prevent 

disease manifestation [181]. Ideally, newly developed anti-malarial compounds exhibit 

dual-stage parasite inhibition. In spite of transcriptomic and proteomic reports 

indicating up to 50% of the cellular constituents may change between parasite forms, 

many essential proteins that are requisite for cellular homeostasis are likely present in 

both states. The molecular chaperone heat shock protein 90 (Hsp90) is a leading 

candidate among the cohort of predicted essential multi-stage proteins. 

 Human cytosolic Hsp90 is responsible for properly folding over 300 protein 

substrates, termed clients, including protein kinases, transcription factors, and receptors 

critical for maintaining protein homeostasis and regulating vital cellular processes [182-

185]. Details surrounding Hsp90 function continue to be elucidated, but mounting 

evidence suggests that the protein is involved in diverse roles not solely linked to 

protein folding [186]. Due to its importance, Hsp90 has been implicated in a variety of 

diseases ranging from cancer [187-189] and neurodegenerative disorders [190, 191] in 
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humans to pathogenic fungal infections including Candida albicans [192]. In the 

Plasmodium parasite, Hsp90 (PfHsp90, Q8IC05) is known to have a critical role in protein 

folding and is highly expressed during the parasite’s erythrocytic life cycle [193, 194].  

 However, the importance of Hsp90 for liver stage malaria has not been explored. 

Due to its importance in regulating vital pathways in growth, development, and 

survival, Hsp90 gene disruption would likely be lethal in Plasmodium, rendering 

traditional genetic studies unsuitable. Alternatively, small molecule Hsp90 inhibitors 

have been used extensively to interrogate protein function [195, 196]. For example, 

previous work demonstrated that P. falciparum Hsp90 (PfHsp90) inhibition in blood 

stage cultures using geldanamycin prevents parasite growth by arresting the transition 

from the ring to the trophozoite stage [193]. In this chapter I describe our work to 

evaluate Hsp90 function during the liver stage of the Plasmodium life cycle. We first 

identified compounds that bind to PfHsp90 and discovered they are dual-stage anti-

plasmodial agents that inhibit P. falciparum parasite load in human erythrocytes and P. 

berghei parasite load in human hepatocytes. Gene expression analysis revealed P. berghei 

Hsp90 mRNA is upregulated during the late stages of liver infection, correlating with an 

observed decrease in Hsp90 inhibitor potency. In contrast, no increase in host Hsp90 

gene expression was detected throughout P. berghei infection of hepatocytes. We also 

identify an Hsp90 inhibitor that acts synergistically with a PIK pathway inhibitor to 

inhibit parasite development. This work suggests an essential role of Plasmodium Hsp90 
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in liver stage infection and highlights a strategy to develop parasite-specific inhibitors to 

prevent and treat malaria. 

4.2 Results 

4.2.1 Fluorescence polarization (FP) competition binding assays. 

We identified small molecules that bind PfHsp90 using a target-based assay. PfHsp90, 

which is stress inducible and constitutively expressed [194, 197, 198], contains the EEVD 

motif similar to HsHsp90α that is characteristic of chaperone activity. Due to the lack of 

known PfHsp90 inhibitors with potent affinity, compounds known to bind to human 

Hsp90 along with compounds predicted to bind to Hsp90 based on their chemical 

structure were selected for analysis. Several of the evaluated Hsp90 inhibitors are in 

anti-cancer clinical trials, suggesting they have bioavailability and stability that would 

make them suitable for future therapeutic development. Compounds belonging to five 

different chemical families – ansamycin analogs, purine analogs, resorcinolic triazolones, 

beta-carboline, and aminobenzaides (Figure 24) – were tested for their affinity to 

recombinant purified HsHsp90 and PfHsp90 in a competitive FP binding assay.  
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Figure 24. Compounds selected for target-based Hsp90 binding affinity study. 
Selected compounds belong to five different chemical classes: ansamycin derivatives, 
purine analogues, resorcinolic triazalones, beta-carbolines, and aminobenzamides. 
 
 The FP binding assay utilizes the natural product geldanamycin (GA) conjugated 

to fluorescein isothiocyanate (FITC) for use as a fluorescent tracer (FITC-GA) that binds 

Hsp90 [199]. Geldanamycin is a well-known Hsp90 inhibitor that potently binds to the 

ATP binding site [188], thus any compound capable of binding to this site will displace 

FITC-GA and elicit an observable FP signal reduction that is directly proportional to 

binding. The most commonly studied and well characterized cytosolic human Hsp90α 

isoform, which shares 69% sequence similarity to PfHsp90, was selected for this study. 

All selected compounds bound to both HsHsp90 and PfHsp90 with high affinity in the 
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low to mid nanomolar range, with the exception of harmine (Table 6). Consistent with 

previous reports on harmine selectively for PfHsp90 [200, 201], it was unable to bind to 

HsHsp90 when tested at concentrations up to 100 µM. Additionally, our results show 

harmine has relatively weak affinity for PfHsp90 (apparent Ki = 27 ± 0.89 µM) compared 

to the other compounds tested, with nearly 500-fold higher affinity for PfHsp90 than the 

next weakest compound. Ganetespib displayed the greatest affinity for PfHsp90 with an 

apparent Ki = 1.6 ± 0.59 nM, whereas the structurally unrelated compound SNX-2112 had 

the greatest affinity for HsHsp90 with an apparent Ki = 0.35 ± 0.11 nM.  

 
Table 6. Hsp90 binding and Plasmodium inhibition of studied compounds.a 

 Binding Affinity, apparent Ki (nM) Parasite Inhibition, EC50 (µM) 
Compoundb HsHSP90 PfHSP90 P. falciparum 

Blood Stagec 
P. berghei  
Liver staged 

Geldanamycin 8.4. ± 3.5e  2.3 ± 0.99 0.30 ± 0.04 0.17 ± 0.014 

17-DMAG 4.9 ± 0.85 5.7 ± 0.57 0.17 ± 0.01 0.58 ±0.19e 

PU-H71 1.7 ± 0.64 10 ± 0.68e 2.5 ± 0.33 7.4 ± 1.3 

Ganetespib 0.70 ± 0.028 1.6 ± 0.59e 0.91 ± 0.20 0.11 ± 0.017 

HS-10 3.5 ± 2.0 8.3 ± 1.5 0.20 ± 0.01 3.3 ± 1.5 

SNX-2112 0.35 ± 0.11e 5.9 ± 1.5 0.40 ± 0.24 3.4 ± 0.86 

SNX-0723 4.4 ± 0.49 47 ± 17 7.4 ± 0.46 6.5 ± 2.3e 

BZ-29a 6.4 ± 4.6 34 ± 8.5 2.9 ± 0.48 4.6 ± 1.4 

Harmine N/A 27000 ± 890e NDg 12 ± 2.5 
 

aData reported as mean ± SD of 2 independent experiments unless otherwise indicated. HuH7 
inhibition EC50 > µM. bChemical classes tested: ansamycins (geldanamycin, 17-DMAG); purine 
analog (PU-H71); resorcinolic triazolone (ganetespib); aminobenzamides (HS-10, SNX-2112, SNX-
0723, BZ-29a); beta-carboline (harmine). cP. falciparum Dd2 blood stage assays. dP. berghei ANKA 
liver stage assays. eData reported as mean ± SD of 3 replicates. fN/A, binding not observed up to 
100 µM. 
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 Based on the FP competitive binding assay, inhibitors exhibited varying affinities 

between HsHsp90 and PfHsp90. For example, SNX-2112 displayed the greatest affinity 

for HsHsp90 but bound to PfHsp90 with relatively moderate affinity (Figure 25A). In 

contrast, ganetespib displayed comparable affinity between the two proteins (Figure 

25B). Among the compounds tested SNX-2112, SNX-0723, PU-H71 and HS-10 all bound 

HsHsp90 with a statistically greater affinity than they bound to PfHsp90 (Figure 26C). 

Based on this observed differential binding affinity, a species selectivity ratio was 

quantified for each compound by dividing the respective apparent Ki values between 

each protein (Figure 25C). A selectivity value was not calculated for harmine due to its 

inability to bind to the human protein, but it was the only compound selective for 

PfHsp90. The aminobenzamides SNX-2112, SNX-0723, and HS-10 displayed HsHsp90 

selectivity at 17, 11, and 5-fold, respectively. The purine analog PU-H71 also displayed 

selective binding to HsHsp90 over PfHsp90 (6-fold). 
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Figure 25: Species selective affinity for PfHsp90. 
Representative binding plots of (A) SNX-2112 and (B) ganetespib to HsHSP90 (closed 
circles) and PfHsp90 (open circles). Corresponding structures are shown above plots. 
Data shown as representative curves of two independent experiments. Curves show the 
mean ± SD of two technical replicates. (C) Fold selectivity of compounds calculated as a 
ratio of the apparent inhibitory constant, Ki (nM), between species. Dashed lines indicate 
ratios of -1 and 1. SNX-2112, SNX-0723, PU-H71 and HS-10 bind HsHsp90 with 
significantly higher affinity than PfHsp90. 2-3 independent replicates (see Table 6). *p < 
0.05, ** p < 0.005; unpaired Student’s t-test.  
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Figure 26. Comparison of compound binding to HsHsp90 and PfHsp90. 
Apparent Ki of compound binding to HsHsp90 (black bars) and PfHsp90 (white bars). 
Data is the mean ± SD of 2-3 independent experiments as indicated in Table 6. SNX-2112, 
PU-H71, HS-10 and SNX0723 bind to HsHsp90 with a greater affinity than PfHsp90. *p < 
0.05, **p < 0.005; unpaired Student’s t-test. 

