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We are in a constant battle against pathogens. Millions of
individuals die every year due to inadequate diagnosis and emerging
resistance to current therapeutics. Improvements in diagnosis and
treatment strategies are needed, but these can be hindered by a lack of

knowledge regarding a particular pathogen’s molecular and resistance
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mechanisms. Plasmodium and Leptospira are two such examples of
widespread pathogenic organisms whose genomes are still poorly
understood and additional knowledge is desperately needed to improve
therapeutic strategies. This dissertation presents two evolution-based
strategies that when coupled with whole genome sequencing can be
used to identify virulence and resistance associated genes. These include
a “forward” approach, which studies the development of resistance, and
a “reverse” approach, which examines the loss of virulence.

In Chapter 2, the forward approach is used to examine novel
targetable pathways in Plasmodium falciparum. Selectively evolving
resistance to 50 novel antimalarial compounds, we successfully identify
potential targets to 21 compounds and eight novel gene targets.
Additionally, this chapter examines resistance development patterns
against the compound set, and identifies fast-kiling compounds may
result in a slower onset of clinical resistance.

Chapter 3 focuses on PfCARL, one potential target identified in
Chapter 2, which has been previously described as the target for KAF156,
a drug currently in clinical trials. Our data demonstrate that pfcarl
mutations confer resistance to two distinct compound classes -
benzimidazolyl piperidines and imidazolopiperazines. However, these two

classes appear to have different timing of action in the asexual blood



stage and different potencies against the liver and sexual blood stages,
suggesting pfcarl is a multidrug resistance gene rather than a common
target.

Finally, using the reverse approach, Chapter 4 identfifies virulence-
related genes in Leptospira by observing cumulative genomic changes
occurring after serial in vifro passaging of a highly virulent Leptospira
interrogans strain info a nearly avirulent isogenic derivative. Comparison
between these two polyclonal strains identifies 15 non-synonymous single
nucleotide variant (NsSNV) alleles that increased in frequency and 19 that
decreased. These frequency changes likely contribute to the loss of
virulence, and suggest new virulence-associated genes whose role in

Leptospira pathogenesis should be further studied.
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Chapter 1

Infroduction: Plasmodium and Leptospira: the Approaches

to Identifying Resistance and Virulence



1.1 The Origin of the Pathogen

The term “pathogen,” coined in the 1880s, is derived from the Greek
words pathos and genés, translating poetically into “giving birth to
suffering” [1]. Pathogens can refer to any organism that produces disease
within a host, and covers a wide variety of organisms, including viruses,
bacteria, fungi and parasites [2]. Though sometimes portrayed as a
vindictive malcontent invader whose sole purpose is to wreck havoc on
the host’'s body, pathogens are simply following an organism’s basic
biological need to procreate and live. Their survival, however, is at the
expense of another, and when two organisms are vying for the same
biological need, it can get hostile.

In the clinic, it seems we are in a constant war against pathogens.
Even with the advantage of vaccines and chemotherapies, pathogens
are highly adaptable and elusive, resulting in resistance to the various
therapies thrown at them. In order to aid future therapeutic efforts, an
understanding of how a particular pathogen attacks the host, adapts and
develops resistance is vital. With the accessibility and affordability of
whole genome sequencing we are in an ideal position to explore
pathogenic genomes to answer these questions.

The work described here examines two pathogens, Plasmodium

and Leptospira, whose genomes are still poorly annotated and resistance



mechanism/virulence factors poorly understood [3, 4]. We employ two
main approaches: (1) studying the development of resistance (the
“forward” approach); and, (2) examining the loss of virulence (the
“reverse” approach). With the malaria parasite we utilize the forward
approach, examining potential drug gene targets and resistance
mechanisms for Plasmodium falciparum by using an in vitro selection
method to develop resistant mutant derivatives and analyzing the
genomic changes in the mutant derivative. Focusing next on the
Leptospira bacteria, we apply the reverse approach to identify virulence
factors by passaging a highly virulent Leptospira interrogans strain in vitro
and examining genomic changes distinguishing the parental highly
virulent strain from the attenuated derivative.

The first chapter of this dissertation provides an overview of
Plasmodium and Leptospira, focusing on the life cycles and research
need for both pathogens. The second chapter presents an examination
of malarial chemical resistance: a systematical evalulation of whether or
not pre-existing resistance mechanisms confer resistance to a set of 50
antimalarial compounds identified in phenotypic screens. Additionally,
this chapter explores the genomic changes within the generated mutants,
identifying potential compound gene targets that could be exploited in

the design of future antimalarial therapies as well as elucidating possible



general resistance mechanisms in malaria parasites.  Within the third
chapter we focus on one particular gene identified in Chapter two, a
cyclic amine ressitance locus (PfCARL) and investigate whether the gene
is a direct target of the compound or a general resistance mechanism.
Chapter three additionally examines the implications of PFCARL's function
on a preclinical candidate, KAF156, which has resulted in PFCARL resistant
parasites during in vifro selections. The fourth chapter examines the loss of
virulence in an aggressive Leptospira interrogans strain, inferring novel
virulence candidate genes in the organism. Finally, the last chapter
provides concluding perspectives on the information gained for both

pathogens, and the implications this work has on the field.

1.2 Plasmodium

1.2.1 Effect on the world

Malaria is a devastating disease that has ravished the world for
centuries. Spread by mosquitos, malaria can be found throughout our
history. Malarial antigens were found in Egyptian remains in 3200BC, and
hundreds of thousand American Civil War soldiers fell ill to malarial
infections in the mid 19t century [5, 6]. The initial upsurge of malaria
10,000 years ago has been linked to the increased breeding of the

mosquito, as a rise in temperature in Africa and a rise in humidity 7,000-



12,00 years ago increased breeding grounds for the insect vector,
allowing for the disease to propagate more freely across human
populations [7]. Quinine (isolated from chichona bark), has been the
primary treatment for malaria for hundreds of years, with the first malaria
quinine freatment dating back to 1631 in Rome [5, 8]. Other forms of
malaria freatment were not discovered until 1891, when methylene blue
was developed [9, 10]. As the first synthetic drug for malaria, methylene
blue launched further efforts in malaria drug design, leading to the
development of chloroquine in the mid 1900s [11]. At the same tfime
primaquine was synthesized to treat relapses in P. vivax patients [12, 13].
With this arsenal of antimalarials as well as insecticides to fight mosquitos,
a war was waged from 1955-1960s to eliminate malaria.  While this
resulted in malarial elimination in some areas, such as the United States
and Europe, it was not enough to eradicate the disease, and resistance
began to emerge against the major antimalarials in the 1970s
(chloroquine, proguanil, pyrimethamine, and sulfadoxine) [?].

Today, malaria is responsible for the plurality of disease-related
deaths in children aged 1-4, and an estimated 214 million cases and
~438,000 deaths in 2015 alone [14, 15]. Economic development, seasonal
climate (temperature, humidity, etc.), and transmission-reduction

strategies such as spraying with dichloro-diphenyl-trichloroethane (DDT)



have all helped eliminate malaria in the United States, Europe, and other
countries further from the equator. Impoverished regions closer to the
equator such as parts of South America, sub-Saharan Africa, and South-
East Asia, however, continue to struggle against malarial infections [15,

16].

1.2.2 Life cycle and biology

Malaria is caused by protozoan parasites of the genus Plasmodium,
and is fransmitted from person to person by Anopheline mosquitos. Four
major species infect humans — P. falciparum, P. vivax, P. ovale, and P.
malariae, — with P. falciparum having the highest mortality and P. vivax
having the highest morbidity [17, 18]. Plasmodium has a complex
lifecycle, shuffling between states depending on its environment (Fig. 1.1).

Plasmodium is initially fransferred when an infected female
mosquito bites a vertebrate host and sporozoites are introduced into the
host's dermis and eventually the blood stream. From here, the sporozoites
travel to the liver, where they invade hepatocytes and begin to develop
and multiply over a span of 8-16 days depending on the Plasmodium
species [19]. Some Plasmodium species, P. vivax being the most
common, also develop hypnozoites — a dormant form of the parasite
responsible for malarial relapse. Hypnozoites can remain in the liver for

months to years before developing info merozoites [18].



Once fully developed, the liver merozoites are released back into
the blood stream where they invade erythrocytes and initiate the blood
stage of the infection. A majority of the merozoites undergo a ~48hr
asexual cycle within red blood cells (RBCs), developing from a ring to a
mature trophozoite and eventually dividing into ~20 merozoites during the
schizont stage. The schizont ultimately ruptures the RBC, allowing the
parasites to spread to other uninfected erythrocytes [17, 20]. This asexual
stage is the primary cause of most malarial symptoms in patients, which
include flu-like symptoms and anemia (due to the rupturing of blood cells)
[21]. Complications of malaria can also include swelling of the brain
(cerebral malaria), hypothesized to be due to sequestration of red blood
cells in the cerebral microvascular endothelium, affecting blood flow [22].

While the asexual stage continues to cycle, a small fraction of the
merozoites develop info gametocytes, the sexual stage of Plasmodium
and the only transmittable form of the parasite. In P. falciparum,
gametocytogenesis tends to start 7-15 days after the initiation of the
asexual cycle, and takes approximately 10 days to result in mature
gametocytes [23]. Gametocyte development is distringuished by
morphological changes and is classifcally divied into five stages.
Immature gametocytes (stage I-IV) are sequestered in bone marrow and

are released back into the blood streem once they mature intfo a stage V



male or female gametocyte [24]. Once ingested by a mosquito, each
gametocyte develops into 1 female or 8 male gametes in the mosquito
midgut, based on their sex. A male and female gamete fuse together to
form a zygote, which then turns info an ookinete. The ookinete burrows
across the midgut wall and subsequently forms an oocyst, which enlarges
over time and eventually bursts open to release sporozoites. These
sporozoites travel to the salivary glands of the mosquito, and the vicious

cycle repeats.

1.2.3 Research need

While malarial freatment began with an element used in a standard
gin and tonic cocktail, today, we now supply malaria patients with a
more complicated cocktail: a combination-based therapy. Given that
the recently licensed Mosquirix vaccine provides only moderate
protection [25], chemotherapy still constitutes the best clinical approach
for the prevention and tfreatment of malaria. These consist of 4-
aminoquinolines including chloroquine, piperaquine and related
compounds; antifolates such as pyrimethamine and cycloguanil;
alkanolamines such as halofantrine and lumefantrine; endoperoxides,
such as artesunate, artemisinin, artemether; and newer synthetic

compounds [26].



Antimalarial treatments are typically administered as combination
therapies, and artemisinin-based combination therapies (ACTs, such as
artemether-lumefantrine) currently represent the therapy class that is most
effective and that is the standard of care recommended by the World
Health Organization (WHO). Most drugs administered target the malaria
parasite during its replicative cycle within human erythrocytes, the
lifecycle stage that is associated with clinical manifestations of malaria
[26].

Over the past fifteen years, malaria control measures, including
insecticide treated bed nets, insecticide sprays, and ACTs, have resulted
in a reduced global burden of malaria [27]. Globally, malaria cases have
declined by 18% since the turn of the century, falling from an estimated
262 million in 2000 to 214 million in 2015, and malaria deaths have
decreased by 48%, faling from ~839,000 to ~438,000 in the same time
period [14]. Of the 100 malaria endemic countries, 35 are pursuing
elimination [28]. While these results are encouraging, increased parasite
resistance to the most effective drug, artemisinin, may undo our progress
[29-33]. Clinical ftrials with artemisinin mono-therapies have shown that
artemisinin is taking considerably longer to clear malaria infections in
Southeast Asiao—typically twice as long as observed a decade ago [34].

While efforts are being made to restrict the spread of artemisinin-resistant
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parasites in Southeast Asia, resistance to other standard antimalarials,
including chloroquine, pyrimethamine, and sulfadoxine emerged in the
same region of Southeast Asia and subsequently spread to Africa [35].
Indeed, sporadic reports of artemisinin resistance in Africa and South
America may foreshadow a widespread loss of artemisinin efficacy [36,
37].

In anticipation of eventual widespread ACT failure there has been a
focused and coordinated effort to place new antimalarial candidates
into the drug development pipeline (see http://www.mmv.org/research-
development/rd-portfolio). The hope is to identify new compounds,
ideally pan-lifecycle compounds with novel mechanisms of action, which
can be used to define new classes of antimalarials. Two main strategies to
identify new compounds are either a phenotypic screen, where millions of
compounds are assayed against the parasite in a cell-based assay, or a
target-based screen, where thousands of compounds are tested for the
ability to directly inhibit an isolated protein target. A target-based
approach allows one to screen fewer total compounds and identifies the
MOA early on. However, this method requires one already has identified
a critically essential targetable protein, and does not test a compound’s
efficacy against the entire organism. A phenotypic assay approach, on

the other hand, requires screening significantly more compounds, and
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does not identify how the compound is acting on the organism. However,
unlike the target-based screens, a phenotypic assay is run against the
entire organism, and compounds successfully identified in the screen
already could be expected to act on an essential target. For
Plasmodium, the genome is still largely unannotated and compounds are
required to penetrate not only the parasite but typically also the invaded
cell (erythrocyte or hepatocyte), a phenotypic approach is more
desirable. Additionally, phenotypic screens provide the opportunity to
identify compounds that may act on varying targets, minimizing the
tunnel vision that occurs in target-based approaches where one is only
focusing on a single protein. Therefore, efforts to identify novel
anfimalarials in recent years have primarily used a high throughput cell-
based assay approach, leading to the screening of close to five million
compounds against asexual stage P. falciparum over the last decade [38-
40].

While some compounds have already been identified as potential
antimalarials using a cell-based screening approach, many of these
compounds have unknown mechanisms of action (MOA) in the
Plasmodium parasite.  While clinical candidates in the past have
advanced despite having an unknown MOA, having this knowledge may

be critical in developing alternative compounds if there are
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complications in clinical trials. Additionally, beyond identifying new drug
targets, there is also a need to gain a broader understanding of malarial
resistance development and identify general mechanisms of resistance.
Out of the ~5500 genes identified in the Plasmodium falciparum genome,
only 40% have been assigned a Gene Ontology term, resulting in 60% of
the genes being classified as hypothetical [3]. Because of this, we are
unaware of how many potential pathways can be exploited in
antimalarial therapies, and which mutations already present in the clinic
may result in pre-existing resistance, drastically shortening the life of new
therapeutics. Therefore, we are in need of an additional approach
examining resistance development that not only identifies a compound’s
mechanism of action but also defines the parasite on a larger genomic

scale.

1.3 Leptospirosis

1.3.1 Effect on the world

Leptospirosis, caused by pathogenic bacteria of the genus
Leptospira, is an zoonotic infection of global distribution [41]. The
Leptospirosis Burden Epidemiology Reference Group estimates there are
over 500,000 hospitalized cases per year [42], which is likely an

underestimate of the frue burden of disease due primarily to inadequate
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diagnostics, a lack of clinical awareness, and poor surveillance [43].
Transmission of Lepfospira to humans occurs via exposure to
contaminated water and wet soil or infected fissues and urine from
chronically colonized reservoir hosts. Humans living in poverty with poor
sanitation are at greatest risk of infection, particularly during seasonal

flooding, monsoons, and fropical cyclones [41, 43].

1.3.2 Life cycle and biology

Leptospira are bacteria belonging to the phylum of spirochetes,
known for their question-mark shape from their long thin morphology with
a hooked end [44, 45]. Leptospires are all slow-growing obligate aerobes
and for their sole carbon source utilize long-chain fatty acids which are
metabolized via beta-oxidation [45, 46]. They also display a double
membrane consisting of a lipopolysaccharide (LPS) outer membrane,
similar in composition to that of a gram-negative bacteria, though having
lower endotoxic activity [47].

The Lepfospira genus includes at least 22 species classified into
three large subgroups based on 16S rDNA phylogeny, in vitro growth
characteristics, and virulence [48-51]. There are 15 recognized
pathogenic species and seven saprophytic (non-infectious) species.
Group | pathogens comprise > 250 serotypes and cause disease varying in

severity, ranging from subclinical infections to severe disease—often
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associated with renal failure and pulmonary hemorrhage—and death
[52]. By confrast, group Il species grow better in culture and cause
predominantly mild, self-resolving illness without fatal complications.
Similar to Plasmodium, there is a transmission cycle for leptospirosis
between a reservoir and non-reservoir host, however unlike Plasmodium,
which passes infection to humans through a single vector organism
(mosquitos), Leptospira can colonize multiple reservoir animals, including
cattle, buffaloes, horses, sheep, goats, pigs, dogs, and rodents [45, 53].
The pathogen colonizes the renal tubes of these reservoir animals, and is
routinely shed via urine into the environment [45]. Lepfospira can transmit
between reservoir hosts via sexual transmission, contact with infected
urine, or by mother to susceptible offspring, and once colonized most
reservoir hosts are chronically infected [46]. Transmission between
reservoir and non-reservoir hosts occurs primarily through contact with
infected urine or tissues, although indirect infection can occur through
contaminated soil or water [41]. Most tfransmission to the host occurs via
abrasions or cuts in the skin, or through exposed mucosal membranes,
such as eyes or the nose. Transmission, however, can also occur through
the skin in cases of prolonged exposure [46]. The pathogenic spirochete
penetrates the host quickly, being detectable in the blood stream minutes

after infection and detectable in the target organs by the third day post
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infection [53, 54]. While the reservoir host typically sheds Leptospira in the
urine for a lifetime, the non-reservoir host (ex: humans) has been found to
only have renal colonization and leptospiruria for a few months, though
there has been some documentation in which renal infections have

lasted a year or longer [55].