 

4.2.2 Inhibition of liver and blood stage Plasmodium 

 To explore the anti-plasmodial activity of the compounds shown to bind to 

Hsp90, they were tested in cell-based assays. The dual-stage (blood and liver) 

therapeutic potential of the inhibitors was explored using erythrocytes infected with P. 

falciparum Dd2 parasites [202] and HuH7 cells infected with P. berghei ANKA parasites 

[203]. Currently, a high-throughput screen for the liver stage of P. falciparum does not 

exist, making the rodent model the standard for the field. While Hsp90 inhibitors have 

been previously used against the Plasmodium blood stage [204], Hsp90 inhibition during 

the parasite’s liver stage has not been explored. Our cell-based assays demonstrate that 

all tested Hsp90 inhibitors are dual-stage anti-plasmodial agents with sub-micromolar to 
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low micromolar EC50 values against both liver and blood stage parasites (Figure 29A, 

Table 6). Additionally, the compounds inhibit different species - P. falciparum and P. 

berghei. By plotting the EC50 values for blood stage inhibition as a function of the EC50 

values for liver stage inhibition, a correlation is observed between the different life 

stages (Pearson r coefficient = 0.69) (Figure 27).  

 

Figure 27. Positive correlation between blood and liver IC50 for Hsp90 inhibitors. 
Dose-response curves for compound inhibition to liver stage P. berghei ANKA and blood 
stage P. falciparum Dd2 parasites were completed and EC50 values were plotted. Pearson 
r coefficient of 0.69 demonstrates activity in the two stages is correlated.  
 

 Among the compounds tested, harmine was the least potent liver stage 

Plasmodium inhibitor with an EC50 value of 12 ± 2.5 µM, while ganetespib was the most 

potent liver stage Plasmodium inhibitor with an EC50 value of 0.11 ± 0.017 µM. 

Importantly, compounds did not induce significant cytotoxicity (>50%) in HuH7 cells 

when tested up to 10 µM (Figure 28), but HuH7 inhibition is observed in the presence of 

100 µM harmine. Every tested compound had a HuH7 inhibition EC50 > 50 µM under the 

assay conditions (two-day treatment). Selectivity indexes for parasite inhibition over 

HuH7 cell inhibition could not be determined due to an inability to saturate HuH7 
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inhibition even at the highest tested concentrations (100 µM). However, using the lower 

limit of 50 µM for HuH7 inhibition, selectivity ratios for parasite over HuH7 inhibition 

would vary between 6- to 500-fold depending on the compound. 

 

 

Figure 28. Activity of Hsp90 inhibitors. 
Representative curves for relative P. berghei ANKA liver stage parasite load (black) and 
viability of HuH7 cells (green) in the presence of varying concentrations of Hsp90 
inhibitors. Data shown as representative curves of three independent experiments. 
Curves show the mean ± SD of three technical replicates. Only harmine at 100 µM 
inhibits viability of HuH7 cells > 50% and dose-response analysis is consistent with P. 
berghei parasite load inhibition being independent of possible cytotoxic effects. 
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4.2.3 Combination therapy against liver stage Plasmodium 

 After demonstrating that Hsp90 inhibitors have favorable liver stage anti-

plasmodial activity, the synergistic potential of these compounds was explored. 

Combination therapy has become an effective strategy to combat malaria and reduce the 

likelihood of drug resistance [205]. Unfortunately, harmine, which had the greatest 

selectivity for binding to PfHsp90 over HsHsp90, could not be used for this study due to 

its HuH7 cytotoxicity and high anti-Plasmodium EC50. Instead, the Hsp90 inhibitor SNX-

0723 was selected to explore potential drug combinations effective against liver stage 

Plasmodium based on the promising advancements of aminobenzamides with favorable 

bioavailability in recent disease clinical trials [206-208]. A desirable drug combination 

partner would have a different mechanism of action than SNX-0723. Therefore, the 

phosphatidylinositol 3-kinase-related kinase (PIKK) family inhibitor PIK-75 was 

strategically selected for combination with SNX-0723 based on a recent liver stage 

malaria screen highlighting the importance of the PIKK pathway in Plasmodium [209]. 

Furthermore, PIK-75 is currently used in prostate cancer combination therapies [210], 

suggesting it may be an attractive combination partner for treating other diseases such 

as malaria.  
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Figure 29. Activity of Hsp90 inhibitors in blood and liver stage malaria assays. 
(A) Dose-response curves of SNX-2112 inhibition of P. berghei ANKA liver stage (black 
curve) and P. falciparum blood stage (red curve) parasites. Data shown as representative 
curves of two (blood) or three (liver) independent experiments. Curves show the mean ± 
SD of three technical replicates. (B) Effect-based study of SNX-0723 (SNX) and PIK-75 
(PIK). In combination, PIK-75 (PIK) at 0.506 µM and SNX-0723 (SNX) at 0.16 µM inhibit 
P. berghei ANKA infection of HuH7 cells to a level inconsistent with an additive effect. 
Control was treated with 1% DMSO. Dashed line indicates expected parasite load if 
drugs acted in an additive manner. Green dots indicate HuH7 cell viability. Data 
representative of three independent experiments. Mean of three technical replicates ± 
SD. (C) The CI value was calculated for PIK and SNX combination using the Chao- 
Talalay method and plotted against the fractional response (Fa). Moderate synergism 
(grey dot), synergism (green dot), strong synergism (orange dot) and no synergism 
(black dot) are indicated. Representative data from 3 independent experiments. *P < 
0.0001; unpaired Student’s t-test.    

 

 An effect-based strategy was initially explored [211], where dose-response curves 

were generated in the presence of PIK-75 and SNX-0723 alone as well as a curve in the 

presence of both drugs. When tested alone, PIK-75 and SNX-0723 inhibited liver stage P. 

berghei ANKA parasites with EC50 values of 0.53 and 3.3 µM, respectively. From a 

checkerboard analysis, a potentially favorable interaction was assessed by identifying 

conditions where the combination of PIK-75 and SNX-0723 yielded inhibition beyond 

that from a simple additive effect. This condition was observed with 0.16 µM SNX-0723 
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and 0.506 µM PIK-75. Treatment with SNX-0723 at 0.16 µM reduced liver stage parasite 

load by 14% and PIK-75 treatment at 0.506 µM reduced parasite load by 29% (Figure 

29B). The combination of SNX-0723 (0.16 µM) and PIK-75 (0.506 µM) inhibited liver 

stage Plasmodium parasites by 86% revealing the improved efficacy of this drug 

combination compared to the expected additive effects of each compound alone. This 

favorable interaction for parasite inhibition was not observed with other drug 

combinations that were tested and cell viability was not significantly reduced. To test for 

the possibility of drug synergy, a combination study was conducted using the well-

established Chou-Talalay method [212]. The effect on parasite load of PIK-75 and SNX-

0723 individually, and in combination at equal concentrations, was determined and the 

calculated combination index (CI) was plotted against the fraction affected, or fractional 

response (Fa) (Figure 29C). With this analysis, a combination index between 0.1-0.3 is 

considered strong synergism, between 0.3-0.7 is synergism and between 0.7-0.85 is 

moderate synergism [213]. The combination of SNX-0723 and PIK-75 reproducibly 

yielded synergism ranging from moderate to strong when SNX-0723 and PIK-75 were 

added in concentrations ranging from 1 to 50 µM (Figure 7). Importantly, HuH7 cell 

viability was not significantly inhibited under the assay conditions.   
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Table 7. Fa and CI values for all biological replicates using the Chou-Talalay method.a 

Total Dose 
(µM) Fa CI Cell Viability 

(%) 
Biological Replicate 1 

80 0.998 1.092 88 
40 0.997 0.625c 79 
20 0.086 0.479c 79 
10 0.888 0.467c 83 
5 0.213 0.662c 90 
2.5 0.000 17.329 88 
1.25 0.000 8.664 88 
0.625 0.000 4.332 89 
0.313 0.000 2.166 99 
0.156 0.000 1.083 101 

Biological Replicate 2 
100 0.999 0.676 70 
50 0.999 0.889b 66 
20 0.998 0.472c 70 
10 0.998 0.220d 78 
5 0.816 0.573c 78 
2 0.307 0.503c 84 
1 0.000 22.843 90 
0.2 0.000 4.569 97 
0.1 0.000 2.284 87 

Biological Replicate 3 

100 1.000 1.669 55 
50 1.000 0.850b 57 
20 0.999 0.480c 59 
10 0.991 0.458c 63 
2 0.563 0.391c 63 
1 0.274 0.291d 66 
0.2 0.000 3.930 84 
0.1 0.000 1.965 71 
0.02 0.000 0.393 93 

 
aTotal dose indicates combination of PIK-75 and SNX-0723 that were added at the same 
concentration. Each biological replicate was completed with three technical replicates. bModerate 
synergism, csynergism, dstrong synergism.  
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4.2.4 Hsp90 in liver stage Plasmodium infection 

 To probe the relative importance of HsHsp90 versus PfHsp90 in liver stage 

malaria, the correlation between Plasmodium parasite inhibition and Hsp90 binding 

affinity was analyzed. Compounds with lower EC50 values in parasite cell-based assays 

consistently exhibited higher affinity for PfHsp90, whereas the less potent compounds 

exhibited lower affinity for PfHsp90. By plotting blood and liver stage anti-plasmodial 

activity as a function of Hsp90 binding affinity, a correlation is observed between 

Plasmodium inhibition and PfHsp90 binding affinity (Pearson correlation coefficient, r = 

0.91 for P. falciparum blood stage and r = 0.64 for P. berghei liver stage). In contrast, no 

correlation is observed with HsHsp90 binding affinity for either the blood or liver stage 

of Plasmodium Figure 30. No statistically significant correlation with HsHsp90 binding 

affinity is achieved even when any single apparent outlier is removed from the 

correlation plots, consistent with the observed liver stage inhibition arising from 

targeting PfHsp90. However, this study is limited by the narrow range in Hsp90 binding 

affinity (20-30-fold) of the compounds studied.  
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Figure 30. Correlation of blood and liver stage Plasmodium inhibition and Hsp90 
binding affinity. 
(A) Plot of antimalarial P. falciparum blood stage activity (EC50) as a function of HsHsp90 
binding affinity (apparent Ki) demonstrating poor correlation (r = 0.08, p-value not 
significant). (B) Plot of antimalarial P. falciparum blood stage activity as a function of 
PfHsp90 binding affinity demonstrating correlation (r = 0.91, p < 0.005). (C) Plot of 
antimalarial P. berghei liver stage activity (EC50) as a function of HsHsp90 binding affinity 
(apparent Ki) demonstrating poor correlation (r = -0.20). (D) Plot of antimalarial P. berghei 
liver stage activity as a function of PfHsp90 binding affinity demonstrating correlation (r 
= 0.64). Statistical correlation was calculated using the Pearson r coefficient. 
 
 To further explore the anti-plasmodial activity of Hsp90 inhibitors throughout 
liver stage Plasmodium infection, the most potent liver stage inhibitor, ganetespib, and 
the structurally unrelated ansamycin inhibitors, geldanamycin and 17-DMAG, were 
tested in time course inhibition studies. For this study, a compound concentration of 10 
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µM was chosen because it is above the EC50 for all three compounds and led to complete 
inhibition when administered at the time of infection (0 hpi). Ganetespib, geldanamycin 
and 17-DMAG reduced P. berghei ANKA parasite load in liver cells during the early 
stages of infection (0 - 8 hrs), but exhibited a decrease in observed efficacy after 8 hpi ( 

Figure 31A). HuH7 cell viability was not significantly inhibited regardless of the time of 
compound addition. To explore this observed decrease in efficacy, dose-response curves 
were generated for Hsp90 inhibitors that were administered at 0 and 24 hours post 
infection. The geldanamycin EC50 significantly increased when the inhibitor was 
administered during the later stages of infection: 2.9 ± 0.6 µM at 24 hpi compared to 0.17 
± 0.1 µM when administered at 0 hpi ( 

Figure 31B). A similar shift in the EC50 was observed from the structurally unrelated 

Hsp90 inhibitor ganetespib, but no shift in the EC50 was observed in the atovaquone 

control, an inhibitor with a different mechanism of action that targets the parasite’s 

mitochondrial electron transport.  

 

 

Figure 31. Inhibition time courses and Hsp90 expression analysis. 
(A) Time course of P. berghei ANKA liver stage inhibition by 10 µM geldanamycin (open 
circles), ganetespib (open squares), and 17-DMAG (closed circles). Time of drug 
administration shown on the x-axis plotted again parasite load compared to DMSO 
control. Mean ± SEM, 3 independent experiments. (B) Representative geldanamycin EC50 
curves with compound addition at 0 hpi (closed circles) and 24 hpi (open circles). Data 
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shown as representative curves of two independent experiments. Representative curve 
of biological replicates show, mean ± SD of three technical replicates. (C) Relative fold-
change of PbHsp90 gene expression throughout the liver stage infection from sporozoite 
(spz) to 48 hpi. Data shown as average of three independent experiments ± SEM. *p < 
0.0005; unpaired Student’s t-test. 
 
 We predicted that the observed decrease in Hsp90 inhibitor potency during the 

progression of the parasite’s liver stage could be the result of possible transcriptional or 

translational changes in drug target abundance. To test this possibility, human and 

Plasmodium Hsp90 gene expression levels were monitored throughout the liver stage 

infection. Freshly dissected P. berghei ANKA parasites were analyzed for PbHSP90 

mRNA expression alongside P. berghei ANKA-infected HuH7 cells at 4, 8, 24, and 48 hpi. 

To account for the substantial increase in parasite numbers that occur during liver stage 

infection, PbHSP90 mRNA levels were normalized to Pb18S (18S ribosomal RNA) and 

plotted as a function of time ( 

Figure 31C). Plasmodium HSP90 mRNA expression levels increased significantly during 

the late stages of liver stage infection (24 - 48 hpi). In contrast, human HSP90 gene 

expression levels did not change throughout liver stage infection (8 - 48 hpi) when 

assessed in a population of FACS sorted P. berghei ANKA-infected HuH7 cells (Figure 

32). 
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. 
Figure 32.Gene expression analysis of human HSP90. 
The relative fold change in HsHSP90 gene expression in HuH7 hepatocytes infected with 
P. berghei ANKA parasites at 4, 8, 24, and 48 hpi normalized to Hs18S (18S ribosomal 
RNA). One independent experiment. 
 
 Hsp90 inhibition during liver stage infection was further explored by completing 

a phenotypic analysis of Plasmodium infected liver cells in the presence of the 

compounds (Figure 33). Using high content imaging, EEF size was evaluated for 

infections treated with geldanamycin or DMSO control. In three independent 

experiments the number of infections/well was also calculated. This analysis revealed 

geldanamycin (1 µM), the best characterized Plasmodium Hsp90 inhibitor, did not 

significantly influence parasite numbers in liver cells (p = 0.07, unpaired Student’s t-test), 

indicating that the drug does not inhibit parasite invasion (Figure 33B). However, 

geldanamycin treatment significantly reduced the size of liver stage parasites as 

assessed by the PVM marker PbUIS4 (p < 0.0001, unpaired Student’s t-test) (Figure 33A). 

DMSO-treated cells infected with P. berghei had an average EEF size of 195 ± 4 µm2 while 

cells treated with 1 µM geldanamycin had an average EEF size of 63 ± 3 µm2. The sizes 
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of the PVM and exoerythrocytic forms (EEF) are proportional to parasite growth and are 

widely used as surrogates for intrahepatic parasite development [214, 215]. 

 

 

Figure 33. Phenotypic evaluation of geldanamycin inhibition. 
 (A) Flourescence microscopy of GFP-expression (green) P. berghei ANKA-infected 
HuH7 cells with DMSO (top panels) or 1 µM geldanamycin (botton panels) treatment. 
Samples were stained with anti-UIS4 to label the parasitophorous vacuole (red) and 
DAPI to tain nuclei (blue). Images are representative for treatments. (B) Quantification of 
EEF number and (C) size upon DMSO or geldanamycin treatment with high content 
imaging. Parasite size was assessed by quantification of the PVM marker UIS4. Data was 
collected from 2-3 wells in independent experiments. The size of parasites significantly 
decreases with geldanamycin treatment. Error bars represent ± SEM. **** p < 0.0001; 
unpaired Student’s t-test.  