1.3.3 Research need

Of the pathogenic species, Leptospira interrogans, the leading
cause of leptospirosis-associated morbidity and mortality in humans, is the
most extensively studied species [41, 42]. Nonetheless, very little is
understood regarding the virulence mechanisms and even the basic
biology of the causative agents of leptospirosis. Only four species for
Leptospira have been previously assembled, which includes three
pathogenic species (L. interrogans, L. licerasiae, and L. borpetersenii) and
one saprophytic species (L. biflexa), and functions of most genes (59%)
predicted in these genomes are unknown [48, 56-58]. There is additionally
large variability between the genomes. Comparing three genomes of the
four genomes (L. interrogans, L. borpetersenii, and L. biflexa), only 2052
proteins were shared, accounting for only 60% of the predicted genes
found in L. inferrogans alone [59]. Even between the two pathogenic

species, 627 genes were found to be unique to L. inferrogans [45].
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Typical treatment of leptospirosis infections is with antibiotics,
including doxycycline, azithromycin, penicillin, ceftriaxone, and
cefotaxime [60]. Additionally, whole Leptospira-based vaccines have
been used to protect livestock, domestic animals, and even human
subjects from infection. Current vaccines, however, have multiple related
adverse effects (including poor appetite, vomiting, diarrhea, and
lethargy) and only confer short-term immunity to the specific Leptospira
species used during vaccination [45]. Because of this, there is a strong
need for more specific sub-unit vaccines, however a better understanding
of the Leptospira virulence factors and associated genes is required for

the development of these vaccines to occur.

1.4 Proposed Research Strategies to Identify Genes Involved in

Resistance

1.4.1 Selecting for resistance in malaria: the forward approach
Elucidating gene function using forward genetics in malaria has
been an uphill battle as there have been no practical ways until recently
to perform genetic crosses or complementation in Plasmodium [61].
Notable successes, which took years to perform, include the identification
of the gene involved in chloroquine resistance (chloroquine resistance

transporter, pfcrt), which was achieved by crossing a drug resistant and
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sensitive P. falciparum line [62]. Additionally, because malarial parasites
need to grow within red blood cells, transfection methods have been
difficult and extremely inefficient. Over the last decade, however, there
has been significant success in using a whole-cell based chemical
genomics approach to identify gene function in the context of identifying
antimalarial drug targets [26, 63, 64]. This forward genetics approach
using in vitro evolution has been well validated in identifying antimalarial
gene targets (examples in Table 1.1), and provides a much more efficient
technique to elucidate gene function when compared to previous cross
studies. Briefly, Plasmodium falciparum is cultured in the presence of small
molecules with antimalarial activity to encourage the emergence of
resistant mutants. Following successful selection of resistant parasites,
whole genome sequencing is used to analyze clones that have acquired
resistance at a single nucleotide resolution. Performing this selection
method on multiple independent cultures provides the identification of
the genes involved in drug resistance based on mutations acquired in
particular proteins, and in best cases occurs across all selected cultures.
In numerous cases, Plasmodium has acquired resistance via non-
synonymous mutations in a drug-binding pocket, thereby identifying the
compounds MOA [65-68]. It should be noted, however, this type of

selection method does not guarantee the mutated gene is in fact the
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direct target of the compound used. Genes involved in general
resistance have the potential to mutate as well, as illustrated by previous
studies identifying single point mutations in pfcrt conferring resistance to
mefloquine and halofantrine [69], or amplifications in a drug efflux pump
(pfmdr), conferring resistance to chloroquine [70]. Additional experiments
can be used to establish if a mutation detected by whole genome
sequencing confers resistance. Without expressin the protein it can be
challenging to distinguish between targets and resistance genes.

This method addresses questions regarding a compound target and
is helpful even on a single compound level. The application of the
forward approach on multiple compounds, however, opens up the
possibility of analyzing resistance development on a wider scale in
addition to identifying potential targets and/or resistance mechanisms.
Typically more than one mutation is identified in a single resistant culture,
and while initial focus is on gene similarity across a group of resistant
strains, there is a potential to apply a broader analysis, identifying patterns
in gene pathways or gene ontology information. Therefore this method
will also allow for a more extensive understanding of the gene

targets/pathways as well as resistance onset.



19

1.4.2 Loss of virulence in leptospira: the reverse approach

While L. interrogans is the most extensively studied Leptospira
species, the molecular mechanisms underlying its pathogenesis remain
largely unknown primarily because targeted gene knockouts in
pathogenic Leptospira is inefficient and technically challenging [45].
Despite this barrier to progress in the field, tfransposon mutagenesis, first
reported by Bourhy and others [71] and Murray and others [72], has been
successful. Though technically difficult, targeted gene knockouts have
also been described and used to validate a handful of Leptospira
virulence-related genes (e.g., fliY, colA, mce) [73-75].

Given the difficulty of targeted gene knockouts, systems-based
approaches, including transcriptfome and comparative genome analysis,
have been used to identify potential virulence candidates. Microarrays
have been applied to investigate the franscriptional response of
pathogenic Leptospira to various “host-like” conditions including
temperature [76, 77], serum [78], physiological osmolarity [79], iron
depletion [80], and host immune cells [81]. Recent RNA-seq experiments
have further improved our understanding of global tfranscriptional
responses during Leptospira growth in vivo [82, 83]. In addition,

comparative genome analysis has been applied to identify 452
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conserved pathogen-specific genes that likely play a role in Leptospira
pathogenesis [48, 56, 57, 59, 84, 85].

With the accessibility of high throughput sequencing technology it is
now possible to compare Leptospira virulent and avirulent strains and gain
a larger understanding of virulence factors involved in the organism. By
passaging a highly virulent L. inferrogans strain until virulence is lost and
comparing variant frequencies between the parent strain and its
attenuated derivative, we are able to identify individual genes or
combinations of genes which may be contributing to the overall virulence

phenotype of pathogenic Leptospira.
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Figure 1.1 Plasmodium falciparum life cycle. The Plasmodium falciparum life cycle
shuffles between a human host and a mosquito vector. Plasmodium sporozoites (A) are
transferred from the mosquito fo the human host, where they migrate fo the liver to
incubate and multiply in hepatocytes. Following this incubation, the merozoites migrate
to the bloodstream where they asexually multiply (B). Finally, a small portion of the
asexual blood stage parasites can develop into sexual stage gametocytes (C), which
once fully matured can be taken up by the mosquito.
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Table 1.1 Examples of target-discovery studies utilizing drug selection methods to
elucidate potential drug targets

Drug Presumed target Genetic Mutations
Artemisinin Kelch propeller SNVs in 7 genes, including K13-propeller
domain [32]
Atovaqgquone electron transport SNVs in cytochrome bc 1 [86]
Cladosoorin Lysyl-tRNA CNVs on Chrom 13, including
P synthetase cytoplasmic lysyl-tRNA synthetase [87]

Decoquinate
Fosmidomycin
GNF156/179

KAI407
(Imidazopyrazine)

KAE609
(spiroindolone)

Piperaquine

Thigisoleucine

electron transport
inhibits DXR
unknown

Phosphatidylinositol
4-kinase
P-type cation
fransporter
(ATPase4)

digestive vacuole

isoleucine analog

SNVs in mitochondrial cytochrome bcl
(88]
CNYV of region surrounding pfdxr [89]
SNVs in cyclic amine resistance locus
[90]
SNVs in pfpidk and CNVs including
pfpidk [91]

SNVs in pfatp4 [92]

SNV in pfcrt, CNV of multiple genes
around pfmdrl [93]

SNV in cytoplasmic isoleucyl tRNA
synthase (IRS) [94]
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2.1 Introduction

With the need for new antimalarials, leads from phenotypic screens
are being progressed into molecules that are suitable for testing in clinical
trials.  An open question, however, is whether small molecules from
phenotypic screens will lead to the identification of new druggable
targets and pathways in the parasite that do not rapidly lose effectiveness
in the field because of acquired and pre-existing parasite resistance.
Here we use a set of 50 antimalarial compounds identified in phenotypic
screens [39, 40, 95, 96] to systematically evaluate whether resistant
parasites can be selected and whether or not pre-existing resistance
mechanisms confer resistance using a panel of strains containing
mutations in a variety of genes, including Plasmodium falciparum cyclic
amine resistance locus (pfcarl) [97], cytochrome bcl [98-100], and
Plasmodium falciparum ATPase 4 (pfatp4) [92, 101, 102]. Our data show
that pre-existing resistance is less likely to be a problem but that the de
novo acquisition of resistance occurs rapidly for many compounds.
Analyzing resistance development using whole genome sequencing
methods, we identify the potential target for 19 compounds and provide
a list of genes that can be exploited in therapeutic design. Finally, we
highlight a set of antimalarial compounds that have thus far defied

attempts to create drug-resistant parasites in a variety of different
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laboratories and identify features that are shared by all, including a rapid

rate of killing and lack of pre-existing resistance.

2.2 Results

2.2.1 Initial selection of compounds

To systematically investigate both the de novo acquisition and pre-
existing landscape of drug resistance, we assembled a set of 50 diverse
compounds selected from P. falciparum asexual phenotypic screens[39,
40, 95, 96]. Compounds were inifially chosen based on potency,
demonstrated by activity against asexual blood stages ranging from 23nM
to 1.67uM ECso with most compounds having an ECsp of <1uM in the P.
falciparum strain 3D7 as measured by a hypoxanthine incorporation
assay. To minimize non-novel pharmacophores, compounds were
compared against the scaffolds of clinical antimalarials, eliminating
candidates with similar structures.

Compounds in our set ranged in molecular weight from 261-
574gemol!, with 42 compounds having drug-like properties (compliant
with Lipinski's rule of five) and the remaining 8 identified as probe-like
compounds. We sought to maximize chemical diversity in our set by
eliminating similar compounds as indicated by the Tanimoto coefficient

(TC), since compounds with Tanimoto coefficients >0.85, a quantitative
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measurement of chemical scaffold similarity, are thought to have similar
biological activity to one another[103, 104]. The resulting compound set
displayed an average TC of 0.186, ranging from 0.093-0.923 (Fig. 2.1).
Although a few compounds were similar to one another (particularly two
carbazoles: MMV009063 and MMV665882) a majority of the set was
diverse possessing a variety of functional groups and heterocyclic

substructures.

2.2.2 Compound evaluation against a panel of resistant clones

Multidrug resistance alleles, including mutations in P. falciparum
chloroquine resistance transporter (pfcrt) and P. falciparum multi-drug
resistance transporter 1 (pfmdrl) are very common in field isolates.
Therefore, we sought to assess the degree to which pre-existing resistance
alleles would conftribute to a loss of potency for this diverse collection of
small molecule compounds. Fifteen clones derived from three main
parent lines were chosen to maximize diversity in mutated pathways and
genetic backgrounds, thus representing the variety of resistance seen in
the field: 3D7[105], W2[106] or DA2[107]. The 3D7 line originates from the
clone of a Netherlands clinical isolate strain[105, 108] and is generally
considered to be drug-sensitive, though it does convey resistance to
sulfadoxine.  Conversely, W2[106, 109] and Dd2[107] are multi-drug

resistant lines originating from the Indochina 1ll/CDC isolate, which contain
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point mutations in pfcrt as well as amplifications in pfmdrl and GTP
cyclohydrolase[109].

A total of nine known drug-resistance genes were represented by
our strain set, containing validated critical single nucleotide variants
(SNVs) or copy number variants (CNVs) as well as a handful of additional
background mutations. One strain, TM90C2A, was a clinical isolate from
Thailand[110], while the remaining 15 lines were created through in vitro
evolution. Clones contained one or more resistance-conferring alleles in
the folate pathway[110], pfcrt[111], P. falciparum dihydroorotate
dehydrogenase (pfdhodh)[112], pfcarl[?7], prolyl t-RNA synthetase[113],
or heat shock protein 90 (hsp?0). We also investigated multiple
cytochrome bc[98-100] and pfatp4[92, 101, 102] alleles, including three
alleles in the cytochrome bc) Qo site, which confer resistance to
atovaquone[98] or a tetracyclic benzothiazepine[?9] and one allele in
the cytochrome bc; Qi site  conferring resistance to a
benzylsulfonamide[100]. The five PfATP4 mutant lines possess alleles that
map to the transmembrane channel of the sodium-dependent ATP4
transporter, and were acquired by exposing parasites to sub-lethal
concentrations of a spiroindolone[92], an aminopyrazole[101], or other
scaffolds from the TCAMS library[102]. These two resistance genes were

represented by multiple strains since critical SNV mutations may be
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located within an active site or result in a change in membrane potential,
resulting in each mutation only affecting a subset of PfATP4 or
cytochrome bcl inhibitors.

To evaluate potential overlapping activity against known
antimalarial drug targets, we performed dose-response studies with each
compound against our assembled set of drug-resistant lines and their
corresponding parents, in an asexual blood stage proliferation assay
(Table 2.1). Comparisons were made to the drug-sensitive strain 3D7 when
a parent was unavailable (TM?0C2A, W2, and Dd2). As laboratories
conducted ECso assays with different strains and protocols, all
comparisons were made between assays from the same laboratory and
under the same assay conditions. Compounds displaying >5-fold ECso
shifts relative to the parent or sensitive strain were flagged as having
potentially non-novel targets. Average fold shifts per strain ranged from
0.82-2.34, with a median of 1.23 indicating there was not common
resistance to any one resistant clone. No resistance patterns were
observed when classifying the compounds based on chemical structure,
but this was not surprising given the diversity of compounds chosen. On
the other hand, given that these confirmed compounds were derived

from larger unconfirmed hit lists fo which some filtration criteria may have
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been applied (e.g. elimination of obvious dihydrofolate reductase
inhibitors[38]), some pre-existing bias may exist in the set.

Alleles in the strain set generally did not confer resistance to the vast
majority of the compounds (Fig. 2.2a), with only two compounds
(MMVO019066 and MMV008149) losing efficacy in some resistant lines
relative to their parent clones (ECso fold-shifts >5-fold). ATQ-R4, bearing a
Qo cytochrome bc; allele, was resistant to a propanamide, MMVO019066,
(p-value = 0.0016) with an ECso fold-shift of 16x. In addition, CYTb-G131S, a
cytochrome bc; Qo allele, demonstrated complete resistance to
MMV008149, a carboxamide, with a > 38-fold change in ECso. Statistically
significant resistance was seen against MMV019066 and MMV008149 in
other cytochrome bci Qo mutants (ATQ-R5 and ATQ-R4, respectively), but
the ECso fold-shifts seen were under the threshold value set for the study.
Neither compound shared any structural features with other cytochrome
bc; inhibitors, including atovaguone and decoquinate (Fig. 2.2b).

As had been previously observed[101], mutations in PfATP4 resulted
in parasites that were more sensitive to unrelated compounds: ATP4-Mut2
exhibited sensitivity to a sulfonamide (MMV009108 - p-value=0.0001; 23x
fold-shift) and a carboxamide (MMV028038 - p-value=0.0007; 5x fold-
shift).  ATP4-Mut3 additionally conferred sensitivity to MMV0092108 (p-

value=0.0047; 5.2x fold-shift). Neither compound was structurally similar to
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spiroindolones, pyrazoles, or dihydroisoquinolones, all previously identified
PfATP4 inhibitors (NITD609[92], KAE678[92], GNF4492[101], and (+)-
SJ733[102]), with a TC range of 0.127-0.34 (Fig. 2.2C).

Finally, two compounds (MMV 665939 and MMV028895) lost efficacy
in the parent strains W2 or Dd2 when compared to the 3D7 sensitive strain
within the same lab. MMV665939 demonstrated fold shifts in W2
compared to 3D7 (ECso fold-shift — 9.5%), as well as in the other two W2-
based clones (PfATP4-Mutl: 16.6x, PfATP4-Mut2: 18.9x) compared to 3D7.
Fold shifts in Dd2 compared to 3D7 were also seen in MMV 665939, though
these shifts were less severe (1.5-3.1%; average 2.4x). MMV028895 showed
reduced efficacy in Dd2 (ECso fold-shift 7.1x), which was also seen
throughout the other Dd2 clones (2.0-7.5%; average - 5.5x), but unlike
MMV 665939 maintained potency against W2 strains.  These efficacy
changes in Dd2 and W2 are most likely due to pfmdr, given that W2 and
Dd2 contain additional copies of the multi-drug resistance gene (2 and 3-

4 copies, respectively) when compared to 3D7.

2.2.3 Selection of resistant parasites

While we found an overall lack of pre-existing resistance, analyzing
the onset of resistance was critical, as compounds resulting in rapid
resistance are not ideal for clinical development. We therefore sought to

create drug-resistant parasites using a variety of different selection
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methods. We implemented either a high-dose method or a ramp-
up/pulse method for our in vitro selections. Two of the 50 compounds -
MMV028895 and MMV665824 — were removed from the selection study
during experimentation. MMV665824 was removed due to a significant
loss of potency, while MMV028895 exhibited cross-resistance to resistant
parasites generated by MMV007564. Out of the remaining 48
compounds, resistant parasites were obtained for 23 (Supplemental Table
2.1). As each selection was performed in friplicate with three
independent cultures, we succeeded in generating a total of 66 resistant
cultures. These 66 clones will be submitted to the Malaria Research and
Reference Reagent Resource Center (MR4) for public availability.
Parasites resistant o MMV026596 were not obtained despite 100 days of
selection, but the cultures acquired hypersensitivity to mefloquine with a
10-fold reduction in ECso compared to its parental line, 3D7. For the
remaining 24 compounds, acquisition of resistant parasites was
unsuccessful despite numerous attempts over an extensive period of tfime.