4.2.5 Molecular basis for species selectivity 

 Based on the species selectivity of aminobenzaides for HsHsp90 over PfHsp90, 

we hypothesized that structural differences exist between the two proteins that may be 

exploited for future inhibitor development. To explore structural differences between 
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the two proteins that may influence species selective affinity, HsHsp90 and PfHsp90 

mutants were generated using site-directed mutagenesis. The molecular basis for 

selectivity was probed using SNX-0723 which was chosen based on its known crystal 

structure in complex with wild-type HsHsp90 (PDB code 4NH8) and the observed 11-

fold selectivity for HsHsp90 in the FP binding assay. While structural differences 

between the human and parasite Hsp90 ATP-binding sites have been previously 

characterized [216, 217], a crystal structure of an inhibitor in complex with PfHsp90 has 

yet to be elucidated. Therefore, the SNX-0723-bound HsHsp90 structure [218] was 

overlaid with the ADP-bound PfHsp90 structure (PDB code 3K60) to identify key 

binding interactions between the inhibitor and each protein. Pairwise sequence 

alignment between the two proteins revealed that only three residues that directly 

interact with SNX-0723 are not conserved between HsHsp90 and PfHsp90: A38, R98, and 

I173 in PfHsp90 which are analogous to S52, K112, and V186 in HsHsp90. Importantly, 

these residues are conserved between P. berghei and P. falciparum Hsp90 (Figure 34). 
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Figure 34. Pairwaise sequence alignement of Hsp90 from P. falciparum (PfHsp90, 
PF07_0029) and P. berghei ANKA (PbANKA_0805700). 
Residues investigated in this ATP-binding pocket are conserved between species and 
indicated by red dot.  
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 The overlaid protein model predicts that substituting valine 186 in HsHsp90 to 

isoleucine at the aligned 173 position in PfHsp90 decreases the binding distance between 

the residue side chain and the SNX-0723 benzylic fluorine from 4.8 to 2.7 Å in the human 

versus parasite protein, respectively (Figure 35A and C). This interaction was also 

evaluated by molecular docking where binding site residues were flexible to account for 

conformational dynamics. This analysis supports the prediction that SNX-0723 binding 

to PfHsp90 may be influenced by I173, leading to the hypothesis that steric hindrance 

imparted by this residue in the ATP-binding pocket may influence species selectivity. To 

explore this, HsHsp90 V186I and PfHsp90 I173V mutants were generated and SNX-0723 

binding was evaluated. While SNX-0723 bound to wild-type HsHsp90 with high affinity 

(apparent Ki = 4.3 ± 0.05 nM), the V186I mutation designed to introduce steric hindrance 

reduced SNX-0723 binding (apparent Ki = 163 ± 66 nM) by 38-fold (Figure 35B).   
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Figure 35. SNX-0723 binding selectivity. 
(A)The crystal structure of SNX-0723 bound to HsHsp90 (blue ribbon, PDB code 4NH8) 
overlaid with the PfHsp90 crystal structure (tan ribbon, RDB code 3K60). Residues 
proposed to impact steric hindrance (HsV186, green and PfI173, orange) are highlighted. 
(B) SNX-0723 has weaker affinity for the HsHsp90 V186I mutant (apparent Ki = 163 nM, 
red curve) compared to wild-type HsHsp90 (apparent Ki = 4.4 nM, black curve). Data 
shown as representative curves of two independent experiments. Curves show the mean 
± SD of two technical replicates.  
 
 Interestingly, the PfHsp90 I173V mutant proposed to decrease steric hindrance 

did not statistically increase SNX-0723 affinity (Figure 35D). To account for potential 

protein misfolding upon mutation that could cause the observed changes in affinity, 17-

DMAG binding was measured in all constructs as a control based on the overlaid 

protein model that suggests that this compound does not interact with V186. No change 

in 17-DMAG binding affinity was observed in HsHsp90 V186I or PfHsp90 I173V when 
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compared to the wild-type proteins, indicating that there was not a general disruption of 

the ATP-binding site in the mutants. 

 The two remaining non-conserved residues in the ATP-binding pocket were 

evaluated by generating PfHsp90 A38S and R98K mutants. The PfHsp90 

A38S/R98K/I173V triple mutant was also generated to fully mimic the human ATP-

binding pocket (Figure 36A). Soluble purified protein was obtained for all PfHsp90 

mutants, which were then evaluated for changes in SNX-0723 affinity using the FP 

binding assay. The PfHsp90 A38S and R98K mutants exhibited a significant decrease in 

both SNX-0723 and FITC-GA affinity relative to wild-type PfHsp90 (Figure 36B, Table 8). 

The PfHsp90 triple mutant designed to fully mimic the human protein was unable to 

bind SNX-0723 up to 100 µM, but exhibited an apparent Kd value of 22 nM for FITC-GA 

(Table 1), which is comparable to that observed for wild-type HsHsp90 (apparent Kd = 42 

nM).  
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Figure 36. PfHsp90 mutant structure and SNX-0723 binding to PfHsp90 mutants. 
(A) PfHsp90 A38S/R98K/I173V triple mutant was generated to mimic the HsHsp90 
binding pocket. The overlay of PfHsp90 (tan ribbon) and HsHsp90 (blue ribbon) bound to 
SNX-0723 is shown. Side chains of the three mutated residues (sticks) are shown in 
orange and green for PfHsp90 and HsHsp90, respectively. (B) Binding curves shown for 
SNX-0723 binding to PfHsp90 A38S (red), PfHsp90 R98K (blue), and wild-type PfHsp90 
(black). Data shown as representative curves of two independent experiments. Curves 
show the mean ± SD of two technical replicates. 
 
 
 
 
 

Table 8. Binding affinity of FITC-GA and SNX-0723 to PfHSP90.a 

PfHsp90 construct FITC-GA app Kd (nM) SNX-0723 app Ki (nM) 

WT 42 53 
A38S 156 1,500 
R98K >1,000 295 
I173V 45 33 
Triple mutant 22 N/Aa 

 

aN/A, the triple mutant was unable to bind SNX-0723 up to 100 µM. Data reported as average of 
two independent experiments.  
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4.3 Discussion 

 In this work, we identify Hsp90 inhibitors as effective compounds at inhibiting 

Plasmodium infection during both the liver and blood stages. Plasmodium’s liver stage 

development remains poorly understood when compared to the parasite’s asexual blood 

stage, where PfHsp90 is known to facilitate parasite development [193]. Extensive work 

has identified high affinity HsHsp90 inhibitors [219-221], yet few molecules are known 

to bind PfHsp90.  

4.3.1 HsHsp90 inhibitors show conserved binding of the Plasmodium Hsp90 
protein 

 We measured the PfHsp90 binding affinity of known HsHsp90 inhibitors, along 

with compounds predicted to bind to ATP-binding sites based on their chemical 

structure. With the high sequence similarity between Pf and HsHsp90, we were 

particularly interested to discover species selective small molecules that could be used to 

probe protein function in Plasmodium parasites. Our target-based binding assays with 

purified protein demonstrate that molecules originally advanced as HsHsp90 inhibitors 

also bind to PfHsp90 with low nanomolar affinity; however, selectivity for the different 

species varies. Harmine did not bind to HsHp90 up to 100 µM and displayed relatively 

weak affinity for PfHsp90 (apparent Ki = 27 µM), consistent with previous reports [201]. 

While harmine was the most selective for PfHsp90, its low binding affinity, poor parasite 

inhibition and cytotoxicity restricted its use in functional studies in cells. No other 

compound displayed selectivity for PfHsp90, whereas several tested compounds 
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displayed HsHsp90 selectivity. This observed selectivity for HsHsp90 is not surprising, 

as many of the compounds were initially developed to target this protein. However, the 

finding that inhibitors exhibit varying selectivity between Hs and PfHsp90 suggests 

structural differences exist between the two proteins despite their high sequence 

homology.  

 To explore the potential structural differences between HsHsp90 and PfHsp90 

that affect binding affinity, we evaluated SNX-0723 binding in mutants that were 

designed based on structural analysis and sequence alignment. SNX-0723 was selected 

to investigate the molecular basis for species selectivity based on its observed HsHsp90 

selectivity and its known crystal structure with HsHsp90, which enables the 

visualization of key binding interactions. The substitution from Val186 to Ile has been 

previously shown to significantly reduce SNX-0723 affinity between HsHsp90 isoforms 

[218] and we predicted it would have the greatest impact on selectivity due to increased 

steric hindrance. While our results confirm the importance of HsHsp90 V186 in SNX-

0723 binding affinity, no statistical increase in affinity was observed between the wild-

type PfHsp90 and the I173V mutant or any PfHsp90 ATP-binding pocket mutant that we 

studied. These results suggest other features not apparent from our structural analysis of 

the ATP-binding site exist that influence species selectivity of the studied compounds. 

Perhaps most critical for addressing this question would be the SNX-0723-bound 

PfHsp90 crystal structure, which could clarify potential differences in binding 

interactions. These interactions may solely be contained on the N-terminus or may 
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involve allosteric interactions outside of the N-terminal, which is more divergent 

between Pf and HsHsp90. However, the fact that all studied compounds were selected 

based on their ability to bind ATP binding sites suggests a similar mode of action is 

responsible for their affinity to Hsp90. Additionally, to date, allosteric compounds are 

known that influence ATPase and chaperone activity [222-225], but not binding to the N-

terminal active site. Importantly, once the basis for this selectivity is understood, 

parasite selective compounds may be similarly developed.  

4.3.2 Hsp90 inhibitors arrest development of blood and liver stage Plasmodium 

 Hsp90-binding compounds were tested for the ability to inhibit P. berghei ANKA 

liver and P. falciparum Dd2 blood stage parasites. The Hsp90 inhibitor geldanamycin is 

known to prevent asexual blood stage parasite development, and its analog 17-AAG has 

activity against the asexual blood stage in Plasmodium infected mouse models [204, 226]. 

However, Hsp90 inhibitors have not been tested during the parasite’s liver stage. We 

found that all compounds tested were dual-stage inhibitors with high nanomolar to low 

micromolar EC50 values against liver and blood stage parasites. A correlation (Pearson r 

= 0.69) was observed between compound potency in both stages, suggesting a common 

target in both the liver and blood stage models. Additionally, the observed activity 

against two different parasite species, P. berghei ANKA and P. falciparum Dd2, suggests 

that their target is broadly important to Plasmodium. A time course inhibition study 

demonstrated that compounds were active when administrated after infection, up to 8 

hpi, indicating the Hsp90 inhibitors do not inhibit invasion, but later processes such as 



 

125 

growth or maturation. This mode of action is also supported by a phenotypic study that 

demonstrates that geldanamycin reduces the liver stage parasite size, but not EEF 

numbers when the compound is administered immediately prior to infection. Taken 

together, these observations suggest that Hsp90 inhibitors arrest parasite development 

prior to its rapid replication in the liver stage and supports a role for Hsp90 after 

parasite invasion.  

 While drug target interactions in cells are often difficult to assess, especially in 

complex host-pathogen systems, our data suggest Hsp90 inhibitors bind to Plasmodium 

Hsp90 to reduce parasite load. Plasmodium inhibition by Hsp90-binding compounds 

may stem from disruption of HsHsp90, Plasmodium Hsp90, and/or an unknown factor. 

While it is likely that the studied compounds bind to both HsHsp90 and Plasmodium 

Hsp90 in our cell-based malaria assays, analysis of compound potency and Hsp90 

binding affinity revealed that P. falciparum blood and P. berghei liver stage parasite 

inhibition correlates with PfHsp90 binding affinity but does not correlate with HsHsp90 

binding affinity. Likely aiding in the detection of this correlation with the various 

scaffolds tested is the fact that each compound is an ATP-competitive inhibitor and thus 

they share a common mechanism of action. These correlation data suggest that the 

ability of the studied compounds to bind to PfHsp90 contributes to their inhibition of 

Plasmodium parasites. However, it remains possible that the compounds bind to as yet 

unknown targets in cells to inhibit Plasmodium. 
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4.3.3 Identification of synergistic inhibitors of Plasmodium liver stage 

 Current malaria treatment guidelines recommend the use of two or more drugs 

with different modes of action to prevent the rapid development of parasite resistance. 

Artemisinin-based combination therapies (ACTs) are currently the first line of defense 

against uncomplicated P. vivax and P. falciparum infections [227]. However, reports in 

recent years have shown that this combination therapy is losing efficacy on the Thai-

Cambodia border [228], necessitating the identification of new, effective combination 

therapies. Notably, we observed that the Hsp90 inhibitor SNX-0723 synergistically 

inhibited P. berghei ANKA infection of HuH7 cells when used in combination with PIK-

75 and to our knowledge, is the first identification of small molecules that synergistically 

reduce parasite load during the liver stage of Plasmodium, highlighting the therapeutic 

potential for combination therapies using Hsp90 inhibitors. Using the standard Chou-

Talalay method, we found PIK-75 and SNX-0723 act synergistically at high Fa values, 

concentrations at which the compounds are effective at eliminating parasite burden. We 

also identified the optimal ratio of PIK-75 and SNX-0723 that results in the greatest 

enhancement of parasite inhibition during the liver stage using a checkerboard analysis, 

which will be important for minimizing dosage. SNX-0723 and PIK-75 offer unexplored 

chemotypes for drug development that could be incorporated in future malaria control 

efforts.  

 Overall, our work reveals that compounds that bind to Hsp90 represent a class of 

molecules that inhibit both blood and liver stage Plasmodium parasites. This dual stage 
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inhibition is ideal for antimalarials, and our synergy study highlights the potential of 

Hsp90 inhibitors as drug partners in combination therapies. Combination therapies have 

become a powerful strategy to combat parasite susceptibility to drug resistance and this 

approach has been used extensively with Hsp90 inhibitors in treating cancer [229]. 

Therefore, our work suggests the development of parasite selective Hsp90 inhibitors 

may aid in preventing and treating malaria. Further studies to understand species 

selectivity and protein regulation of Plasmodium Hsp90 throughout infection will 

facilitate the development of these therapeutics. 

4.4 Materials and Methods 

4.4.1 Compounds 

 Geldanamycin and FITC-labeled geldanamycin (FITC-GA) were purchased from 

Invivogen. 17-DMAG (Invivogen), Ganetespib (Chemscene, LLC), Harmine (Tocris) and 

PU-H71 (Tocris) were purchased from the indicated vendors and the compounds HS-10, 

SNX-2112, SNX-0723, and BZ-29a were synthesized in-house based on previous reports 

[230]. Primers were purchased from IDT Technologies. ATP-sepharose was prepared as 

previously described [231]. 

4.4.2 Protein expression and purification 

 HsHsp90α (P07900) and PfHsp90 (Q8IC05) were codon optimized for expression 

in Escherichia coli and synthesized by Celtek Genes. Codon optimization has been shown 

to greatly improve expression of recombinant Plasmodium proteins. The purchased genes 

were then subcloned into the pET-21b expression vector (Invitrogen) in frame with a C-
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terminal 6 x His tag (Celtek Genes). The QuickChange mutagenesis kit (Stratagen) was 

used to generate HsHsp90 V186I and PfHsp90 A38S, R98K, and I173V mutants according 

to the manufacturer’s protocol using purchased primers (Table 9).  

Table 9. Primers used for site-directed mutagenesis of Hs and PfHsp90. 

Mutant Sense Primer (5´-3´) Antisense Primer (5´-3´) 

HsV186I 
CCTATGGGTCGTGGAACAAAAATTATCCT

ACACCTGAAAGAAG 
CTTCTTTCAGGTGTAGGATAATTTTTGTTCCA

CGACCCATAGG 

PfI173V GGTTGGGCCGTGGGACTAAGGTTATACTG
CACTTGAAGGAG 

CTCCTTCAAGTGCAGTATAACCTTAGTCCCA
CGGCCCAACC 

PfR98K GGCACAATCGCAAAATCCGGAACCAAG CTTGGTTCCGGATTTTGCGATTGTGCC 

PfA38S CTAATCTCTAACTCCTCGGATGCTC GAGCATCCGAGGAGTTAGAGATTAG 

 

 Mutations were verified by sequencing (Eton BioScience). Expression of wild-

type and mutant proteins in E. coli BL21(DE3) cells was completed by growing 1 L 

cultures at 37 °C with shaking at 250 rpm until the OD600 reached 0.4-0.6. The 

temperature was then reduced to 20 °C and isopropyl-D-thiogalactopyranoside (0.5 

mM) was added. After 16-20 hours, cells were harvested by centrifugation. Following 

cell lysis by sonication and centrifugation, the supernatant was loaded on to a Ni-NTA 

column (Qiagen). HsHsp90 and PfHsp90 were eluted using buffer A (50 mM KPO4, pH 

8.0, 200 mM NaCl, 1.3 mM benzamidine, 5 mM 2-mercaptoethanol, 5% glycerol) with 

250 and 150 mM imidazole, respectively. HsHsp90 was further purified using a 

Superdex 16/200 PG (GE Healthcare) gel filtration column in buffer B (50 mM TEA, pH 

7.5, 150 mM NaCl, 5 mM dithiothreitol (DTT), 5% glycerol). After purification, the 

identity of HsHsp90� and PfHsp90 was confirmed by MALDI-TOF/TOF analysis (Table 

10 and Table 11), where excised HsHsp90 and PfHsp90 bands were trypsinized and 
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spotted in a common matrix for laser desorption and separation on a tandem TOF/TOF 

5800 MALDI mass spectrometer (AB SCIEX). Protein concentrations were determined by 

Bradford analysis and purity was assessed to be ≥90% by SDS-PAGE analysis (Figure 

37A). Western blot analysis probed with HisProbe (ThermoFisher) was also completed 

(Figure 37B). 