To determine if the cross-resistance assay was predictive, we sought
to determine the target of MMV008149, the compound resulting in the
largest ECso fold-shift (>38x) within the cross-resistance assay set by fully
sequencing six parasite clones that had acquired resistance to

MMV008149. The ECso values for the resistant lines ranged from 1.67uM to
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10.06 uM, a 3-21x ECso-fold change when compared to the Dd2 parent
(ECso = 485nM).

Genomic DNA (gDNA) was isolated from the Dd2 parent and six
clones (two clones per resistant selection flask), and samples were
prepared for whole genome sequencing (WGS). Samples were
sequenced to >60x coverage using paired end reads and aligned to the
3D7 reference genome and variants were called with HaplotypeCaller
(GATK). Comparing the nucleotide variation found in the resistant
samples to the Dd2 parent clone, which had been isolated immediately
before selections, we identified genomic changes that had presumably
occurred during selection. Following this comparison, 19 mutations were
identified: eleven SNVs and eight insertion/deletions (INDELs) (Table 2.2,
Supplemental Table 2.2). INDEL mutations were comprised of intergenic
(3), codon insertion/deletion (3), infronic (1), and frame-shift (1) mutations.
The SNV set showed a mixture of intergenic (5), synonymous (3) and non-
synonymous (3) mutations. Comparing all six clones, one gene was
mutated across all samples: cytochrome bcl. Additionally, variant
positions correlated well to ECso fold changes, with the lower fold changes
(3.4-5.9x) corresponding to the G131S amino acid change, and the higher
ECso fold-shifts (18-21x) corresponding to the Y126C and V284L amino acid

changes. Two of the mutations, G131S and Y126C, were contained in the
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Qo site, while the third mutation (V284L) was not in either the Qo or Q
binding region[111]. G131S was also the major mutation found in CYTb-
G131S, the cross-resistant strain predicting cytochrome bcl as a potential
target for MMV008149. These results support that the cross-resistance
assay was able to successfully identify compounds with overlapping
targets, and made us more confident that our compound set consisted of

novel targets.

2.2.4 Multi-stage activity profiling

As drugs that eliminate multiple stages of the parasite lifecycle will
be critical components in global efforts to eliminate malaria[?25], we were
interested in knowing whether the compounds in our study had additional
activities against either the liver and/or fransmission stages of the parasite
lifecycle. To determine this, we first evaluated the compounds in
additional phenotypic assays. The first assay was a P. berghei hepatocyte
invasion and development assay, which predicts causal prophylactic
activity. Hepatocyte toxicity was additionally tested to identify false-
positive activity in the liver stage due to host cell toxicity. Assays were
executed in duplicate using a 12-point ECso curve at starting
concentrations of 5uM or 50uM (Supplemental Table 2.3). Positive and
negative controls testing for hepatocyte toxicity and liver stage activity

included atovaquone (PfLuc ECso: 0.419 + 0.044nM; HepG2 ECso: 7720 +
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1370nM) and puromycin (PfLuc ECso: 32.7 £ 29.7nM; HepG2 ECso: 254 +
36.6nM). Of the 47 compounds examined, fifteen were found to be
active against liver-stage parasites (ECso values < 1TuM [10-880nM]), nine of
which demonstrated a minimal 5-fold difference between parasite
activity and hepatocyte toxicity (Fig. 2.3). Interestingly, six compounds
were more potent in the liver stage than in the asexual stage. The most
significant potency change was seen with MMV019066, a propanamide,
which had a reduction in ECsp from 1.67uM to 0.31uM and previously
demonstrated cross-resistance with cytochrome bc; alleles. This was
expected given that cytochrome bc; inhibitors are highly active against
liver stages. MMV024038, a quinoline sulfonamide, also demonstrated a
reduction in ECso from 228nM to 10nM. This compound, however,
exhibited some hepatocyte toxicity (146nM); thus the indirect effects of
the host-cell environment on parasite growth could not be ruled out.

The second assay was a late-stage (stage V) gametocyte survival
assay, which predicts transmission-blocking activity. AssQys were
executed in duplicate using a 12-point ECso curve at starting
concentrations of 1.25uM or 12.5uM (Supplemental Table 2.3). Positive
and negative control compounds included puromycin (0.61 + 0.11uM)
and atovaquone (>12.50uM), respectively. For the late-stage gametocyte

assay twelve compounds resulted in ECsp values < TuM (260-990nM), 50%
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of which overlap with the fiffteen compounds found to have activity in the
liver-stage assay. Of the six compounds with complete multistage activity,
83% (5/6) demonstrated hepatocyte toxicity >10x the liver stage ECso.
Unlike the liver stage, none of the compounds had increased potency
against sexual stage compared to the asexual parasites, which was
expected as previous literature has found that most currently used
antimalarials yield higher ECso values against late stage gametocytes
when compared to the asexual stage ECso [114]. Five compounds,
however, demonstrated late-stage gametocyte ECso values within a 2-

fold range of the asexual ECso value.

2.2.5 Rate of killing assays

To identify whether selection success could be predicted by
compound speed of action, and to gain a greater insight into the
potential mechanisms of action, assays were performed to test the kiling
rate (Supplemental Table 2.1) [115]. To quantify the kiling rate, viability
time-course profiles for each compound were compared to antimalarials
known to have fast (chloroquine), moderate (pyrimethamine), or slow
(atovaquone) rate of action. These rates were then compared to other
compound characteristics, including cross-resistance profile, selection
success, potency and structural characteristics to identify any possible

trends. Overall, the compound set resulted in a fairly even distribution of
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fast, moderate, and slow speeds (Fig. 2.4A), implying there was no bias in
the phenotypic screens for a particular kiling rate. One compound'’s rate
of killing, MMV 666080, was unidentifiable due to compound availability.
No correlation was seen between compound structure and speed of
action. Additionally, there was no correlation found between killing rate
and compound potency against 3D7, nor between potency and
selection success (Fig. 2.5).

Comparing the selection success rate to compound rate of killing,
we saw a significant direct positive correlation (p < 0.05) between slow
speeds of action and successful selections (Fig. 2.4B-C). Of the twelve
selections with compounds demonstrating a slow speed of action, 83%
(10/12) were successful. This was in contfrast to compounds with fast killing
rates of which only 26% (5/19) were successful. Additionally, within each
set of successful selections we noticed a trend within the length of time to
generate resistant parasites.  For the fast-acting compounds, 3/5
successful selections took >125 days, whereas 5/10 resistant parasites were
successfully selected for within 50 days for slow-acting compounds.
Therefore, slower compounds typically had greater success and required
shorter periods of time to develop resistance when compared to fast-
acting compounds. This tfrend remained relatively consistent within

individual labs. These results confirm previous findings of faster acting
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compounds having a lower propensity for developing de novo
resistance[116]. Fast-acting compounds are already desirable in the clinic
due to a quick clearance of parasites and alleviation of symptoms, as well
as their propensity towards slower drug resistance development. The
inability to develop resistance in vifro, however, even when using slow
ramp up selection methods may imply that these benefits come from the
target itself. These genes may have minimal mutational flexibility, inhibitors
may target several genes, or inhibitors may have human host targets
instead of parasite targets, making them ideal for exploitation in

anfimalarial development.

2.2.6 Whole genome sequencing analysis of the 23 successful selections
Single Nucleotide Polymorphisms

Having identified some physiochemical properties predictive of
resistance development, we next sought to define how the parasites
gained resistance, using WGS to analyze variants across each set of
resistant strains. Implementing the sequencing method conducted for
MMV008149 mutants, gDNA was isolated from the compound sensitive
parent (3D7 or Dd2, depending on the selection) for each of the 23
resistant strain sets immediately prior to selections. As the selections
resulted in polyclonal resistant cultures, clones wereisolated in a 96-well

plate with a limiting dilution method, where parasites are diluted down to
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one parasite per well and grown up over 2-3 weeks in the absence of
compound pressure. Compound pressure was absent to additionally test
the stability of the mutations. Following clonal isolation, clones were
assayed to determine individual ECso values, and gDNA was obtained
from 1-3 clones per independent culture. Clonal samples were necessary
for sequencing, as individual parasites in the selections may have gained
different mutations. Additionally, Plasmodium is a haploid organism, and
therefore analyzing a monoclonal sample would allow for a more
accurate sequencing analysis, as mixed read variants could be filtered
out as sequencing errors.

Having isolated the gDNA from both the parents and the resistant
clones, samples were prepared for WGS, and sequenced using the same
paired-end read protocol conducted previously (averaging 80x
coverage). The sequences were aligned to a 3D7 reference genome
(PlasmoDB_v13), resulting in 116 total resistant strains sequenced with an
average coverage of 75x. For each compound strain set, variants were
called with HaplotypeCaller (GATK), focusing on mutations acquired
during selection by using the sensitive parent strain as an allele reference
(Supplemental Table 2.4).

Overall, an average of three SNVs were seen per resistant

sequenced sample, with 107/116 sequenced samples containing at least



39

one SNV (Figure 2.6). Of the samples containing SNVs, a majority of
samples had at least one instance of a non-synonymous mutation
(95/107), with intergenic (47/107) and synonymous (25/107) mutations
seen at lower frequencies. Introns (9/107), start lost (4/107) and stop
gained (2/107) mutations were even less frequent. There were a few
cases where the total SNV count was significantly higher (8 total clones
with SNV counts 210). Examining the mutations for these 8 resistant clones,
however, showed that the increase in mutations was always due to an
enrichment of mutations in subtelomeric regions, especially in variant
surface antigen genic regions (var and rifin) known to recombine at
higher frequencies [117-119].

A similar average of three INDELs per resistant sequenced sample
was observed (Figure 2.6), though a lower proportion of samples
contained at least one INDEL (93/116). Unlike the SNV mutations,
however, which favored mutating genic regions, intfergenic regions were
the most frequent within the INDEL set (77/93), even though Plasmodium’s
genome is 52.6% coding. Following intergenic INDELs, codon deletions
were the next frequent (31/93), followed by intronic mutations (28/93),
frame-shifts (18/93), codon insertions (14/93), codon change plus codon
insertions (11/93) and codon change plus codon deletion (7/93).

Average lengths of INDELs also varied between INDEL types. The smallest
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INDEL lengths were observed in codon change plus codon insertions
(6.25bp), while the longest lengths were observed in the counterpart
mutation (codon change plus codon deletions) at an average length of
27bp. Codon deletion and codon insertion INDEL lengths were observed
at an average of 17.6bp and 10.9bp, respectively. Non-exomic regions
had similar INDEL lengths, with averages of 10.2bp, 8.1bp, and 6.2bp
observed for frame-shift, intfergenic, and intronic mutations, respectively.
Interestingly, a majority of frame-shift (16/18) and intergenic (54/77) INDELs
were caused by deletions, while intronic INDELs had an even distribution
(12/28 deletions).

Copy Number Variation

In addition to SNVs, we identified possible amplifications and
deletions by analyzing average coverage across each gene in the
Plasmodium genome. Given that Plasmodium falciparum is 90-95% AT-
rich in intergenic regions [120], only genic coverage was analyzed, as
highly AT-rich regions have a larger variability in coverage due to PCR-
amplification bias. Alignment confidence is also reduced in intergenic
regions due to AT-repeat segments, and therefore analyzing only genic
regions would provide the most robust CNV analysis. Average coverage
was calculated with GATK's DiagnoseTargets tool, supplying gene lengths

and locations as the analyzed intervals. Var, rifin, and stevor family genes
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were removed from the interval list, as these genes are known to have a
high variability in copy numbers and misalignment issues [117-119].
Interval coverage was normalized to the average coverage across each
chromosome on a per sample basis to minimize variability based on
overall sample coverage. To normalize across runs, four 3D7 samples with
varying coverage (85-141x coverage) and sequenced on independent
runs were used as calibrators by normalizing the coverage across each
interval to the average coverage across the calibrator samples.

To test our CNV caller, we examined four Dd2 samples with varying
coverage (36-82x) and sequenced on different runs. For intervals to be
considered, each 3D7 calibrator had to contain a coverage >0 and the
entire gene needed to be coverage by at least one read. Defining
amplifications as genes resulting in an average coverage of >2x across all
four Dd2 samples, only two major amplification regions were identified
(Supplemental Table 2.5). Chromosome 5 had an amplification of 2-3x
across 14 genes (PF3D7_0521900-PF3D7_0523200), which agreed with
previous reports [89, 121]. Another amplification of 3x on chromosome 12
was observed immediately before GITP cyclohydrolase | (pfgchl,
PF3D7_1224000) across two genes (PF3D7_1223800-PF3D7_1223900), which
was also in accordance to previous studies [89, 121]. Common deletions

were also observed across sub-telomeric regions. Overall, the results we
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found agreed with previous studies examining Dd2 CNVs, providing
confidence in our CNV caller.

With our CNV caller tested, amplifications and deletions were
examined for each selection set. While deletions were fairly
straightforward and relatively easy to visually verify with IGV,
amplifications were more complex, and therefore additional filters were
placed to make our CNV caller more robust and minimize false positives.
For our 3D7 samples, the drug sensitive strain or “parent” was required to
have a CNV within the range of 0.8-1.2 following normalization to the 3D7
normalization set. Copy number levels outside this range suggested the
region was hyper-variable, and were therefore deprioritized. For Dd2
samples, which tended to have larger variability, only a lower cut off
requiring parent coverage of >0.6 was applied. To be considered an
amplification, 3D7 samples needed a copy number of >2 compared to
the sensitive strain. Dd2 samples were required to have a copy number of
>2.5 or needed a copy number of >2 prior to comparing to the Dd2
parent if the parent sample was within 0.8-1.2 compared to the 3D7
normalization set. Finally, due to the low gene length in P. falciparum
(average 2.3kb) and high gene density (1 gene per 4,338bp) we required

CNVs to overlap a minimum of two sequential genes in order to have a
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“high” confidence grade. Genes failing this requirement are still included
in the CNV list, but were graded as “low” (Supplemental Table 2.6).
Overall, there were more amplifications than deletions. Only three
samples contained deletfions, and none of the samples were within the
same selection set. Conversely, fourteen of the selection sets contained
at least one amplification, with a total of 17 major amplifications detected
across the selection sets. Interestingly, eight out of these seventeen
amplifications were found in either chromosome 3 (4 amplifications) or 5
(4 amplifications), while the other nine amplifications were dispersed
between chromosomes 2 (1 amplification), 10 (3 amplifications), 12 (3
amplifications), 13 (1 amplification), and 14 (1 amplification). All four of
the chromosome 3 amplifications were localized to the same region,
generically spanning across 19 genes (Pf3D7_03192000-Pf3D7_0320800),
though spans varied between sets. The amplification on chromosome 3
was observed in 1/4 of the Dd2 selection sets, and in 3/19 of the 3D7 sefs.
Three of the four chromosome 5 amplifications were observed in 3D7
selection sets and were within the same region as the ampilification
typically seen in Dd2 samples overlapping pfmdrl, a common mechanism
of resistance. The fourth chromosome 5 amplification was not found in this

region but further downstream, and was observed in a Dd2 selection set.
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Unlike the amplifications found in chromosome 3 and 5, none of the other

amplifications overlapped between selection sets.

2.2.7 Identification of common mutated genes from whole genome
sequencing data

Having obtained the sequencing data for each strain set, our first
goal was to identify common genes mutated across each compound set,
as these genes may play a critical role in resistance (Table 2.3). To do this,
SNV, INDEL, and CNV mutations were compared across each resistant
strain set, identifying genes mutated, amplified, or deleted at least once
in each resistant sample. Out of the 23 compound sets sequenced,
fifteen displayed common gene(s) identified primarily by SNV or INDEL
mutations (Table 2.3). First, ten selections contained a single gene
mutated across all selection samples. While some CNVs were found in a
few of the ten selection sets, there were no common CNVs across
samples, nor CNVs containing genes mutated via SNVs.

The other five selections displayed two genes mutated either across
all samples or between samples, and were also primarily identified with
SNVs or INDELs. Resistant clones from the MMV019719 selection resulted in
a common SNV mutation in two separate genes: PF3D7_0404600
(conserved protein, unknown function) and PF3D7_1238800 (Acyl-CoA

synthetase 11). Resistant cultures for MMV665924, MMV028038,
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MMVO0T11895, and MMV024114, on the other hand, did not have any
genes commonly mutated across all samples, but instead displayed SNV-
generated resistance in one of two genes. MMV665924 displayed
mutations in two different acyl-CoA synthetases (ACS10 and ACSI11),
suggesting a common target of ACSs. MMV028038-resistant strains
contained variants in an RND fransporter (PF3D7_0107500) and in a
putative nucleolar pre-ribosomal assembly protein (PF3D7_1028300),
however the mutation pattern followed a distinct ECsp resistance pattern.
RND transporter mutants displayed ECso fold-shifts of 15-30x, whereas the
nucleolar pre-ribosomal assembly protein mutants had significantly lower
ECso fold shifts of 3-5x, suggesting two major mechanisms of resistance.
One other selection set (MMV011895) displayed SNV mutations in either
pfcrt  (PE3D7_0709000) or a putative amino acid transporter
(PF3D7_0629500), however unlike MMV 665924 and MMV028038, there was
no discernable pattern in ECso or other parasite attributes to justify multiple
targets. It may be possible that both genes when mutated result in the
same level of resistance, implying one gene if not both are in fact
involved in general mechanisms of resistance. Finally, samples in the
MMV024114 set contained either SNVs in pfcrt or frame-shifts in an
aminopeptidase (PF3D7_1454400). The variant pattern followed

discrepancies in the ECso curve, suggesting both mutations resulted in
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separate instances of resistance. Unlike the other three compounds,
MMV024114 did contain some CNVs: primarily a 2-3x amplification over
nine genes in chromosome 3 (PF3D7_0319300-PF3D7_0320100). This CNV,
however, was only observed in clones from one of the three independent
selections, and did not include any mutated genes from other
MMV024114 selections.