Table 10. MALDI-TOF/TOF identification of purified PfHsp90. 

Peptide Specificity to PfHsp90 Confidence (%) Peptide Sequence 

Plasmodium spp. specific 99 MSTETFAFNADIR 
Plasmodium spp. specific 99 LSAEPEFFIR 
Plasmodium spp. specific 99 IILHLKEDQLEYLEEKR 
Plasmodium spp. specific 99 IHTVEHEWEELNK 
Plasmodium spp. specific 99 QKPLWMR 
Plasmodium spp. specific 99 R/APFDMFENR/K 
Plasmodium spp. specific 99 SGDEMIGLKEYVDR 
Species non-specific 99 ELISNASDALDKIR 
Species non-specific 99 GVVDSEDLPLNISR 
Species non-specific 99 NDLINNLGTIAR 

 

Table 11. MALDI-TOF/TOF identification of purified HsHsp90. 

Peptide Specificity to Hsp90 Confidence (%) Peptide Sequence 
Species non-specific 99 R/APFDLFENR 
Species non-specific 99 ELHINLIPNKQDR 
Species non-specific 99 GVVDSEDLPLNISR 
Species non-specific 99 HFSVEGQLEFR 
Species non-specific 99 HIYYITGETK 
Species non-specific 99 DQVANSAFVER 
Species non-specific 99 HLEINPDHSIIETLR 
Species non-specific 99 HNDDEQYAWESSAGGSFTVR 
Species non-specific 99 KHLEINPDHSIIETLR 
Species non-specific 99 LVTSPCCIVTSTYGWTANMER 
Species non-specific 99 TKPIWTR 
Species non-specific 99 VILHLKEDQTEYLEER/R 
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Figure 37. Purification of HsHsp90 and PfHsp90. 
(A) SDS-PAGE analysis for recombinant HsHsp90 (lane 2) and PfHsp90 (lane 3) 
demonstrating purity after Coomassie staining. Protein bands were excised and 
analyzed by MALDI-TOF to confirm identity. (B) Western blot of purified His-tagged 
HsHsp90 (lane 2) and PfHsp90 (lane 3) probed with anti-His antibodies. Lane 1 (A and 
B) is Benchmark Protein ladder. Additional bands observed in lanes 2 and 3 are likely 
protein truncations that are detected by Coomasie staining and Western blot. The 
molecular weights of HsHsp90 and PfHsp90 are 85.5 kDa and 87.0 kDa, respectively. 
 

4.4.3 Competition binding assays 

 The displacement of FITC-GA from Hsp90 was measured by fluorescence 

polarization (FP) based on a previous protocol [232]. Assays contained FITC-GA at 1 nM 

in buffer C (20 mM HEPES, pH 7.3, 50 mM KCl, 5 mM MgCl2, 20 mM Na2MoO4, 2 mM 

DTT, 0.1 mg/ml Bovine Growth Globulin, 0.01% NP-40) in 384-well nonbinding surface 

microplates. HsHsp90 and PfHsp90 were added at final concentrations of 32 and 60 nM, 

respectively, based on apparent Kd values determined from saturation binding studies 
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with the FITC-GA tracer. The final assay volume was 50 µl with a final DMSO 

concentration of 1% (v/v) in all wells. Compounds varied from 0-10 µM. Free tracer 

(FITC-GA, no Hsp90) and bound controls (FITC-GA, Hsp90) were used in each assay. 

 Plates were incubated overnight at 4 °C followed by centrifugation. The FP signal 

was measured in each well using a 480 nm excitation filter and a 535 nm emission filter 

on an EnVision (PerkinElmer) system. The FP signal was converted to percent bound 

FITC-GA based on the DMSO control and plotted against compound concentrations to 

generate dose-response curves (GraphPad Prism 6.0). IC50 values were determined from 

these curves and then converted to the apparent inhibitory constant (apparent Ki) for 

each compound using the following equation: Ki = IC50/ 1 + [L]/Kd [233]. Data was 

collected in triplicate and each reported Ki is the mean ± the standard deviation from 2-3 

independent determinations as indicated in Table 1. 

4.3.4 Cell-based assays 

 Hsp90 inhibitors were tested for activity against blood and liver stage 

Plasmodium parasites. Robust high-throughput screens exist to measure drug inhibition 

of P. falciparum blood stage parasites [202, 234] and of P. berghei liver stage parasites [38, 

40, 43]. P. falciparum Dd2 blood stage assays were completed according to a previously 

published protocol using a fluorescent nuclear stain to detect parasites [235]. Briefly, P. 

falciparum Dd2 was maintained in complete culturing medium (10.4 g/l RPMI 1640, 

5.94 g /l HEPES, 5 g/l albumax II, 50 mg/l hypoxanthine, 2.1 g/l sodium bicarbonate, 10% 

human serum and 43 mg/l gentamicin) with O-positive human blood in an atmosphere 
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of 93% N2, 4% CO2, 3% O2 at 37 °C. Assays were completed in 384-well black, clear 

bottom microplates where the final parasitemia was 1% and the final haematocrit was 

1%. The final concentration of DMSO was 0.2% (v/v) and compounds varied from 0-50 

µM. After incubation with compounds for 72 hrs at 37 °C, nuclei were stained with 

SYBR Green I (Invitrogen) and fluorescence was measured 24 hrs later using an 

EnVision. Positive (artesunate) and negative (DMSO) controls were run with every 

assay. 

 Liver stage Plasmodium assays were completed using Plasmodium-infected 

Anopheles stephensi mosquitos obtained from the New York University Langone Medical 

Center Insectary. HuH7 cells were infected with P. berghei ANKA parasites expressing a 

luciferase reporter [236] following a previously published procedure [38]. Briefly, HuH7 

cells were maintained in DMEM (Invitrogen), 10% FBS (Sigma) and 1% antibiotic-

antimycotic (Invitrogen) in a standard tissue culture incubator (37 °C, 5% CO2). Assays 

were completed in 384-well white microplates seeded with HuH7 cells and infected with 

P. berghei ANKA freshly harvested from A. stephensi mosquitos. After incubation with 

compounds for 48 hrs at 37 °C, parasite load and HuH7 cell viability was measured 

using an EnVision system after adding Bright-Glo (Promega) or CellTiter-Fluor 

(Promega), respectively. For EC50 determinations, the final concentration of DMSO was 

1% (v/v) and compounds varied from 0-50 µM. Data was normalized to the DMSO 

control and analyzed with a standard inhibition dose-response curve to generate EC50 

values (GraphPad Prism 6.0). Positive (halofuginone) and negative (DMSO) controls 
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were run with every assay. Reported EC50 values for blood stage assays are the mean of 

2 independent measurements. Reported EC50 values for liver stage assays are the mean 

of 2 or 3 independent measurements as indicated in Table 6.   

4.4.5 Drug combination assays 

 HuH7 cells were seeded at 7,000 cells/well in a 384-well plate. A checkerboard 

synergy test was first completed with varying PIK-75 and SNX-0723 concentrations (10 - 

0.001 µM) dispensed with a D300 picoliter dispenser (Hewlett-Packard) in triplicate. 

Approximately 20 min after inhibitor addition, cells were infected with 3,000 luciferase-

expressing P. berghei ANKA sporozoites and parasite load was measured 48 hours post 

infection (hpi) as described above. HuH7 viability was assessed concurrent with parasite 

load for every condition. DMSO was normalized to 0.1% (v/v). An effect-based strategy 

was utilized to identify favorable drug combinations, which were reproduced in three 

independent experiments. The test for synergy, dose-response curves for parasite 

inhibition were generated where both drugs were administered at equal concentrations. 

Combination index (CI) values were calculated using Compusyn software [213] and 

were plotted against the fraction affected (Fa), or the fractional response.  

4.4.6 Time course inhibition experiments 

 Parasite load was measured to assess the inhibitory effects of geldanamycin, 17-

DMAG, and ganetespib when administered at various times post infection. HuH7 cells 

were seeded and infected as described in the drug combination assay. A final 

concentration of 10 µM geldanamycin, 17-DMAG, and ganetespib was administered 
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either before infection, or 4, 8, and 24 hpi. This concentration was above the EC50 value 

for P. berghei ANKA inhibition for the selected compounds and produced complete 

inhibition of parasite load when administered before infection. DMSO at 1% (v/v) was 

used as the negative control and normalized across all wells. HuH7 viability was 

assessed concurrent with parasite load at every condition. The geldanamycin EC50 was 

evaluated with compound addition at 0 and at 24 hpi. In these experiments, 

geldanamycin (0.001 – 100 µM) was administered prior to infection and 24 hpi, and then 

parasite load and HuH7 cell viability was measured at 45 hpi by measuring 

luminescence or fluorescence, respectively, with an EnVision system. Data was collected 

in triplicate and the reported EC50 values are the mean ± the standard deviation of two 

independent measurements.   