For the remaining eight compound sets, CNVs played a more major
role. Four of the selection sets (MMV009063, MMV 665789, MMV007224,
and MMV665882) displayed a common CNV across all samples.
MMV009063 and MMV 665789 both contained a 3x amplification spanning
8 genes on chromosome 5 (PF3D7_0522700 - PF3D7_0523400). Some of
the CNVs found in MMV00%9063 only spanned 6 genes, starting at
PF3D7_0522900. This amplification, commonly seen in Dd2, contains a
well-known multi-drug resistance gene pfmdrl  (PF3D7_0523000).
Interestingly, MMV665789 also contained a single SNV in pfmdr2
(PF3D7_1447900) shared across all samples. MMV665882 also contained
an 1.5-2x amplification on chromosome 5, but this amplification started
two genes downstream of pfmdrl, and was a bisected CNV, only
amplifying two sets of two genes (PF3D7_0523200 - PF3D7_0523300;
PF3D7_0523800 - PF3D7_0523900). MMV007224 contained a amplification

spanning across an  aminophospholipid-transporting P-type ATPase
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(PF3D7_1219600), ranging from 2-6x. For two of the three samples, the
CNV continued across two additional genes: a raf kinase inhibitor
(PF3D7_1219700) and a conserved protein with unknown function
(PF3D7_1219800), however the ATPase2 was thought to be the primarily
cause of common resistance, since it was the only commonly amplified
gene across the selection set. MMV023367 was also affected by CNVs,
but unlike the first four compound sets, MMV023347 had one of two
amplifications between samples. Four of the five selection samples
contained 2x amplifications on chromosomes 10 (PF3D7_1007600-
PF3D7_1007800) and 12 (PF3D7_1208400-PF3D7_1208500), spanning three
and two genes, respectively. The fifth sample, on the other hand,
contained a 3x amplification on chromosome 3, spanning 8 genes
(PF3D7_0319200-PF3D7_0319900).

The final three selections (MMV665939, MMV673482, and
MMV668399) had a common mutated gene, but these genes were
affected by both SNVs and CNVs within each selection set. MMV665939
contained observed SNV mutations in 3/6 resistant strain samples in an
ABC fransporter (PF3D7_0319700; Y2079C and R2180P) and a 2x
amplification was observed in the same gene for the remaining 3 resistant
strains, implying a single target. All four MMV673482-resistant samples

contained SNVs in phosphatidylinositol 4-kinase (Pl14K — PF3D7_0509800),
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but interestingly one sample contained an additional 3x amplification
spanning PI4K and three other genes on chromosome 5 (PF3D7_0509800-
PF3D7_0510100). Finally, only one resistant sample in the MMV 668399 set
had a deletion in a putative forkhead-associated (FHA) domain protein
(PF3D7_0909700), however the remaining five samples displayed SNV
mutations in the same gene (M1V and L95R), suggesting a common

mutated gene.

2.2.8 Gene annotation enrichment across selections

Examining common mutations within each selection set aided in
determining the primary variants resulting in resistance and identifying
potential compound targets. Most resistant cultures, however, displayed
more than one variant, some of which may be involved in general
resistance mechanisms. Additionally, due to Plasmodium having a higher
proportion of uncharacterized genes than many other sequenced
organisms, some of the genes identified as possible targets have yet to be
characterized but may be involved in essential pathways. We therefore
sought to identify enriched pathways and processes involved in conferring
resistance by broadening our examination across selection sefs.

Combining the SNVs and INDELs across all 23 selections and
removing any duplicate variants within the same selection set, we

observed a total of 266 SNVs and 188 INDELs. Focusing first on SNVs, there
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was a fairly even distribution of variants across the genome (Fig 2.7).
There were a few instances in which non-synonymous mutations were
clustered. However, this was due to different variants mapping to the
same target, mostly originating from the same selection set. Surprisingly,
there was a fairly even number of non-synonymous and intergenic
mutations (102 and 111, respectively), despite 89% of samples displaying
at least one non-synonymous mutation while only 44% displayed at least
one intergenic mutations. This was largely due to multiple instances where
the same non-synonymous mutation was identified across an entire
selection set. In conftrast, intergenic mutations were typically found in one
sample. It was also observed that resistant strains displaying intergenic
mutations were more likely to have more than one (57%) than samples
displaying non-synonymous mutations (40%), but the different in frequency
was not significant. The genome distribution continued to be fairly even
when examining INDELs (Fig. 2.8). Despite a reduction in total INDELs
compared to SNVs, INDELs appeared more widely distributed across the
genome. Unlike SNVs, which tended to cluster around a given region
within a selection set, there was a larger variability in the location of
INDELs even in individual sets. Given that the Plasmodium genome is 81%
AT-rich, it may be that some observed INDELs were a result of replication

error or PCR amplification error as opposed to having an impact on
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resistance. While this does not rule out INDEL mutations as having a
potential effect on resistance, this resulted in deprioritizing INDELs in
subsequent analyses, especially intergenic mutations where AT-richness
reaches 90-95% and AT-repeats commonly occur [122].

Observing only a minor overlap of similar genes mutated across the
selection sets, we next sought to identify enriched pathways and
processes. Genes were assigned to every mutation, generating a list of
genes corresponding to either SNV or INDEL mutations. Mutations located
in genic regions (non-synonymous, synonymous, intronic, stop gained, start
lost, codon changes and/or insertions/deletions, and frame-shifts) were
assigned to the gene where the mutation was present, resulting in 74 and
77 unique genes for SNV and INDEL mutations, respectively. Intergenic
mutations were assigned to the first downstream gene if the gene was
within 1kb, as regulatory elements are known to have this bias in the
Plasmodium genome [123]. Any intergenic mutations out of this range
were removed from the analysis, resulting in 81 SNV mutations and 49
INDEL mutations not being assigned to any gene. A majority of the
removed SNV mutations (67/81) were located in telomeric regions and
found either after the last gene or more than 10kb upstream of the first
gene in the chromosome, whereas this was only the case for 18/49 INDEL

intergenic mutations. This resulted in 185 and 138 genes associated to
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SNV and INDEL mutations, respectively. Pruning the list to only include
unique genes lowered the gene count to 97 and 129 for SNV and INDEL
mutations, respectively, further suggesting the INDEL mutations were more
random.

To identify pathway enrichment, each gene list was loaded into
PlasmoDB, an online genomic informational database specific to the
Plasmodium genus [124]. Although many genes in the Plasmodium
genome are uncharacterized, most contain Gene Ontology (GO)
annotations, providing a more detailed annotation to genes identified as
putative or having an unknown function. We therefore performed a
Gene Ontology Enrichment analysis on each gene set (SNV only, INDEL
only, or SNV and INDEL genes), analyzihg enrichment in biological
processes, molecular function, and cellular components and using a
standard p-value cutoff of 0.05 (Supplemental Table 2.7). SNV and INDEL
gene lists were originally separated, as INDELs are more likely to affect
regulatory processes, given their primary presence in intergenic regions.
However, we additionally ran the combined set to see which terms were
still significantly enriched when the datasets were combined. The number
of enriched GO terms was similar between the SNV group and INDEL
group for molecular function (19 and 18, respectively) and cellular

components (11 and 13, respectively). The two groups, however, did
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differ in number of enriched terms in biological processes, with SNV-
related genes displaying 60 enriched terms and INDEL-related genes
displaying only 37. Combining the two gene sets and examining
enrichment resulted in the enrichment of 49 biological process-, 7
molecular function-, and 15 cellular component-related GO termes.

To summarize and visuadlize the enrichment data, we submitted the
GO term lists with their corresponding Benjamini-Hochberg corrected p-
values to REVIGO, an online tool that removes redundant GO terms and
visualizes GO similarity [125]. A number of pathways and process were
identified as being enriched in the dataset (Fig. 2.9). GO terms involved in
biological processes including pathogenesis and response to
drug/stimulus were observed in the SNV set, which were expected as we
selected resistant parasites with drug-like compounds. Pathogenesis was
also observed in the INDEL set, but response to drug/stimulus was not seen,
possibly due to INDEL mutations imposing more indirect effects, such as
gene regulation. This theory was further supported by the enrichment of
biological regulation-related terms within both the INDEL and combined
set. Multiple terms related to cell adhesion (biological adhesion, cell
adhesion, regulation of cell adhesion, etc.) were also enriched in all three

sefs.
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For molecular function related GO terms, enrichment was observed
for receptor activity in all three sets, as well as fransmembrane receptor
activity (including drug transmembrane transporter activity) in the SNV
and combined set. This was not surprising, as efflux pumps are an
effective way to quickly remove compound and promote resistance in
Plasmodium. Cell adhesion molecular binding was additionally enriched
in all three sets. Analyzing the gene sets, frequent mutations were
observed in the erythrocyte membrane protein (PfEMP) var genes, which
mediate cell adhesion to endothelial cells and are known to be highly
polymorphic [126]. Finally, cellular component enrichment was observed
in membrane related terms for all three sets. While this additionally may
be related to efflux of compound, it was noted that a number of potential
targets identified, including the RND transporter, cytochrome bc1, PfCRT,
and ABC ftransporters, are all transmembrane-based proteins, and may

have contributed to the enrichment.

2.2.9 Gene expression enrichment analysis within selections

In addition to analyzing the gene ontology enrichment across
selections, which primarily focused on general and broad resistance
mechanisms, it was important to analyze enrichment between selections
to identify possible pathways specifically involved in a given compound’s

mechanism and interaction with the parasite. It was noted, however, that
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many of the uncharacterized genes lacked sufficient gene ontology
terms.  Therefore, we sought to analyze pathway enrichment by
combining gene expression data with gene ontology data. With a “guilt
by association” strategy, one can identify uncharacterized genes by
linking them with well-characterized genes demonstrating similar gene
expression patterns. Previous work in our lab utilized an Ontology-based
Pattern Identification (OPI) algorithm to cluster Plasmodium genes based
on gene expression from 54 various stages in P. falciparum and P. yoelii
[127]. Ruling out genes with limited gene expression data, this resulted in
4,713 genes clustered into 156 statistically enriched gene clusters. By
applying these gene clusters to our SNV dataset, we sought to identify any
pathway enrichment within selections sets.

In order to identify pathway enrichment, we focused on genes
affected causal SNV mutations (non-synonymous, stop-gained, start-lost,
intergenic, and intronic). Genes only affected by synonymous mutations
were removed, as the mutation should not have resulted in any change
to the gene or gene expression itself. Additionally, multi-variable genes
(var, rifin, stevor) and genes known to be involved in general resistance
(pfmdr, pfcrt) were removed, as these genes were known to not be
involved in the compound’s direct mechanism. This resulted in a unique

gene list of 71 genes, and encompassed 20 of the 23 selection sefs.
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Applying the OPI clustering results, 37/71 genes were present in at least
one of the 156 clusters (Supplemental Table 2.8). Many genes were
present in more than one cluster, with an average of 6 OPI terms per gene
(range 1-37). Sixteen of the twenty selections contained at least one
gene successfully clustered, and nine of the sixteen contained more than
one.

Having identified genes with OPI cluster terms, we next identified if
any OPI terms overlapped between genes mutated in the same
compound selection set (Supplemental Table 2.9). Of the nine selections
clusters with >1 gene clustered, five compound sets displayed an overlap
in OPI terms (MMV028038, MMV 668399, MMV 665939, MMV009108, and
MMV024114). Four of the five sets contained minimal overlap, with 1-2 OPI
terms overlapping. MMV028038 had one overlap in GO:PM15591202_Trp
(Targeting malaria virulence and remodeling proteins to the host
erythrocyte) between two non-synonymous mutations in a conserved
protein, unknown function (PF3D7_1354900) and the RND transporter
(PF3D7_0107500). MMV668399 contained a single overlap as well in
GO:0016585 (chromatin remodeling complex) between two non-
synonymous mutations between an inorganic anion exchanger
(PF3D7_1471200) and a FHA domain protein, putative (PF3D7_0909700).

MMV 665939 had 2 term overlaps in GO:GNF0206 (cytoadherence) and



56

GO0:0044419 (interaction between organisms) between an intergenic
mutation upstream PAMI8 (PF3D7_0724400) and a non-synonymous
mutation in an ABC transporter (PF3D7_0319700). MMV024114 had one
overlap in GO:0006259 (DNA metabolism) between two intergenic
mutations upstream of either a putative exonuclease | (PF3D7_0725000) or
a conserved protein with unknown function (PF3D7_1412100). The final
selection set, MMV009108, had 29 overlaps between eight total genes.
While multiple terms came up, one DNA metabolism and regulation of
translation occurred multiple times. Additionally, some terms associated
with sexual stage development were identified, which was of particular
interest as MMV009108 was equally potent in sexual and asexual parasites.

These results were highly encouraging, as these GO terms may
provide insight info how the compound is directly or indirectly acting on
the parasite. It was additionally encouraging to see some overlap in
phenotype and GO term, particularly sexual stage activity and
MMV00?108’s sexual stage specific terms, as this further implies the
enrichment observed is more compound specific and less focused on
general mechanisms of resistance. Future experimentation is needed to
verify compound involvement within these pathways, but the
identification supplied by this analysis provides a significant first step in

determining these compound’s mechanisms of action.
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2.3 Discussion and Conclusions

This study represents the first systematic analysis of cross-resistance in
malaria parasites. We have assessed 50 antimalarial compounds with
diverse chemical structures, rates of parasite killing, and stage specificity.
With few exceptions, the compounds studied did not demonstrate
significant cross-resistance to previously identified targets, indicating a
large potential to identify additional druggable pathways in the parasite
and further complement our arsenal of antimalarial therapeutics. A lack
of cross-resistance to known drug targets does not mean that resistance
will not quickly develop, however, and the resistance “life expectancy”
and resulting fitness costs need to be considered for any potential clinical
candidate.

Culturing parasites in the presence of compound and using whole
genome sequencing, we identified the potential cause for resistance in 21
compound resistant strain sets. While some of the targets have been
previously identified in other selection experiments, including PfCRT [128],
cytochrome bcl [129], PI4K [?1], and PfCARL [97]), six new genes were
identified as potential compound targets, including phenyl-alanine t-RNA
ligase, cathepsin dipeptidyl peptidase, and the RND transporter. While
more work needs to be conducted to verify if these genes are involved

directly with the compounds or instead provide general mechanisms of
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resistance, our list presents a sizeable arsenal of genes that may be
exploited in future therapeutic design.

Additional analysis using gene expression clustering information
also identified potentially enriched pathways for five of the selection sets.
Future experiments focused on these terms may elucidate some of these
compound’s mechanisms. Measuring the incorporation of labeled amino
acids when translating genes, for example, may test regulation of
translation in MMV00?108. DNA repair and mutation frequencies may be
measured in the absence and presence of compound to test DNA
metabolism for MMV002108 and MMV024114. Additional experiments are
necessarily to sufficiently determine some of the compound mechanisms,
but the information provided here highlights important pathways, which
should be tested first for compound mechanism against Plasmodium
parasites.

Finally, in selecting for resistant mutants, we found that fast-acting
compounds are harder to develop resistance against and generally have
a longer onset of resistance when compared to slower acting
compounds. Given that compound kiling rates are thought to be
determined primarily by their mode-of-action, this resistance feature may
be largely due the target or targets themselves. In addition to kiling rate,

our compound set provides a list of various physicochemical and
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structural features that may additionally be predictive of selection
success, and the addition of our set to future screens may provide an
eventual predictive model, focusing on compounds less likely to be prone
to resistance development (Fig. 2.10, Fig. 2.11). Fast-acting compounds
have already been a focus in therapeutic development as they rapidly
stop disease progression and avoid severe complications, but the
additional benefit of reduced evolution of resistance makes them even

more attractive candidates for future antimalarial designs.

2.4 Materials and Methods

2.4.1 Compound origin and computational clustering

Compounds were all publically available and obtained from a
variety of sources, including the MMV malaria box[?5], the
GlaxoSmithKline Tres Cantos Antimalarial Set (TCAMS)[39], the University of
Dundee, and the Broad Institute’s Diversity Oriented Synthesis libraries.
Compound similarity was calculated using the Flexible MCS (FMCS) finder
package in R. Clustering was conducted using hclust with a ward.D2
method setting. Pairwise distances were calculated between Tanimoto

coefficient values from fmcsR.
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2.4.2 Strain culture origins and propagation

Plasmodium falciparum parent strains 3D7 and Dd2 used for
selection were obtained from the labs of Dan Goldberg and David
Fidock, respectively. Functional assay and cross-resistant strains were
obtained from the labs of Elizabeth Winzeler, Dyann Wirth, David Fidock,
and GlaxoSmithKline, as listed in Table 2.1.

Asexual parasites were grown with 5% hematocrit at 37°C in RPMI
1640 medium supplemented with 0.014mgemL" hypoxanthine, 38.4mM
HEPES, 0.2% NaHCO3, 0.2% glucose, 3.4mM NaOH, 0.3geL' glutamine, and
0.21% AIbuMAX Il. Depending on lab preferences, parasites were grown
either in the presence or absence of 0.05mgemL' gentamicin and 4.2%
human O* serum. Cultures were maintained in a gas mixture of 5% Oz, 5%
CO2 and 90% N2. When not undergoing selections, cultures were
maintained with media changes every other day, keeping parasitemia
values at 0.3-4%.