4.4.7 Gene expression of PbHSP90 and HsHSP90 

 HuH7 cells were seeded at 250,000 cells/well in 12-well plates and infected with 

100,000 GFP-expressing P. berghei ANKA sporozoites 24 hours after seeding. RNA was 

isolated from infected hepatocytes at 4, 8, 24, and 48 hpi in addition to sporozoites used 

to infect cells using the Quick-RNA MicroPrep (Zymo Research) according to the 

manufacturer’s protocol. cDNA was synthesized according to manufacturer’s protocol 

using GoScript reverse transcriptase (Promega). Gene expression was analyzed by qRT-

PCR on the LightCycler 480 System (Roche) using the SYBR Select Master Mix (Life 

Technologies) for amplification.  Gene expression of PbHSP90 was normalized to Pb18S 

and samples from three independent experiments were run in triplicate. The following 
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primers were used for amplification: Pb18S rRNA (sense: 5´-

GGTTTTGACGTTTATGTGGGCAT-3´; antisense: 5´-GGCATGTCGTAAACGCAAGAA-

3´) and PbHSP90 (sense: 5´-ATCCACGAAGACAACGCCAA-3´; antisense: 5´-

ATGCTTCGTGAGGGGCATTA-3´). For HsHSP90 analysis, Plasmodium-infected cells 

were sorted by FACS utilizing the GFP P. berghei ANKA reporter before RNA isolation. 

HsHSP90 and Hs18S transcripts were detected with RNA sequencing. Gene expression 

of HsHSP90 was normalized to Hs18S. 

4.4.8 Immunofluorescent microscopy 

 HuH7 cells were seeded at 7×103 cells/well in a 384-well black microplate and 

infected with 3×103 GFP-expressing P. berghei ANKA sporozoites per well in the 

presence and absence of geldanamycin (1 µM) in 2-3 wells in two independent 

experiments. The final concentration of DMSO was normalized to 1% (v/v). At 48 hpi, 

cells were rinsed briefly with PBS and fixed with 4% paraformaldehyde for 30 min. The 

cells were washed with PBS and permeabilized with 0.2% Triton X-100 in PBS 

containing 300 mM glycine and 2% BSA. After three washes in PBS, parasites were 

stained with goat anti-P. berghei UIS4 antibody (LifeSpan BioSciences) for 1 hr followed 

by staining with donkey anti-goat IgG secondary antibody conjugated to Alexa Fluor® 

568 (ThermoFisher Scientific) for 45 min. Cells were washed in PBS and counterstained 

with 5 µg/ml DAPI. Parasites and cells were visualized with a Cellomics ArrayScan VTI 

HCS and the quantification of parasite numbers, intensity and size was completed with 

ArrayScan software. For this high content imaging experiment, an entire well of the 384-
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well plate (61.9 mm2 area) was scanned and analyzed. Images were also acquired using a 

Zeiss Axio Observer widefield fluorescence microscope and then processed and 

analyzed using ImageJ software.  

4.4.9 Structural analysis and alignment 

 The X-ray crystal structures of SNX-0723 bound to HsHsp90 (PDB code 4NH8) 

[218] and ADP bound to PfHsp90 (PDB code 3K60) [216] were overlaid using PyMOL. 

Key polar contacts between the proteins and SNX-0723 were visualized. The distance 

between SNX-0723 and HsHsp90 V186 or the analogous PfHsp90 I173 residues was 

predicted using PyMOL. Pairwise sequence alignment was performed between 

HsHsp90α (UniProt P07900) and PfHsp90 (UniProt Q8IC05) using Clustal Alignment in 

MegAlign Pro (DNASTAR Lasergene) to identify the residues within the binding pocket 

that differ between the two proteins. In addition, molecular docking simulations were 

completed to provide a secondary means of identifying key residues. AutoDock Tools 

4.2 [237] was used to prepare HsHsp90 (PDB 4NH8) and ADP bound to PfHsp90 (PDB 

3K60) for docking with flexible residues. In HsHsp90, flexible residues included D93, 

M98, L107, I110, A111, V136, F138, Y139, W162, and T184, which were reported critical 

for binding to SNX-0723 (7). In PfHsp90, flexible residues included G33, L34, N37, I77, 

D79, M84, N92, F124, V136, T171, and I173. For the simulations, SNX-0723 and ADP 

were prepared as ligands with torsional flexibility. Grid parameters were set based on 

the ligand binding sites of each protein. MD simulations were performed using 

AutoDock Vina [238] to predict energetically favorable binding poses and results were 
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visualized with PyMOL. Each protein model was validated by superimposing the 

docked structure with the corresponding PDB structure. Interactions were identified 

based on polar contacts, hydrogen bonding, and electrostatic interactions. 
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5. Conclusions 

 The work presented in this dissertation took two distinct approaches to probe the 

Plasmodium liver stage. The first approach was focused on gaining a fundamental 

understanding of host-parasite interactions during the liver stage of Plasmodium 

infection utilizing next-generation sequencing and molecular genetic techniques. The 

second approach was utilizing target-based screens to identifying novel antiplasmodial 

small molecules to treat malaria. 

 Using RNA-sequencing to map global transcriptional profiles of the infected host 

cell and parasite throughout the course of liver stage infection, we developed a data-

rich, hypothesis-generating resource that is open to all researchers.  To demonstrate the 

power of this dataset, we identified AQP3 as a key host factor in the development of P. 

berghei in both the liver and blood stages. Many lingering questions regarding the 

regulation of the parasite transcriptome and the role of aquaporin in Plasmodium 

infections remain.  

 In this work we also took a chemical approach to screen novel compounds for 

treating liver stage malaria. We interrogate the species specificity of a panel of Hsp90 

small molecules inhibitors and seek to understand the chemical moieties that determine 

species selectivity. We also utilize cell-based assays to screen for and identify 

compounds that act synergistically. Below, I briefly touch on some of the ambiguities 

that remain to be solved related to the work presented in this dissertation.   
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5.1 Uncovering transcriptomic regulation of the parasite throughout 
the liver stage. 

 To date, scientists have been unable to elucidate the Plasmodium transcriptome 

during the early hours of the liver stage. Many believe it will be the key to unlocking 

promising targets for malaria vaccine and drug development [22], while uncovering 

how the parasite undergoes these dramatic morphological changes mechanistically. Not 

only are liver stage therapeutics appealing because treatment at this stage prevents the 

manifestation of symptoms, but impeding the parasite from passing to the blood stage is 

also transmission blocking. The ultimate goal of malaria research is elimination and that 

can only be achieved by blocking transmission of the parasite between host and vector.  

 In chapter 2, I briefly describe the parasite RNA-seq data we have collected for 

the liver stage thus far. Currently we are in the process of analyzing this data and our 

group is poised to become the first to report on the Plasmodium transcriptome during the 

entire liver stage development. We have collected data from samples at eight time points 

during the course of infection (2-48 hpi), the majority clustering around the early time 

points before the parasite begins to undergo nuclear division (Figure 38).  
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Figure 38. Collected samples with P. berghei mapping reads. 
(A) Time points at which samples were collected denoted by ´ . (B) Number of reads 
mapping to P. berghei genome for all samples that reached the minimum threshold of 1 
million reads. At the time of this submission, sequencing results for seven additional 
samples (sporozoite, 2 hpi, and 4 hpi) were returned from the Duke sequencing core 
facility that will ensure three biological replicates for all times sampled. 
 
 When we set out to complete this work, our aim was to analyze both the host 

and the pathogen transcriptome from the same samples. This dual-seq approach offers a 

unique insight into the host pathogen interactions on a molecular level.  Dual-seq, also 

poses challenges because host cell mRNA is far more abundant, especially during the 

early phase of this life cycle. This is clearly seen when percentage of mapped reads are 

plotted (Figure 38). As the parasite begins to undergo nuclear division and occupy an 

ever-growing volume of the host cell, more reads begin to map to the P. berghei genome. 

Fortunately, the continuous improvement in sequencing technology and the significant 

reduction in RNA-seq costs allowed us to sequence at a depth at which enough reads 

map to the P. berghei genome for comparative studies.  
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 Methods to enrich Plasmodium reads are possible, however this would prevent 

the ability to complete dual-seq analysis. To avoid host transcript “contamination” 

scientists in the past have used laser capture microdissection to isolate the EEF from the 

host cell. This method, however, leads to lower quality RNA-seq libraries and is 

restricted time points during which the EEF is nearing maturity [105]. An alternative 

approach is to complete suppression subtractive hybridization (SSH). This method was 

developed to remove cDNA that is common between two samples in order to identify 

differentially expressed genes [240]. In our context, cDNA from uninfected human 

hepatocytes would be hybridized to the cDNA of the P. berghei-infected hepatocyte and 

dsDNA removed. In this manner human cDNA would be depleted and Plasmodium 

cDNA enriched.  While SSH could be used to enhance P. berghei coverage, we are 

confident our sequencing depth for the parasite will be sufficient for analyzing the 

differential expression of P. berghei throughout the course of the liver stage infection. 

 As models and technologies continue to improve I foresee scRNA-seq of infected 

hepatocytes as an immensely informative data on the heterogeneity of liver stage 

Plasmodium infections. It could provide insights into questions such as: what host factors 

distinguish certain hepatocytes as more suitable for parasite development? What host or 

parasite factors allow the parasite to elude clearance by the immune response? scRNA-

seq could also be harnessed to overcome difficulties in performing RNA-seq of P. 

falciparum and P. vivax infections in vitro during the liver stage.  

  

5.2 Unraveling the role and regulation of AQP3  

 Many questions regarding the role of host AQP3 during P. berghei infection 

remain unanswered. First, how is AQP3 expression induced upon Plasmodium infection? 

Is AQP3 induced as a result of a general host response or do P. berghei effector proteins 

directly/indirectly interact with the host to promote expression? Second, do parasite 
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effector proteins co-opt host cellular trafficking to recruit AQP3 to the PVM? Finally, 

likely the most difficult yet most important question to answer, does AQP3 transport 

glycerol through the PVM to promote parasite growth and development?  

5.2.1 How is AQP3 expression regulated upon Plasmodium infection? 

 Potential candidates for AQP3 expression activation upon Plasmodium infection 

were compiled through a literature review. The following host factors were found to 

directly or indirectly regulate AQP3 expression: peroxisome proliferator-activated 

receptor gamma (PPARγ) [241, 242], the aryl hydrocarbon (AHR) pathway [243], and 

forkhead box a2 (Foxa2) [244]. To test this, mRNA was depleted by RNAi, hepatocytes 

infected with P. berghei, and parasite load measured at 48 hpi (Figure 39).  

 

Figure 39. Regulation of AQP3 during liver stage Plasmodium infection. 
(A) Parasite load of P. berghei-infected HuH7 hepatocytes significantly decreases in a 
dose-dependent manner upon LPS treatment (mean ± SEM; n=2 independent 
experiments) (One-way ANOVA, Dunnett’s multiple comparison test). Cell viability was 
not significantly altered (One-way ANOVA, p = 0.1921). (B) Gene expression was 
depleted with 50 nM siRNAs. 2-4 individual siRNAs were used to target each gene and 
resultant parasite loads were averaged (mean ± SEM; n=4 independent siRNA 
treatments) (One-way ANOVA, Dunnett’s multiple comparison test). No significant 
changes to cell viability. *p < 0.05, **p < 0.01, ****p < 0.0001. 
 

 Of these regulators, PPARγ was of the greatest interest. It is a transcription factor 
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glycerol uptake of kerotinacytes by inducing AQP3 expression. PPARγ depletion did 

not change parasite load in vitro as would be expected if it was acting as AQP3s 

transcription regulator (p < 0.999). However, depletion of AHR and Foxa2 did lead to 

significant reduction in parasite load and as a result could potentially be regulating 

AQP3 expression (p < 0.01). It will important to determine the expression of AQP3 in 

response to depletion of these genes. In order to do so, P. berghei infected hepatocytes 

would need to be sorted.  

 The AHR pathway has been shown to induce AQP3 expression to promote cell 

migration [243]. However, it is unclear how the AHR pathway could play a role in 

Plasmodium infection of hepatocytes. AHR has been shown to induce innate immune 

response in THP-1 cells [245], therefore it seems counterintuitive that depletion of AHR 

would also lead to decreased parasite load. The Foxa2 transcription factor has a more 

understood role in hepatocytes. It is believed that Foxa2 regulates AQP3 expression 

through insulin [244].  

 The signaling of Sp3, through TNFα, through NF-κB has also been implicated in 

the suppression of AQP3 [246]. However, depletion of these host factors did not lead to 

changes in parasite load that would suggest a role in AQP3 expression in the context of 

P. berghei infection in hepatocytes. Several other host factors inhibited parasite 

development in a manner that was counter-intuitive but will not be discussed in detail. 

 Lipopolysaccharides (LPS), a major component of Gram-negative bacteria, has 

been shown to downregulate AQP3 expression through the JNK signaling pathway 

[247]. To test whether LPS would have an effect on P. berghei parasite load in, HuH7 cells 

were treated with varying concentrations of LPS. As a result, parasite load was reduced 

in a dose-dependent manner while cell viability of the culture was unaltered (Figure 39). 

Whether LPS is activating an immune response in the host cell or AQP3 expression is 

prevented remains to be answered.  
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 These preliminary experiments were exploratory in nature and leave us with 

more questions than answers. Nonetheless, interrogating the various roles of these host 

factors will no doubt lead to interesting findings.  

5.2.2 How is AQP3 trafficked to the PVM? 

 It is interesting that host AQP3 is transported directly to PVM of Plasmodium-

infected hepatocytes. Unfortunately, immunoprecipitation assays are prohibitively 

difficult in liver stage studies to probe protein-protein interactions because of the low 

Plasmodium infection rate. In order to obtain enough P. berghei-infected hepatocyte to 

perform a pull-down, approximately 30 large cell culture flasks would need to be 

infected and cell sorted. This would require the dissection of a minimum of 3,000 

mosquitoes and an army of undergraduates (25 to be exact) to complete it in a timely 

manner before the sporozoites lose infectivity. All just for a single infection and negative 

control biological replicate.  For this reason, it is difficult to ascertain what proteins may 

be trafficking host AQP3.  

 Small molecules impeding transport could shed some light on different 

trafficking routes. For example, cells could be treated with Brefeldin, an inhibitor of 

protein transport from the endoplasmic reticulum to the Golgi apparatus. Generating an 

AQP3 fluorescent reporter cell line could also reveal dynamics in the trafficking of the 

protein.  

 Alternatively, AQP3 protein interactions could be interrogated in P. falciparum-

infected erythrocytes. Localization of the host AQP3 to the PVM was found to be 

conserved in both the infected hepatocyte and erythrocyte. Though differences in host 

trafficking between the liver and blood stages is likely, it would be interesting to see 

how the host AQP3 is recruited to the PVM of erythrocytes.  
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5.2.3 What is the role of AQP3 in P. berghei infections 

 We hypothesize the transport of the glycerol across the PVM is the key role of 

AQP3 in P. berghei liver stage infection and P. falciparum blood stage infections. We show 

that (1) depletion of aquaglyceroporins, but not aquaporins reduces parasite load, (2) 

auphen, a glycerol permeability inhibitor of AQP3 impedes parasite development, and 

(3) host AQP3 parasite phenotype is what you would expect when the parasite is not 

able to synthesize phospholipid membranes. To provide further evidence that  

 Yet, we have not shown direct evidence to prove glycerol is permeating the 

PVM. Tracking of glycerol is quite complicated. Generally, it requires radiolabeling, 

however this also isn’t feasible for our particular question because we want to see flux of 

glycerol from the host cytosol into the PV and methods to separate the PV from the host 

cell have not been developed. One alternative would be to use deuterated glycerol 

coupled with Raman scattered microscopy to visualize the glycerol movement [248]. 

However, this is an extremely specialized technique with only a few microscopes in the 

world capable of performing this experiment.  

 It is certainly possible that AQP3 is transports other small solutes that are 

beneficial for the parasite. It is unlikely to be urea, but hydrogen peroxide (H2O2) is 

another molecule that AQP3 has recently been shown to be transport across membranes 

[249, 250].  As the parasite is developing it could be producing reactive oxygen species, 

including H2O2, that need to be cleared from the PVM. H2O2 is also crucial for redox 

signaling. Importantly, a recent report detected H2O2 inside the PVM of P. falciparum-

infected erythrocytes [251]. Using their genetic probes to detect subcellular localization 

of H2O2, this method could be used to determine whether H2O2 accumulates within the 

PVM of AQP3 mutant cell lines.   
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5.3 Concluding Remarks 

 Our inability as a society to eliminate the staggering mortality associated with 

malaria over the past one hundred years truly speaks to the success of the Plasmodium 

pathogen. It will take a joint effort to ultimately eliminate this pathogen, combining 

high-throughput drug screens and studies focused on grasping the fundamental cellular 

biology of the parasite. In the past 10-15 years there has been an increased effort within 

the malaria community to understand aspects of Plasmodium biology beyond the 

intraerythrocytic development cycle (IDC). This shift is apparent through funding 

agencies such as the Bill and Melinda Gates Foundation and the Medicines for Malaria 

Venture who are preferentially funding projects that have a potential to lead to 

transmission blocking or dual-stage therapies [239].   
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