Frozen stocks were prepared using one of two methods: (1) by
freezing 100% RBCs at approximately 5% parasitemia with equal volumes
of a freezing solution composed of 28% glycerol, 3% sorbitol, and 0.65%
NaCl; (2) freezing 0.2mL RBCs at approximately 5% parasitemia with 0.3mL
serum and 0.5mL of a glycerol solution. Stocks were thawed out by slowly

adding 1/5 volume of 12% NaCl, followed by 5 volumes of 1.6% NaCl.
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Parasites were then spun down at 800xg for 5min at room temperature
and washed with supplemented media prior to standard culturing

methods.

2.4.3 Cross-resistance and functional assays

ECso assays were conducted using either a 48 or 72-hour assay
based on lab preference and specialty. The 48-hour assay was carried
out following standard methods using the 3H-hypoxanthine incorporation
assay[130]. Briefly, this assay relies on the parasite incorporation of labeled
hypoxanthine that is proportional to P. falciparum growth. A culture of
parasitized red blood cells (0.5% parasitemia with a percentage of ring
stage higher than 70% of total parasitemia, 2.0% hematocrit) in RPMI-1640,
5% AlbuMAX and 5 uM hypoxanthine was exposed to drug serial dilutions.
Plates were incubated for 24 hours at 37°C, 5% CO2, 5% O2, 90% Na. After
24 hours of incubation, SH-hypoxanthine was added and plates were
incubated for an additional 24-hour period. After that, parasites were
harvested on a glass fiber filter using a TOMTEC Cell Harvester 96. Filters
were dried and melt-on scintillator sheets were used to determine the
incorporation of 3H-hypoxanthine. Radioactivity was measured using a
microbeta counter. Data were normalized using the incorporation of the
positive (parasitized red blood cells without drug) and negative (same

culture with artesunate at 2 uM) controls. All assays were conducted in
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triplicate using three independently grown cultures, and ECsp values were
determined using the XC50 module from Excel program (version 2.3.1),
where parameter a is the min value (0%), parameter b is the max value
(100%), parameter c is the curve point midway between the min and max
value (50%), and parameter d is the curve slope. The XC50 equation is:
y=a+[(b-a)/(1+(10:/10c)9)]

Alternatively, a SYBR Green-based proliferation approach was used
for the 72-hour assay, as previously described[38]. Briefly, a culture of
parasitized red blood cells (0.3% parasitemia and 4% hematocrit) in
screening medium (identical to supplemented medium above except no
serum was added) was exposed to serial drug dilutions. Plates were
incubated at 37°C and gassed with 93% N2, 4% CO2, and 3% O2 for 72
hours. Following incubation, 10x SYBR Green | (Invitrogen; supplied in
10,000x concentration) in lysis buffer (20nM Tris-HCL, 5mM EDTA, 0.16%
Saponin wt per vol, 1.6% Triton X vol per vol) was added to the wells and
the plates were incubated overnight at room temperature prior to plate
reading. ECso assays were repeated 3 times, taking the average ECso
value from each assay set. ECso values for each strain were compared to
those of the corresponding parent strain to determine fold-shift changes
and identify resistance. A one-way ANOVA followed by a Dunnet’s post-

test was conducted in GraphPad Prism to identify significant changes
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between the parent and resistant strain. For the purposes of this study and
to minimize false positive, compounds displaying >5-fold ECso shifts and
determined to be significantly different from its corresponding parent by a
one-way ANOVA analysis were identified as having potentially non-novel

targets. Allraw ECsovalues are listed in Supplemental Table 2.7.

2.4.4 Cross-resistance computational analysis

Computational analysis of cross-resistance was conducted in R.
Briefly, ECso fold shift ratios were calculated using log transformed ECso
values from the parental and resistant strains. As ECso assays were run
across multiple labs, any strain fold-shift calculations were conducted
between strains run within the same lab to minimize error due to assay
variability. The natural log of the ratios was loaded into R, and a heat-
map analysis was executed using heatmap.2 from the gplots package.
Compounds were clustered by structural similarity (fmcsR) and strains were

clustered by column mean values.

2.4.5 Evolution of compound-resistant lines

Based on the compound speed of action and lab specialty,
selections were conducted using a high-pressure intermittent selection
method, a step-wise selection method, or a constant selection method.

For high-pressure selections, approximately 1-2x10? parasites were treated
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at a concentration of 3-10x ECso until parasites could not be seen by
microscopy (2-10 days). Following treatment, compound pressure was
removed and cultures were allowed to recover. Once healthy parasites
were seen and parasitemia reached ~2%, compound pressure was
reinstated. For step-wise selections, approximately 1x108 parasites were
treated at a starting concentration resulting in a reduced growth rate of
50%. Cultures were examined daily by microscopy, increasing compound
concentration in increments of 5-10% as needed to maintain a 50%
reduced growth rate. Selections were carried out until cultures achieved
a reproducible ECso fold shift of >3x. Finally, constant selections were
conducted in a similar manner to the high-pressure intermittent method
with the exception that compound pressure was never removed.
Following successful selection, cultures were cloned out using a limiting
dilution method as previously described[131]. Selections were terminated

after 200 days if resistance could not be obtained.

2.4.6 Library preparation and analysis of sequenced samples

Genomic DNA (gDNA) was obtained from parasites by washing
infected RBCs with 0.05% saponin and isolating the gDNA using a DNeasy
Blood and Tissue Kit (Qiagen), following the standard protocols. To prep
the sequencing libraries, gDNA was tagmented and amplified with the

Nextera XT kit (Cat. No FC-131-1024, llumina) using the standard dual
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index protocol, and sequenced on the lllumina HiSeq 2500 with a
RapidRun mode, sequencing 100 base pairs deep on either end of the
fragments. Following sequencing, reads were aligned to the P.
falciparum 3D7 reference genome (PlasmoDB v. 13.0), following the
Platypus pipeline as previously described (for SNVs and CNVs), with the
exception that single nucleotide variants (SNVs) and insertion/deletions
(INDELs) were called with GATK's HaplotypeCaller [132]. To identify valid
variants, mutations were filtered using general recommendations from
GATK (Table 2.4). Following the initial filtration, mutations where read
coverage were < 5 and/or where mixed read ratios were > 0.2
(reference/total reads) across all samples were removed.

To calculate CNVs, our analysis primarily focused on genic regions.
Using gene start and stop positions as intervals, average coverage across
each gene was calculated with GATK's diagnoseTargets. Gene
coverage was normalized and calibrated in MatLab. First, the average
coverage across each chromosome was calculated. Next, each
coverage interval was divided by the average coverage of the
chromosome.  Using four 3D7 samples, an average coverage for each
interval was calculated, and each sample was normalized to these values

by dividing each sample interval by the *“calibrator” sample interval
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value. Finally, to identify copy number changes between the sensitive

parent strain and the resistant samples, fold shifts were calculated.

2.4.7 Accession codes
All relevant sequencing samples have been deposited in the
National Center for Biotechnology Information (NCBI) Sequence Read

Archive database using NCBI accession number SRP069308.

2.4.8 Computational enrichment analysis

Gene lists were loaded onto PlasmoDB (release 27) to search for
gene enrichment [124]. Gene enrichment analyses were generated for
each individual ontology group (biological process, molecular function,
and cellular component), utilizihg both the InterPro domain database and
the Annotation Center (which downloads GO annotations from
sequencing centers, including GeneDB and JCVI) as GO association
sources. Additionally, a p-value cutoff of 0.05 was required to in order to
select enriched annotations. Finally, GO enrichment was visualized using
REVIGO, an online tool which summarizes enrichment by removing
redundant terms, using the default options (a median allowed similarity
and a SimRel semantic similarity measure) and a Plasmodium falciparum

GO term database [125].
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2.4.9 Rate of killing and multi-stage activity assays

Rate of kiling was determined for each compound following a
previously described methodology, which uses the invasion of fresh
erythrocytes as surrogate of parasite viability[115]. Briefly, parasites were
treated with compounds for 48 hours. Compound was washed out and
fresh-labeled erythrocytes added to the treated parasites. Double stained
erythrocytes (RBC label plus parasite DNA label) were quantified and
percent of survival determined.

Liver-stage activity was determined by pretreating hepatic human
cells (HepG2) for 2 hours with compound in 1536 well plates infected with
freshly dissected P. berghei sporozoites. After 48 hours of incubation, the
viability of P. berghei exoerythrocytic forms (EEF) was measured by
luminescence reaction light output using BrightGlo (Promega). Varying
levels of compound concentration were used (5uM or 50uM) due to the
stock concentration supplied.

To test sexual-stage activity, compounds were tested against late
stage gametocytes using a MitoTracker fluorescent-based assay(114].
Specifically, synchronized stage V gametocytes were incubated with
compound for 72 hours. MitoTracker® Red CMXRos (life technologies)
was added to each well (final concentration: 500nM) together with

saponin to lyse the red blood cells. Each plate was then imaged with an
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Operetta High Content Imaging System (Perkin Elmer) for fluorescence
(590-640nm). Varying levels of compound concentration were used
(1.25uM or 12.5uM) due to the stock concentration supplied.

The gametocytocidal activity was measured using high content
image analysis software (Harmony, Perkin Elmer). The readout was based

on number of metabolically active gametocytes per well.

2.4.10 Cheminformatics predictors

We evaluated the association between acquisition of drug
resistance and pharmacological, physicochemical and structural
characteristics of the 48 compounds for which selection was attempted.
Specifically, we considered the following properties: (1) pharmacological
properties measured in this study: kiling rate, toxicity and ECso at three
different stages of parasite development; (2) 51 physicochemical
descriptors obtained with QikProp software[133] and 129 descriptors
obtained with VolSurf+[134]; (3) 2694 extended-connectivity fingerprints
(ECFP) that encode circular substructures with a bond diameter of 10,
generated by ChemAxon software (ChemAxon, Kft.)[135]; and (4) 194
hierarchical scaffolds associated with the compounds generated by HierS
software[136].

For each feature, we measured statistical significance of its

relationship to the selection success, taking into account the nature of the
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features. In particular, structural features (i.e. ECFP fingerprints and
scaffolds) are binary and indicate the presence or absence of each
structural element in a compound. For these reasons, hypergeometric
statistical tests were applied to structural features and t-tests were applied
to pharmacological and physiochemical features to measure statistical

significance.
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Figure 2.1 Fifty chemically diverse compound set Hierarchical clustering of the 50
compound set. Compounds were clustered by a maximum substructure similarity
Tanimoto coefficient. In vitro selections that were successful in yielding resistant parasites
are highlighted in blue, whereas compounds where resistance development was

unsuccessful are highlighted in dashed red.
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Figure 2.2 A luciferase-based high-throughput screening assay to identify malaria
exoerythrocytic-stage inhibitors (A) A fotal of fiffeen resistant strains were tested with
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fold shifts between each clone and either a corresponding parent or a drug sensitive 3D7
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the natural log of each fold shift is displayed. Fold shifts instead of raw data were used as
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resistance assays are depicted in white. All assays were run in triplicate. (B) Chemical
structures of the two MMV compounds (MMV009108 and MMV028038) with increased
efficacy against one or more pfatp4 mutated clones. Both compounds displayed low
structural similarity to a number of other known pfatp4 inhibitors. (C) Chemical structures
of the two MMV compounds (MMV019066 and MMV008149) with decreased efficacy
against one or more cytochrome bcl mutated clones. Atovagquone and decoquinate,
two other cytochrome bc1 inhibitors, were structurally significantly different.
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Figure 2.6 SNV and INDEL mutation frequencies across 116 sequenced resistant sirains
Frequencies were plotted in R for each mutation type. Box and whiskers were displayed

for data points within 5-95 percentile.
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Figure 2.10 Pharmacological and in silico features enriched across selection groups The
heat map consists of 48 compounds and a total of 30 stafistically significant features
(p<0.05) (Supplementary Table 1A). The 13 physicochemical features and ftwo
pharmacological features were first converted into rank values and then scaled into (-
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Figure 2.11 Twelve significantly enriched structural fragments Out of 2888 structural
fragments, 13 were found to be significantly enriched within one of the two selection
groups as per hypergeometric stafistical tests (p<0.05). Twelve structural fragments (B1-
B12) were enriched in compounds with successful selection, whereas 1 fragment (A1)
was enriched in compounds where resistance was not obtained.
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Table 2.4 Applied HaplotypeCaller filters

SNV Filters INDEL Filters

Filter Name Filter Value Filter Name Filter Value
ReadPosRankSum >8.0 ReadPosRankSum <-20

<-8.0 QUAL <500
QUAL < 500 QD <2
QD <2 DP <7
MQRankSum <-12.5
DP <7
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Chapter 3

Plasmodium falciparum Cyclic Amine Resistance Locus,
PfCARL: a Resistance Mechanism for Two Distinct Compound

Classes

86



87

3.1 Introduction

One promising new class of multistage malaria drugs is the
imidazolopiperazine class, including KAF156, a molecule currently in
Phase-llb clinical trials for both treatment and prevention of human
malaria [137]. KAF156 is well tolerated and orally bioavailable [138], and
with its potent multi-stage activity it has the potential to be the first new
antimalarial drug with not only therapeutic but also prophylactic and
transmission-blocking activities. KAF156 could thus provide significant aid
to malaria eradication. The exact mechanism by which KAF156 exerts its
antimalarial activity is unknown but parasite resistance to KAF156 is
associated with the accumulation of mutations in the Plasmodium
falciparum cyclic amine resistance transporter (pfcarl) [90, 97]. Pfcarl
encodes a conserved protein of unknown function with seven conserved
transmembrane domains. Analysis of yeast strains in which the pfcarl
homolog was deleted [139] suggests that it plays a role in protein folding
within the endoplasmic reticulum [140]. In addition, the protein has a
conserved domain found in other eukaryotic organisms and mutations of
the domain result in homeotic transformations during vertebrate
development [141].

Here we present studies showing that resistance to an alternative

compound class with a different phenotypic profile is also conferred
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through mutations in pfcarl. Specifically, we show that treating parasites
with sub-lethal concentrations of MMV007564, a benzimidazolyl piperidine
identified from phenotypic screens (previously reported ECs0=0.5-0.2uM)
against asexual stages of P. falciparum [95, 142], selects for parasites that
have acquired mutations in pfcarl. Investigations into the timing of action
in the asexual blood stage and potency in different life cycle stages for
MMV007564 and KAF156 reveal that PfCARL is not a common target but a
common resistance mechanism for these two chemically distinct

compound classes.

3.2 Resulis

3.2.1 In vitro selection generated asexual blood stage P. falciparum lines

resistant to MMV007564

The benzimidazolyl piperidine MMV007564 has previously been
identified in asexual blood stage screens for activity against the drug-
resistant W2 (ECsp = 0.3uM) and drug-sensitive 3D7 (ECso = 0.5-0.2uM)
strains of P. falciparum while having low cytotoxicity [95, 142]. However,
liver and gametocyte-stage screens show that this compound has limited
activity against non-asexual stages [143-148]. Due to its drug-like
properties, asexual blood stage potency in a drug-resistant line,

fast/moderate parasite killing rate [115], and novel chemical scaffold, we
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sought to gain insight into benzimidazolyl piperidine mechanisms of action
and/or resistance development. We generated MMV007564-resistant
(MMV007564R) asexual P. falciparum lines using an in vitro selection
method (Fig. 3.1) that has been previously used to associate compounds
with their targets [63]. A clone of the P. falciparum reference genome
parasite line 3D7 was isolated and then three independent cultures
derived from this clone were grown in the presence of compound at
concentrations ranging from 3-10xECso (ECso = 513 + 56 nM). Parasite
sensitivity to MMV007564 was evaluated throughout the 2-month selection
period. All three MMV007564R cultures demonstrated a 4-5 fold shift in
ECso compared to the parental 3D7 at generation thirteen after
intermittent/continuous compound pressure at 3xECso, which increased to
a 10-20 ECso fold shift at generation 23 after confinuous compound
pressure was increased to 10xECso. A single clone for each independent
culture was obtained by limiting dilution in the absence of the compound:
MMVO007564R-F1-A3, MMV007564R-F2-E5 and MMVO007564R-F3-E2. Each
clone had at least a 10-fold shift in MMV007564 ECso compared to the
parent (Fig 3.2). In contrast, there was no shift in ECso for other
antimalarials, including quinine (0.86-1.1-fold shift), atovagquone (1.0-fold
shift for all three strains), and mefloquine (0.93-1.0-fold shift), indicating

that resistance was specifically generated to MMV007564 (Fig 3.2).
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Additionally, the MMV007564R clones had stable resistance to MMV007564

for 37 generations in culture without the compound (Fig. 3.1).

3.2.2 Whole genome sequencing identifies pfcarl as major mutated gene

In order to determine the genetic determinant of MMV007564
resistance, resistant parasites and the parental clone were analyzed using
whole genome sequencing (WGS). First, clonal samples were isolated at
generation 30 in the absence of compound pressure and analyzed at
generation 50 (Genb50) to identify common genes mutated across all
three independent cultures (Fig. 3.1). After sequencing the clones to >60x
coverage using paired end reads, the sequences were aligned to the 3D7
reference genome and variants were called. To identify newly emerged
genomic changes, the set of variants identified in each resistant clone
was compared to the set of variants identified in the parent clone, which
was isolated immediately prior to selections. After this comparison, only
eight total mutations distinguished the resistant clones from their isogenic
parent and these were evenly split between single nucleotide variants
(SNVs) and insertion/deletions (INDELs) (Table 3.1). INDEL mutations were
made up of three intergenic and one intronic mutation, whereas SNVs
were comprised of one intergenic and three non-synonymous mutations.
All three non-synonymous SNVs mapped to a single gene, Pf3D7_0321900,

previously named the Plasmodium falciparum cyclic amine resistance
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locus (pfcarl). Each clone encoded a different variant amino acid: L833l
(7564-F2-E5), L1073Q (7564-F3-E2), and L1136P (7564-F1-A3) (Table 3.1).

To further investigate the temporal acquisition of resistance as well
as to determine if the clones we selected at Gen50 were representative
of the primary resistance mechanism of MMV007564, we sequenced two
additional samples from un-cloned cultures taken before the sharp
increase in ECso (generation 16 - Genlé) and immediately before clonal
isolation (generation 28 - Gen28). These bulk population samples were
sequenced instead of individual clones, as we sought to not only identify
when mutations arose, but additionally wanted to determine if multiple
independent pfcarl mutations could be observed in one selected
population.

Variants were identified using the same filters applied to the clonal
set, removing positions that did not correspond to at least one sample
with a mixed read ratio < 0.2 (reference allele reads/total reads). This
resulted in fifteen variants in Gen1é6 (11 SNVs and 4 INDELs) and one SNV in
Gen28 (Table 3.1, Supplemental Table 3.1). Genl16 was only comprised of
infronic and intergenic mutations, however Gen28 contained one non-
synonymous pfcarl mutation in Flask 3 (L1073Q), the same mutation found

at GenS50 in the Flask 3 clone (7564-F3-E2). These results indicate that a
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majority of the pfcarl mutations did not outcompete the entire
population, but existed as sub-populations in each flask.

To further examine pfcarl mutations present in only a subset of the
polyclonal population, we re-analyzed mutation calls in both generations
while removing the read ratio filter applied previously (Table 3.2). This
resulted in a total of 243 and 84 variants called in Genlé and Gen28,
respectively. A majority of variants were intergenic or intronic in Genlé,
with only 31/243 mutations occurring within an exome region. Conversely,
Gen28 had an even distribution of variants, with 49/84 coding region
mutations. Three total mixed read SNV calls in pfcarl were identified in
Genl6 and Gen28 cultures, with two different SNVs found at each fime
point. Calculating the binomial distribution, the frequency of mixed-read
pfcarl variants were significant in both generations (Genlé: p = 0.000021;
Gen28: p = 0.000053), suggesting the gene was selected for even in the
polygenic populations. Flask 2 contained the SNV L8331 at both Genlé
and Gen28 at mixed read ratios of 0.37 (46/124 and 24/64, respectively),
which was the primary mutation found in Flask 2 at Gen50. All three flasks
contained the SNV F1109L at Genlé at mixed read ratios of 0.68 (15/22),
0.73 (90/122), and 0.25 (12/48) for Flask1, Flask2, and Flask3, respectively.
This mutation was not seen, however, in any of the subsequent

generations. Similarly, the SNV Q821H was seen at Gen28 in Flaskl and
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Flask2 at heterozygous read ratios of 0.31 (28/88) and 0.62 (44/71),
respectively, but this mutation was also not seen in any of the other
generations (Fig. 3.1).

Our results demonstrate that parasites with the L833l-encoding
variant emerged early on in the selection experiment, but that parasites
bearing this mutation did not out-compete other parasites in Flask 2. The
variant was only identified as a homogenous call once the culture was
cloned. The L1073Q-coding variant likely rose to fixation between
generation 16 and 28 in Flask 3, since this mutation was undetected at
Genlé, yet had a mixed read ratio of 0.00 in Gen28 (0/32) and Gen50
(0/48). In analyzing the ECso fold shifts across these generations it is most
likely this mutation occurred between generations 16 and 22, as Flask 3
had an observable spike in ECso during this time. L1136P was only found at
Genb0 in Flask 1, implying the mutation arose between Gen28 and
Gen50. The final two mutations, Q821H and F1109L, were not found at
Gen50 but may represent mutations that resulted in initial resistance.
F1109L was found in all three flasks but only in Genlé, implying the
mutation was out-competed between Genlé and Gen28. Q821H was
found in Gen28, but was not observed in the Gen50 clones that were
sequenced. These results demonstrate the importance of analyzing

mixed cultures as well as multiple clones from each population, as it
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provides a greater understanding of how the mutations developed over
time and some clonal mutations may not have represented the entire

population.

3.2.3 Differential cross-resistance of MMV007564 and KAF156-resistant
asexuval blood stage P. falciparum lines to imidazolopiperazines and
benzimidazolyl piperidines
Previous in vitro selection studies in P. falciparum using the

imidazolopiperazines GNF179 [90], GNF707, GNF452 and KAF156 [97]

resulted in resistant lines with 13 different mutations in PFCARL (Fig. 3.3 and

Supplemental Table 3.2) — occurring either singly or in combination.

Except for the Q821H mutation found in the polyclonal MMV007564R Flask

1 and 2 samples at Gen28, none of the mutations found in the

MMVO007564R cultures overlapped with the PfCARL variants identified in

the imidazolopiperazine-resistant lines [0, 97]. The vast majority of the

PfCARL resistance mutations for both the imidazolopiperazines and

MMV007564 were present at or near the predicted transmembrane

domains of the protein and all PfCARL mutations found in the

MMVO007564R clones (L833I, L1073Q and L1136P) were within ten bases of

suspected resistance-conferring PfCARL alleles (L830V, E834D, M1069I,

S1076N/R/1 and 11139K) that emerged after imidazolopiperazine exposure

(Fig. 3.3, Supplemental Table 3.2). These data suggest a shared structure-
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function relationship. Similar to the imidazolopiperazine resistance
mutations [?0, 97], PFCARL mutations found in MMV007564R lines were in a
conserved region of this protein family (DUF747) found across all
eukaryotic phyla, suggesting that these resistance loci play an important
biological role in PFCARL function.

To test the theory of shared genetic resistance between the two
compound classes, we characterized the extent of cross-resistance
between MMV007564R and a triple mutant KAF156-resistant line (KAF156R:
M811, L830V, S1076l) using MMV007564, KAF156, and GNF179 (Table 3.3).
KAF156 and its close analog GNF179 differ only in the halogen atom
attached at the para position in the benzene ring (Fig. 3.4A) [90, 97].
Unlike the MMV007564R lines, the KAF156R line exhibited cross-resistance to
all three compounds. Two of the MMV007564R PfCARL mutant lines
conferred resistance to either KAF156 (L833I) or GNF179 (L1136P), while the
MMV007564R PFCARL L1073Q mutant was not cross-resistant to either of
the imidazolopiperazines tested. This suggests that various PfCARL
mutations in the MMV007564R lines are compound class specific and have
different efficacies in conferring resistance to the imidazolopiperazines
tested.

To reveal structure activity relationships (SAR), commercially

available MMV007564 analogs were tested against the parental 3D7 cell
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line (Fig. 3.4B-C, Table 3.3, Table 3.4). The analogs either had the methyl
benzyl (substructure A) or the thiophen (substructure B) of MMV007564
replaced by different chemical groups (Figure 3.4B-C). A methyl benzyl in
substructure A with the methyl at either the meta or para positions
(MMVO007564, 4 and 5) appeared to be important for activity in 3D7
parasites (Table 3.3, Table 3.4). In general, having an aromatic ring in
substructure B was important for activity (MMV007564, 6, 7, 8 and 9) but
the heteroatom nitrogen (7) or oxygen (9) in the aromatic ring was not
preferred (Table 3.3, Table 3.4). Next, we tested cross-resistance of
PfCARL mutant lines against these analogs. Interestingly, all MMV007564
analogs considered active against parental 3D7 (ECso values < 3.5uM)
had significantly reduced activity against both the KAD156R line and all
three MMV007564R mutants, though at varying levels (Table 3.3). The
KAF156R line was ~370-fold resistant to imidazolopiperazines while the
KAF156R and MMVO007564R lines were 2- to 17-fold resistant to
benzimidazolyl piperidines (Table 3.3). We speculate that the high level of
imidazolopiperazine resistance of the KAF156R line is due to the presence
of ftriple mutations in PfCARL As shown in previous studies,
imidazolopiperazine resistant lines containing multiple PFCARL mutations
were most likely to have =240-fold imidazolopiperazine resistance in

contrast to lines with single PFCARL mutations [90, 97]. In the absence of
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MMVO007564R lines with multiple PFCARL mutations, it is not known whether
the same is tfrue for benzimidazolyl piperidine resistance. Structural studies
will help elucidate how imidazolopiperazine and benzimidazolyl piperidine
interact with PFCARL and determine how the various mutations identified
in this locus contribute to resistance. Nevertheless, our current data

provide novel avenues to pursue SAR.

3.2.4 MMVO007564 and imidazolopiperazines have varying potencies

against the different P. falciparum life cycle stages

Since PfCARL mutations mediate resistance of asexual blood stage
P. falciparum to both benzimidazolyl piperidines and
imidazolopiperazines, we hypothesized that these two compound classes
share a common target. P. falciparum has a tightly regulated
intraerythrocytic developmental cycle (IDC) in which proteins reach peak
expression at varying stages during the cycle. Parasites are therefore
most susceptible to a small molecule inhibitor during the stage of the IDC
in which the target of the molecule is expressed and generally unaffected
during those stages when the target is not expressed. We therefore sought
to determine whether asexual blood stage parasites were most
susceptible to both benzimidazolyl piperidines and imidazolopiperazines
at the same life-cycle stage, suggestive of a shared target (Fig. 3.5, Fig.

3.6). To ftest this, synchronized parasites were incubated with either
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MMV007564 or GNF179 at varying times throughout one complete asexual
IDC (0-46hr, 0-12hr, 12-24hr, 24-36hr, or 36-46hr) and parasite ring burden
was calculated at the 46th hour.

Neither culture treated with compound from ring stage for 46 hours
advanced past the trophozoite stage. In addition, there were no obvious
morphological differences between the compound treated parasites.
However, there was a striking difference in the effect of MMV007564 and
GNF179 on asexual blood stage parasite development at 0-12hr, 12-24hr
and 24-36hr treatments. At 0-12hr treatments, MMV007564-treated
parasites doubled the ring parasitemia in the next generation while
GNF179-treated parasites remained below the starting ring parasitemia.
Interestingly, the 12-24hr and 24-36hr tfreatments had the opposite effect.
At these time points, GNF179-tfreated parasites at least doubled in the
next generation while MMV007564-treated parasites remained below the
starting ring parasitemia. Therefore, 0-12hr asexual blood stage was most
susceptible to GNF179 while 12-36hr asexual blood stage was most
susceptible to MMV007564 indicating that these compounds likely target
different proteins essential for asexual blood stage development.

To further define if the compound classes act on two distinct
proteins, MMV007564 and KAF156 were assayed against P. berghei liver

stages and P. falciparum stage V late sexual blood stages [149] to test for
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multi-stage activity (Table 3.5). KAF156 remained equally potent in the liver
and sexual stages with ECsos not varying significantly from that of the
asexual blood stage. In contrast, MMV007564 ECsos for P. berghei liver
stages and P. falciparum stage V gametocytes are 2 and 5-fold higher
than the ECso for the asexual blood stage, respectively. This suggests that
the target for KAF156 is essential for all parasite life cycle stages while that

of MMV007564 is essential only for asexual blood stage development.

3.3 Discussion and Conclusions

Results of this study suggest that the SNVs observed in pfcarl in ourin
vifro generated MMV007564R lines are the genetic determinants for
MMV007564 resistance. We have ruled out pfcarl SNVs as compensatory
mutations due to the following observations: (1) mutations in different
regions of pfcarl arose independently in 3 separate selection flasks; (2)
MMVO007564R lines were cross-resistant with imidazolopiperazines, a distinct
class of compounds previously shown to have pfcarl mutations as the
genetic determinant of resistance; (3) an independently generated
imidazolopiperazine-resistant line was cross-resistant with MMV007564 and
other benzimidazolyl piperidines; and (4) this and previous studies with
various pfcarl mutant lines have found a lack of cross resistance to
standard antimalarials, including mefloquine, artemisinin [97], quinine and

atovaquone, implying the cross resistance seen in this study is specific to
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the benzimidazolyl piperidine and imidazolopiperazine compound
classes.

Experiments to identify the cell cycle window in which each
compound exerted its maximal effect revealed that GNF179 and
MMV007564 were more effective at different asexual stages, implying that
they have different cellular targets. Therefore, PICARL is most likely a
common resistance mechanism. Early asexual blood ring stages were
most susceptible to GNF179 while late ring to trophozoite stages were
most susceptible to MMV007564, suggesting that the compounds target
different proteins crucial at different asexual blood stage development.
Consistent with the possibility that the two compound classes have
different targets, MMV007564 lost its potency in the liver and sexual blood
stages while KAF156 did not, indicating that in contrast o the MMV007564
target, the KAF156 target is essential for the development of all parasite
life cycle stages. It may be that PfCARL is a resistance mechanism that
prevents the benzimidazolyl piperidines and imidazolopiperazines from
acting on their yet unidentified targets.

It is not uncommon for unrelated antimalarials to have common
genetic determinants of resistance, reflecting either a multidrug resistance
mechanism or a common drug target. The two most well studied

multidrug resistance mechanisms involve PfCRT and PfMDRT1 [150], both
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localized in the digestive vacuole membrane and members of the
drug/metabolite  and ATP-binding cassette  transporter  families,
respectively. The K76T mutation in PfCRT is a validated marker for
chloroquine resistance. PfCRT haplotypes also influence susceptibility to
other antimalarials including amodiaquine, quinine and lumefantrine.
Mutations and copy number variations in pfmdrl have been reported to
influence susceptibility to lumefantrine, artemisinin, quinine, mefloquine,
halofantrine and chloroquine. The targets of these antimalarials remain
unclear but both PfCRT and PfMDR1 seem to be involved in the transport
of these compounds away from the yet unidentified targets in the
parasite [128, 150]. Recently, drug target identification efforts have
identified other common genetic determinants of resistance for unrelated
compound classes such as: (1) dihydroorotate dehydrogenase
(PFDHODH) mutations conferring resistance to alkylthiophenes [112, 151,
152] and triazolopyrimidines [111, 112, 153, 154]; (2) P-type cation
transporting ATPase (PfATP4) mutations conferring resistance to
spiroindolones, pyrazoles, dihydroisoquinolones and a number of
anfimalarial agents in the Medicines for Malaria Venture (MMV) Malaria
Box [155]; (3) cytochrome bci mutations conferring resistance to
atovaquone [65, 156], decoquinate [88], tefracyclic benzothiazepines

[129], 4(1H) pyridones [157], a diversity-oriented synthesis probe [100], and
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quinolone-3-diarylethers [158]; and (4) phosphatidylinositol-4-OH- kinase
(PI14K) mutations conferring resistance to imidazopyrazines [21] and 2-
aminopyradines [159]. For each of the PIDHODH, PfATP4, cytochrome bc;
and PfPI4K inhibitors, there is functional and/or biochemical validation
that these unrelated chemotypes directly interact with the mutated
target, indicating common targets instead of multidrug resistance
mechanisms [65, 88, 91, 129, 151-159]. It is unclear why diverse
chemotypes repeatedly converge on the same targets, but it may
indicate that such common targets play critical biological roles and that
there are a limited number of accessible drug targets in Plasmodium.

The PfCARL mutations we have identified as conferring
benzimidazolyl piperidine and imidazolopiperazine resistance have not
been observed in 2,517 sequenced global field isolates (Figure 2 and
Supplemental Table 3) [160, 161]. Unlike the resistance mutations that
cluster at or near the transmembrane domains, natural diversity is mostly
found elsewhere in the protein (Figure 2 and Supplemental Table 3). It
would be interesting to know whether the field isolates with PfCARL
mutations at or near the transmembrane domains are more resistant to
benzimidazolyl piperidines and imidazolopiperazines compared with those

with mutations in other regions of the protein.
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MMV007564R and KAF156R parasites emerged relatively quickly. At
10? 3D7 inoculum, MMVO007564R parasites emerged only 15 days after a
short pulse at 3xECso followed by 3xECso continuous drug pressure.
Similarly, KAF156R parasites emerged after 17 days from a 107 Dd2
inoculum after 3xECsp of continuous drug pressure [97]. This time to
resistance evolution in vifro is comparable to that of atovaquone, known
to generate resistant parasites readily (16-30 days with 108 inoculum) [158],
and relatively fast compared with several other compounds (30-100 days
with 107 inoculum) [923, 101, 112, 129]. It should be noted however, that
evolution of resistance depends on parasite strain, concentration of
selection agent, and number of mutations required for resistance, making
direct comparisons between studies difficult [162, 163]. Furthermore, this
and other studies have shown that a single amino acid change in PfCARL
is enough to give rise to imidazolopiperazine and benzimidazolyl
piperidine resistance in vitro. From these observations, we speculate that
imidazolopiperazine and benzimidazolyl piperidine resistance might be
easily acquired in the field and/or that there might be preexisting
resistance to these inhibitors. This will have an implication in the field
efficacy of KAF156, an imidazolopiperazine currently in clinical trials. Thus,
the identification of a suitable partner drug for KAF156 will be crucial to

protect its efficacy. This has been effective in prolonging the useful



104

lifespan of atovaguone, which despite resistance readily evolving in vitro,
in vivo and in the field [65, 66, 110, 164], it has been used as an effective
antimalarial with its partner drug proguanil [165].

PfCARL is a conserved protein of unknown function. Previous studies
have found that PfCARL homologs may play a role in protein folding
within the endoplasmic reficulum in yeast [139, 140] and homeotic
transformations during vertebrate development [141]. Understanding the
function of PfCARL will be important in order to develop strategies that

circumvent this common drug resistance mechanism.

3.4 Methods and Materials

3.4.1 Source of compounds and parasite lines, and culturing

MMV007564 (synonym: GNF-Pf-4877 [149]) was obtained from
GlaxoSmithKline and is freely available as part of Medicines for Malaria
Venture's (MMV) Malaria Box. The following MMV007564 analogs and
confrol antimalarials were commercially obtained: compounds 1 (C776-
1565), 2 (C776-4170), 3 (D264-0067), 4 (C776-3796; synonym: MMV019741
[95], § (C776-3971), & (C776-3599; synonym: GNF-Pf-2535 [149]), 7 (C776-
3523), 8 (C776-3534), 9 (C776-3561), 10 (C776-3585), 11 (C776-3587), 12
(C776-3670), 13 (C776-3575) and 14 (C776-3628) were from ChembDiv, USA;

while quinine, atovaquone, and mefloquine were from Sigma-Aldrich,
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USA. The imidazolopiperazines — KAF156 and GNF179 were synthesized as
described previously [145, 166].

The following asexual blood stage P. falciparum strains were
originally obtained through MR4 as part of the BEI resources Repository,
NIAID, NIH: 3D7, MRA-102, deposited by DJ Carucci and Dd2, MRA-156,
deposited by TE Wellems. The fast growing clone of 3D7 — 1IG06 [167] was
used in this study. The Dd2 strain resistant to KAF156 and KAF179 was
generated in a previous study (clone B3), and sequenced in our lab as the
strain mutations were previously identified using microarray [?0]. Parasites
were cultured by standard methods [168] in RPMI 1640 medium
supplemented with 28mM NaHCO3, 25mM HEPES, 25ug/ml gentamicin
and 0.5% AlbuMAX I (Life Technologies 11021-045).

Transgenic hepatoma cells (HepG2- A16-CD81-EGFP) were
obtained from the laboratory of Dominique Mazier (INSERM, France) [169].
P. berghei luciferase sporozoites (strain MRA868) were obtained by
dissection of infected Anopheles stephensi mosquito salivary glands
supplied by the New York University Insectary. P. falciparum stage V

gametocytes were obtained from SANARIA by Dr. Stephen L. Hoffman.
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3.4.2 In vitro selection of MMV007564-resistant asexual blood stage P.

falciparum lines

To generate MMV007564R asexual blood stage P. falciparum lines,
an initial intermittent followed by continuous drug pressure was applied to
3D7 (Fig 3.1). Three culture flasks, equivalent to 3 independent selections
(Flasks 1, 2 and 3), each with 10? 3D7 parasites were pressured with 3xECso
(1.5uM) of MMV007564 for 3 days until no live parasites were detected by
microscopy. After which the compound was washed off and parasites
allowed to recover, with media changes every 2-3 days. When the
parasitemia reached ~2% (107 inoculum), the cultures were once again
drug pressured at 3xECso. Pressure was subsequently increased to 10xECso
(5uM), as the parasites did not die off under continuous drug pressure at
3XECso. Due to limitations in MMV007564 availability, the inoculum size was
reduced to 5 x 107 at this time. Parasites continued to grow at a typical
multiplication rate at 10xECso. At different time points during the selection
process, in vitro sensitivities to MMV007564 and control antimalarials by a
SYBR Green I-based cell proliferation assay were performed to monitor
MMV007564 resistance and aliquots of infected red blood cells (RBCs)
were collected for genomic DNA (gDNA) extraction and whole genome
sequencing fo monitor the acquisition of mutations (Fig. 3.1). After

MMV007564 resistance was confirmed for the parasites growing in
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10xECso, each of the three independent selections were cloned by limiting
dilution in the absence of the compound, with an inoculum size of 0.2 to
0.05 infected RBCs per well. Parasite clones were detected by microscopy
after ~3 weeks of growth. Resistant parasites were cryopreserved in a

solution composed of 28% glycerol, 3% sorbitol and 0.65% sodium chloride.

3.4.3 Genomic DNA extraction, preparation and analysis of sequenced

samples

Parasites were isolated from erythrocytes by washing infected RBCs
with 0.05% saponin.  gDNA was subsequently isolated by following
standard DNeasy Blood and Tissue Kit protocols (Qiagen). DNA libraries
were prepped with the Nextera XT kit (Cat. No FC-131-1024, lllumina) using
the standard dual index protocol, and sequenced on the llumina HiSeg
2500 using a RapidRun mode and sequencing 100 base pairs deep on
either end of the fragments. Paired-end reads were aligned to the P.
falciparum 3D7 reference genome (PlasmoDB v. 13.0), following the
Platypus pipeline as previously described [132]. Mutations, however,
including single nucleotide variants (SNVs) and insertion/deletions (INDELS)
were called using GATK's HaplotypeCaller, filtering mutations based on
general recommendations from GATK (Table 3.2). Samples were

additionally filtered by removing positions where read coverage was < 5
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in the parent and any position where all samples had a heterozygous ratio

> 0.2 (reference/total reads).

3.4.4 Binomial distribution calculation of polyclonal mutations

The binomial distribution was calculated for the mixed read variant
calls in both Gen16 and Gen28. Calculations were conducted in Excel
with the BIOM.DIST(x,trials,p,FALSE) function, where x was the number of
successes (2 for Genl1é6 and Gen28), trials was the number of total exome
region mutations (Genlé = 31, Gen28 = 49), and p was the probability of
randomly generating a mutation in pfcarl, which was the fraction of bases

in pfcarl versus the entire genome (4968 / 23292622).

3.4.5 Dose response assay phenotyping for P. falciparum asexual blood

stage

In vitro drug sensitivities of asexual blood stage MMV007564R lines,
the KAF156R line and their respective 3D7 and Dd2 parents were
determined using a SYBR Green I|-based cell proliferation assay [170].
Twelve-point curve dilution series of the test compound were additionally
carried out in duplicate or triplicate on the same day and replicated on
at least three different days. The ECso values were calculated using a
nonlinear regression curve fit in Prism 5 (GraphPad Software Inc.) Parasite
lines were considered resistant if their ECso values significantly increased at

least 2-fold from that of the parent.
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3.4.6 Timing of action of MMV007564 and GNF179 in P. falciparum

asexual blood stage

To compare the timing of action for MMV007564 and GNF179 in P.
falciparum asexual blood stages, tightly synchronized 0-5hr old ring stage
3D7 parasites were prepared using the method of Witkowski et al (2013)
with some modifications [171]. Schizonts were purified by a 35%/65%
discontinuous Percoll (Sigma-Aldrich, USA) gradient, washed in RPMI-1640,
and cultured for five hours to allow reinvasion into fresh RBCs. To remove
remaining schizonts and hence purify 0-5hr old rings, the culture was
treated with 5% D-sorbitol (Sigma-Aldrich, USA). The purified 0-5hr old rings
were adjusted to 1% parasitemia, 2% hematocrit in 1 ml culture volumes
and then incubated for 4éhrs until the next ring stage. MMV007564 and
GNF179 at T0xECso (5uM and 40nM, respectively) were added to the
cultures at 0-12hr, 12-24hr, 24-36hr, 36-46hr, 0-24hr, 24-46hr and 0-46hr. A
no compound control was included. Smears for microscopy were
prepared at Ohr and every 10-12hrs for 4éhrs. The experiment was

replicated on three different days.

3.4.7 Dose response assay phenotyping for multi-stage activity
Liver-stage activity was determined by pretfreating hepatic human
cells (HepG2) for two hours with a 12-point curve dilution series of test

compound in 1536 well plates infected with freshly dissected P. berghei
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sporozoites.  After 48 hours of incubation, the viability of P. berghei
exoerythrocytic forms (EEF) was measured by luminescence reaction light
output using BrightGlo (Promega). Dose response curves were repeated
on three different days in order to calculate an average ECsp value.
Sexual-stage activity was determined by testing each test
compound against late stage P. falciparum gametocytes using a
MitoTracker fluorescent-based assay.  Briefly, synchronized stage V
gametocytes were incubated with compound for 72 hours, after which
MitoTracker® Red CMXRos (life technologies) was added to each well
together with saponin to lyse the RBCs. Following fixation, plates were
imaged using an Operetta High Content Imaging System (Perkin Elmer) at
fluorescence (590-640nm). High content image analysis software supplied
by the Operetta was used to measure the gametocytocidal activity
(Harmony, Perkin Elmer), with the readout based on the metabolically

active gametocyte count per well.

3.4.8 Statistical analysis

Ordinary one-way ANOVA followed by Dunnett’'s multiple
comparisons test was used to determine whether there is a significant
difference in mean ECso values between multiple resistant lines and their
parent while two-tailed t-test was used for a single resistant line and its

parent. ***p <0.0001; **p <0.001; **p <0.01.
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Figure 3.1 In vitro resistance selection timeline Selection with MMV007564 starting at
3XECS0 pulse for 1.5 generations followed by contfinuous drug pressure af 3xEC50 from
generation 7 and 10xEC50 from generation 19, resulting in resistant lines as indicated by
increasing fold EC50 shift from the 3D7 parent. Fold EC50 shifts are shown for 3
independent selections F1 (red), F2 (green) and F3 (blue). Time points when cloning
without drug for single-cell isolation were performed and pfcarl mutations identified by
whole genome sequencing analysis (heterozygous mutations in italics and homozygous
mutations in bold) are indicated with arrows.
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Figure 3.2 ECso values of 3 clones from 3 independent selections Selections demonstrated
at least a statistically significant 10-fold increase for MMV007564 (a) compared to the
3D7 parent but not for other antimalarials, quinine (b), atovaquone (c) and mefloquine
(d). Bars are means of 3 independent experiments showing standard deviations.
Statistical analyses were performed using ordinary one-way ANOVA followed by
Dunneftt's multiple comparisons test.
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Figure 3.4 Chemical structures of imidazolopiperazines and benzimidazolyl piperidines
(a) Imidazolopiperazines. (b) MMV007564 and other benzimidazolyl piperidines where the
methyl benzyl group of MMV007564 is replaced with different chemical groups. (c)
Benzimidazolyl piperidines where the thiophen of MMV007564 is replaced with different
chemical groups.
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Figure 3.5 Effects MMV007564 and GNF179 on varying P. falciparum asexual life cycle
stages (a) Susceptibility of the different asexual blood stages to 10xEC50 of MMV007564
(red arrow) and GNF179 (blue arrow) at different time points starting from fightly
synchronized, 0-5hr old rings. Top panel is no compound. Arrows indicate the period
when each compound was present in the culture (0-46hr, 0-12hr, 12-24hr, 24-36hr, 36-
46hr). (b) Bars indicate average ring-stage parasitemia at the 4éhr time point and error
bars indicate standard deviation for 3 independent experiments. Broken lines at 1% rings
indicate starting parasitemia at Ohr.
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Figure 3.6 Effects MMV007564 and GNF179 on P. falciparum asexual life cycle stages at
0-24hr and 24-46hr pressures (a) Susceptibility of the different asexual blood stages to
T0XECS50 of MMV007564 (red arrow) and GNF179 (blue arrow) at different time points
starting from tightly synchronized, 0-5hr old rings. Top panel is no compound. Arrows
indicate the period when each compound was present in the culture (0-24hr and 24-
46hr). (b) Bars indicate average ring-stage parasitemia at the 4éhr time point and error
bars indicate standard deviation for 3 independent experiments. Broken lines at 1% rings
indicate starting parasitemia at Ohr.
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Table 3.2 Applied filters for GATK's HaplotypeCaller

SNV Filters INDEL Filters
Filter Name Filter Value Filter Name Filter Value
ReadPosRankSum >8.0 ReadPosRankSum <-20
<-8.0 QUAL <500
QUAL < 500 QD <2
QD <2 DP <7
MQRankSum <-12.5

bP <7
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Table 3.4 Inactive benzimidazolyl piperidines with ECso values > 3.5uM against the 3D7
parent

EC50 (nM) + SD

Compound Parent 307 MMV007564R MMVO007564R MMVO007564R
PFCARL: L1136P SfCARL: L833I PfCARL :L1073Q

Benzimidazolyl piperidines with the methyl benzyl of MMV007564 replaced with various
chemical groups

1 11612 £ 1686 12375 £ 2279 12011 £3727 9367 + 2483
2 4466 + 638 4298 + 1426 3877 £ 1103 3016 + 920
3 54883 £ 8276 61270 £ 11831 50773 £ 7835 49963 £ 4311

Benzimidazolyl piperidines with the thiophen of MMV007564 replaced with various
chemical groups

7 11488 £ 1875 17323 £ 7007 17240 + 4820 15420 £ 1051
10 9437 + 2344 9338 + 2900 9408 £ 1677 7976 £ 1536
11 20090 £ 5409 21447 + 6509 22180 £ 4132 17120 £ 3304
12 8522 + 1741 7680 2224 8490+ 3015 6510 £ 1826
13 5714 £ 997 5520+ 750 6047 £ 272 5648 = 147

14 27917 £ 3530 27567 £ 4755 25710 % 4692 23620 £ 2379
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Table 3.5 Potency of MMV007564 and KAF156 at different Plasmodium life cycle stages
Statistical analyses were performed using ordinary one-way ANOVA followed by
Dunnett’s multiple comparisons fest to compare mean EC50s in liver and gametocyte
stages against asexual blood stage for each compound.

ECso (M) + SD

Parasite life cycle stage

MMV007564 KAF156
3D7 asexual blood stage 513+ 56 10+3
P. berghei liver stage 1250 + 248" 109
P. falciparum stage V 0550 + 439" 4+

gametocyte




Chapter 4

Whole Genome Shotgun Sequencing Shows Selection on
Leptospira Regulatory Proteins During in vitro Culture

Attenuation
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4.1 Introduction

Leptospirosis is the most common zoonotic disease worldwide with an
estimated 500,000 severe cases reported annually, and case fatality rates
of 12-25%, due primarily to acute kidney and lung injuries. Despite its
prevalence, the molecular mechanisms underlying leptospirosis
pathogenesis remain poorly understood. In a previous independent study,
we used reference-guided assemblies to identify inactivating non-
synonymous single nucleotide variant (nsSNVs) in 11 putative virulence-
associated genes that had emerged after passaging a P1 isolate for 18
subcultures including a family of virulence-modifying proteins upregulated
during in vivo in an acute hamster infection model [172]. However, in this
experiment, we considered only dominant alleles in P1 and P18 isolates.
Here, in an independent attenuation experiment, we serially in vitro
passaged the P1 isolate (LDso < 100 Leptospira) into an avirulent derivative
(P8A, LDso > 108). We define the cumulative genome changes
accompanying this observed loss of virulence by comparing the genomes
of the parental strain and its isogenic, attenuated derivative through the
use of next-generation sequencing and a custom SNV calling pipeline

[132].
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4.2 Results

4.2.1 Culture passage-based attenuation of L. interrogans serovar Lai
strain 56601
The P1 isolate was derived from L. inferrogans serovar Lai strain
56601 that had been serially passaged 3X in vivo to ensure a virulent
phenotype [172]. The LDso was determined to be < 102 Leptospira [172].
The P1 isolate was serially passaged in vitro in liquid Leptospira culture

medium for ~400 generations (16 weeks) to become P8A. The LDso of the

P8A isolate was determined to be > 108 Leptospira, administered I[P,
indicating a complete loss of virulence. After in vitro passage, genomic
DNA was isolated from both the P1 and P8A strains and frozen before

sequencing.

4.2.2 Identification of SNV alleles differing in frequency between the
attenuated and parental strains
Cumulative changes occurring during adaptation to in vitro growth,
and associated with loss of virulence, were studied at the whole genome
level. Genomic DNA from the polyclonal parental strain, P1, and from the
attenuated isogenic derivative, P8A, was sequenced on an lllumina
platform, using paired-end 100-bp reads to a mean coverage of greater

than 250X. For strain P1, 15,492,436 reads were generated covering 99.4%
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of the L. interrogans serovar Lai reference genome (4.689 Mb), and
15,651,273 reads were generated from P8A covering 99.9% of the
reference genome (Table 4.1). In addition, > 99% of the reads from both
the P1 and P8A samples aligned to the L. interrogans Lai strain 56601
genome, indicating high sample purity.

Variants were called and compared using a modified automated
PLATYPUS genome analysis pipeline [132]. PLATYPUS aligned reads from
each sequencing run (P1 and P8A) to the reference Lai genome [56] and
identified SNVs using a default list of filters for each set of sequencing files.
Given that the bacterial populations were not clonal, an allele frequency
was calculated at each polymorphic site using the number of aligned
reads metric for the P1 and P8A isolate (Supplemental Table 4.1). From this
analysis, 99 SNVs were identified as having undergone a significant
change in adllele frequency between P1 and P8A, as determined by a
two-proportional z-test before Bonferroni correction. Alternate nucleotides
in these positions would result in 43 SNVs encoding synonymous amino
acid substitutions, 34 encoding non-synonymous amino acid substitutions,
and 25 intergenic SNVs (Fig. 4.1; see Supplemental Table 4.1 for complete
listing of variants). In the P8BA genome, all of these minor alleles had
changed allele frequencies by at least 5% compared with the P1 genome

and vice versa.
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4.2.3 Analysis of nsSNVs with allelic frequencies that increased during

attenuation

Since amino acid coding changes can alter overall functionality of
the gene in which they reside, and may contribute to the observed loss of
virulence in the P8A strain, we further examined the nsSNVs that were
identified during our genomic comparisons. There were 15 genes that
contained nsSNVs that increased in frequency during the course of the
attenuation (Fig. 4.2A). To determine if the genes containing these NsSNVs
were biased toward any particular biological function, they were
organized by COG category [173], and the observed proportions were
compared with their genome-wide expected frequencies. This approach
identified a strong enrichment for genes involved in signal transduction
mechanisms (Fig. 4.2B). Of the 3,683 genes in the genome, 233 are
annotated as involved in signal fransduction and comprised five of the 15
in our set (P = 0.01). We also noted that three genes, rbsK, mgtA, and
mcm2 (encoding a putative ribokinase, a magnesium fransporter, and
methylmalonyl-CoA mutase, respectively), contained multiple SNVs. This is
a higher number than that would be expected due to chance alone, and
because these genes all have functions related to core metabolic
pathways and cofactor biosynthesis, their allele frequency increase may

be a result of bacterial adaptation to long-term in vitro culture conditions.
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To infer additional possible biological significance of these genes,
we performed a meta-analysis of previously published data showing
transcriptional responses of L. interrogans under several surrogate in vivo
conditions including temperature, physiological osmolarity, iron depletion,
exposure to host innate immune cells, and peritoneal culture of
pathogenic Leptospira in dialysis membrane chambers [76, 77, 79-82]. Of
the 15 genes identified by this study as harboring nsSNVs of increasing
allele frequency, six (LA_2704, LA_2930, LA_2950, LA_3455, LA_3725, and
LA_3834) were previously reported to be upregulated in at least one set of
in vitro surrogate experimental conditions.

To gain further insight into how these genes might contribute to the
pathogenicity of Leptospira and their overall prevalence in the genus, the
subcellular locations of the proteins they encode were predicted using
PSORTb v. 3.0 (http://psort.org/psortb/index.html) [174], and the
prevalence of gene homologs across all 20 species of the Leptospira pan-
genome was also determined. Genes in other Leptospira species were
considered homologous to our study-identified genes if they were
reciprocal best BLAST hits using filters of 70% query length, e-value < 1e-3,
and 30% identity match (Fig 4.3). This analysis revealed that five of the six
genes (the subcellular location of LA_2950 could not be determined by

the algorithm) were predicted to reside inside the bacterial cell,
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indicating that these proteins are likely not the ultimate effectors of
Leptospira pathogenesis, like toxins or other secreted factors, but may
confribute to upstream signaling processes or metabolic capability. The
pan-genus conservation analysis showed that three genes (LA_2930,
LA_3725, and LA_3834) are found only in infectious Leptospira species and

may have particularly relevant pathogenesis-related functions.

4.2.4 Pan-Leptospira genomic analysis of amino acid residue
conservation at nsSNV positions in homologs of attenuation-
identified genes
We conducted a three-part analysis of six genes of interest (Fig. 4.3)

to determine if the nsSNVs in these genes caused amino acid changes in

evolutionarily conserved residues. First, protein domain architecture was
evaluated using SMART37 and PSIPRED [175, 176]. Next, we generated

MSAs using homologous sequences from the 20 species pan-Leptospira

genome for each of these genes. These MSAs were used to generate

amino acid conservation scores for each residue in a respective gene
based on JSD (scores above 0.8 are considered highly conserved, those
less than 0.4 are considered disordered) [177]. Finally, we compared the
proportion of sequencing reads from the P8A strain coding for the nsSNV

amino acid to the proportion of the same mutant residue in homologs
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from the entire pan-Leptospira genome using a Fisher's exact test with the
following results.
LA_2704

Diguanylate cyclases participate in the formation of the ubiquitous
second messenger, cyclic diguanylate monophosphate (cyclic-di-GMP),
involved in bacterial virulence, biofilm formation, and persistence [178,
179]. The non-synonymous C311F substitution in this GGDEF, diguanylate
cyclase is C-terminal to the catalytic core of this protein by one amino
acid residue (Fig. 4.4A) [180]. The wild-type cysteine residue is conserved
in every single homolog evaluated in this study, which is reflected by the
high conservation score obtained from JSD analysis. The proportion of
phenylalanine substitutions observed in the P8A strain represents a highly
significant divergence from the genus-wide residue conservation at this
position (P <0.001).
LA_2930

The Y94F substitution in this Per-ARNT-Sim-(PAS)-GGDEF predicted
signaling protfein falls within the PAS sensor domain (Fig. 4.4B). PAS
domains detect a large range of chemical and physical signals and then
regulate the activity of their covalently linked effector domains, often by
promoting the formation of dimers (a process required for proper GGDEF
domain function). We could not deduce any insight into the particular

ligands to which the PAS domain of this protein may bind, as the range of
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potential signals is diverse (ranging from oxygen tension to small
metabolites and to light itself) and on average, the pairwise identity
shared between PAS domains is less than 20% [181]. Nonetheless,
conservation analysis revealed that this position is highly conserved in
Leptospira with significant divergence (P < 0.03) away from conservation
status in the P8A attenuated strain.

LA_2950

Post synaptic density protein (PDZ) serine proteases are a unique
family of proteins that form higher order oligmeric structures and have
been demonstrated to degrade misfolded proteins in the periplasm of
bacteria [182]. The P8IR nsSNV in this PDZ serine protease was found to
occur in an in-silico predicted coil to sheet tfransition, indicating that the
wild-type proline residue may serve a structural role (Fig. 4.4C). JSD
conservation analysis revealed the site to be moderately conserved within
the Leptospira genus. The P8A arginine substitution at this residue was
significant (P < 0.05), and was not observed in any of the protein
homologs evaluated. Interestingly, domain architecture analysis revealed
an N-terminal signal peptide indicating that this protein potentially has
extracellular function.
LA_3455

This protein is a fransmembrane nonselective transport channel

found in the inner membrane of gram-negative bacteria that facilitates
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the diffusion of glycerol M[183]. The S56P substitution in this protein was a
significant divergence from genus-wide expected residues (P < 0.01) (Fig.
4.4D). The conserved residue position lies at the end of one of the eight a-
helical regions of the aquaglyceroporin. The tight spatial arrangement of
these helices to one another is essential for the proper function of the
protein's glycerol-conducting channel [184], and the proline substitution in
the P8A population of Leptospira could conceivably intfroduce a structural
change that would alter its tfransport efficiency.

LA_3725

Domain analysis of the large LA_3725 protein revealed a single N-
terminal transmembrane domain and a pre-toxin Hedgehog/Intein (HINT)
domain (Pfam PF07591) nearer the C-terminal end of the coding region.
The HINT superfamily belongs to a system of proteases that in bacteria are
usually found N-terminal to a toxin module in polymorphic toxin systems
[185, 186], and are believed to release the toxin domain via
autoproteolysis. The L1624V nsSNV position lies at the in silico predicted
transition of an o helix to a coiled secondary structure in a region of low
sequence conservation (Fig. 4.4E). MSA analysis revealed that the P8A
proportion of NsSNV reads was not statistically significant compared with

genus-wide expected ratios.
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LA_3834

The nsSNV position identified in the attenuated P8 strain codes for
an L8F substitution in the N-terminal lipobox [187] of this protein (Fig. 4.4F).
This amino acid substitution occurs at a moderately conserved residue
according to JSD analysis, that is, seven residues upstream of the cysteine
residue that is lipidated during export through the bacterial inner
membrane. Although there appeared to be some flexibility in the amino
acid conservation at the SNV position, genus-wide analysis revealed that
no homologs contained the mutant phenylalanine at this position,

indicating a significant divergence from expected proportions (P < 0.03).

4.2.5 Intergenic SNV analysis and novel ncRNA prediction

Analysis of SNV allele frequency differences between the P1 and
P8A L. interrogans Lai strains revealed 25 intergenic SNVs, 22 on
chromosome |, and three on chromosome Il (Fig. 4.1, Supplemental Table
4.1). In previous whole genome surveys, several NncRNA loci were
detected in the L. interrogans Lai genome [48], including three cobalamin
riboswitches that are expressed both in vivo and in vitro [82]. Because
these elements play vital roles in the regulation of gene expression,
mutations within predicted ncRNAs could have functional implications

potentially affecting virulence.
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To evaluate whether any of our study identified intergenic SNVs
resided in predicted NncRNA loci, we generated a list of predicted ncRNA
in the L. interrogans Lai strain 56601 genome using RNAz [188] and the
NocoRNAC pipeline [189]. Fifty candidate ncRNA loci were identified on
chromosome | (cl replicon), and five on the cll replicon, none of which
contained study-identified intergenic SNVs. Of the 55 candidate ncRNA
loci identified, 41 were antisense to protein coding genes and 14 were
found in intergenic regions (Table 4.2). Of these 14 ncRNA loci, none could
be annotated using the Rfam database and could represent novel

NCRNA genes.

4.3 Discussion and Conclusions

This study analyzed genomic changes in a polyclonal population of
L. interrogans serovar Lai strain 56601 that occur during the culture-based
attenuation of a highly virulent parent strain infto a nearly avirulent
isogenic derivative. This analysis was carried out using a modified
PLATYPUS pipeline, originally designed to analyze eukaryotic genomes,
which was readily and accurately adapted for the analysis of Leptospira
genomes (prokaryotic). Novel, potentially virulence-related genes were
identified in this study by analyzing nsSNV allele frequency changes
accompanying in vitro, culture attenuation of L. interrogans serovar Lai.

Because of the stochasticity of the underlying processes giving rise to
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deleterious mutations in virulence-associated genes that are under neutral
selection in vitro, future attenuation experiments would be most
informative if whole genome sequencing data from several independent
attenuated lineages are compared. The data summarized here will
provide the foundation for future investigations to determine the role
these genes play in the pathogenesis of leptospirosis.

Genome changes that occurred in the bacterial population during
long-term in vifro culture passage attenuation of the virulent P1 L
interrogans Lai strain 56601 isolate into the avirulent P8A isolate likely
occurred as the result of selection for rapid growth in vitro culture, likely to
be in a tradeoff with virulence. After the isolation of the P1 strain from
hamsters, the only selective pressure on the bacterial population became
infrapopulation competition for growth in vitro in EMJH media. Therefore,
the process of natural selection under these conditions would be
expected to increase the population-level allelic frequencies of mutations
beneficial to in vitro growth [190]. Such changes are often accompanied
by allele-frequency increases of mutations in genes necessary for growth
in vivo (i.e., relaxed selection on virulence genes would lead to the
accumulation of deleterious mutations in these genes during growth in
vitro). Accordingly, nsSNVs otherwise deleterious to virulence in vivo, which

had previously been kept at low frequencies by in vivo selection, for
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example, immune pressures of the host, would now be selectively neutral
in vitro. These mutations would then be free to synchronously move with
alleles under positive selection for growth in EMJH media in a type of
genetic hitchhiking [191].

Interestingly, all single nucleotide variations identified in our
genomic analysis of the attenuated P8A isolate originated from existing
low-frequency subpopulation alleles in the virulent P1 isolate. We did not
find any spontaneous mutations arising during the in vitro attenuation
process. Only preexisting mutations expanded in frequency based on
statistically significant thresholds, a phenomenon also noted previously in
the apicomplexan parasite Babesia bovis [192]. The original process that
generated these mutants appeared to have proceeded in a stochastic
manner, SNVs appeared across the L. interrogans Lai genome with a
nucleotide transition to transversion ratio, Ts/Tv, of approximately 0.5
(Table 4.2), suggesting that at a given position a substitution of one
nucleotide was just as likely as any other. All nsSNVs identified existed as
minor variants to wild-type alleles in the P8A population (Fig. 4.2A).
Surprisingly, nsSNVs diverging from the reference sequence had an allele
frequency of only 12% = 4.97 (mean * SD). It has been previously
demonstrated in several other pathogens that microbial populations may

harbor subpopulations that retain pathogenic capacity, despite being
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attenuated at the population level [193-196]. Similarly, we were able to
detect wild-type alleles in the maijority of sequencing reads derived from
the P8A isolate.

Two previous studies have examined genome differences between
virulent and avirulent strains of L. interrogans serovar Lai to identify
mutations that accompany the loss of the virulence of the parental strain.
The first, which compared genome differences between L. interrogans
serovar Lai strain IPAV (avirulent) and a non-isogenic isolate of L.
interrogans serovar Lai [197], identified several hundred SNVs in gene-
coding regions as well as dozens of insertions and deletions; interestingly
many SNVs were found in genes related to signal transduction. The
second study, recently reported from our group [172], identified a set of
SNVs in 11 pathogen-specific genes of an afttenuated isogenic derivative
of L. inferrogans serovar Lai strain 56601. There was no overlap in the
genes identified in these earlier studies with those identified in this work,
which mirrors results from another experimental evolution study in
Escherichia coli that found few of the 115 strain replicates shared similar
mutations [190]. This lack of overlap strongly underscores the stochastic
nature of SNV expansion in vitfro. Nonetheless, it should be noted that the
sequencing coverage was approximately 2.5X higher in this study relative

to our previous study, reads were substantially longer here (100 bases
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versus 36) and paired ends were used. Also significant, this analysis
detected mixed alleles, whereas our previous study focused only on
dominant alleles. Because genes necessary for in vivo growth are under
relaxed selection in vitro, the complement of putative virulence genes
identified in aftenuation experiments can differ substantially (i.e., no
convergence), suggesting, that is, approach would be most informative if
data derived from several independent atftenuated lineages are
analyzed.

Pathogenic Leptospira have evolved numerous signal transduction
proteins to properly respond to environmental as well as in vivo host
queues [85], in contrast to obligate parasites that have far fewer [198].
Because pathogenic Leptospira are transmitted by soil and surface water,
they must transition between the external and host environment.

The identification of nNsSNVs in two GGDEF di-guanylate cyclase
(DGC) signal transduction genes (LA_2704 and LA_2930, both previously
shown to be upregulated during exposure to in vivo-like conditions; Fig.
4.3) in our study was particularly intriguing. GGDEF domains catalyze the
formation of the ubiquitous secondary messenger di-cyclic-GMP66
through a process of homo-dimerization of two DGC domains from
separate proteins [180]. Intracellular concentrations of di-c-GMP have

been demonstrated experimentally to regulate several pathogenesis-
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related bacterial processes related to biofim formation, motility, and
virulence [199-201]. The L. inferrogans serovar Lai genome contains genes
for 14 distinct GGDEF domain containing proteins [85], and members of
the genus are known to produce biofilms both in vifro and in vivo [202,
203]. The physiological effects of di-c-GMP levels have been reviewed
previously [178]; while infracellular di-c-GMP levels promote biofim
formation, they might have differential effects on (i.e., promote or inhibit)
other phenotypes. While there are currently no experimental data
regarding DGCs and di-c-GMP in Leptospira, it should be noted that di-c-
GMP levels appear to positively regulate motility and virulence in other
spirochetes [204-206].

Data from a model biofiim system using Pseudomonas aeruginosa
have demonstrated that increases in infracellular di-c-GMP levels, through
the action of DGCs, lead to secretion of exopolysaccharide components
required for biofim formation [207]. These polysaccharides then act as
signals for DGCs in neighboring bacteria to increase their di-c-GMP levels,
encouraging further exopolysaccharide secretfion in a positive feedback
mechanism similar to paracrine signaling in eukaryotes. Whether impaired
GGDEF signaling causes a similar nonautonomous trait in L. interrogans
remains undetermined, it is inferesting to consider whether a small

percentage of mutant cells (i.e., those harboring LA_2704 or LA_2930
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nsSNV mutations) would influence the in vivo survival of the Leptospira
population as a whole through impaired biofilm production.

Bacterial lipoproteins have been suggested to be involved in
pathogenesis including adhesion to host cells, immune modulation, and
the translocation of virulence factors into host cells [208, 209], and there
are several predicted in the genomes of spirochetes [187]. Thus, the
identification of mutations in the putative lipoprotein LA_3834 in this study
is infriguing. While the function of this protein has yet to be determined
experimentally, several independent lines of evidence point to LA_3834
being a part of the Leptospira virulence gene repertoire. In addition to
being transcriptionally upregulated during in vivo surrogate experiments
[79, 81, 82], LA_3834 was recently demonstrated to be under the control
of a transcriptional regulator (LB_139) that when knocked out, decreased
expression of several genes (including LA_3834) and attenuated virulence
in a hamster model of leptospirosis [83].

Two other study-identified genes (LA_2950 and LA_3455) with nsSNVs
at conserved residues may also be important to Leptospira virulence and
survival in vivo. LA_2950 encodes a protein predicted PDZ serine protease.
Studies in Salmonella typhimurium have demonstrated that other PDZ
serine proteases participate in the in vivo stress response to host

microbicidal pressures [210-212]. Bacteria with mutations in these genes
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were aftenuated compared with wild-type parental strains, with
decreased tissue burdens (up to a 105-fold decrease in one study [212]).
LA_3455 encodes the Leptospira GlpF glycerol uptake facilitator protein. L.
interrogans cannot use sugars as carbon sources, but instead, synthesizes
sugars with de novo gluconeogenesis from glycerol [56]. Since the non-
synonymous S56P SNV identified in the P8 strain of our study may intfroduce
a strain in the secondary structure of a conserved helix essential for
function, Leptospira cells harboring this mutation could conceivably
experience an impaired acquisition of glycerol in vivo that could have
downstream biosynthetic consequences.

To the best of our knowledge, our generation of a list of
computationally predicted ncRNAs in L. inferrogans is the first in the field.
Although none of our study-identified intergenic SNVs mapped to these
regions, small noncoding RNAs have recently been shown to regulate
pathogenic mechanisms in bacteria [213-216]. Thus, it would be important
to test whether similar mechanisms exist in pathogenic Leptospira.

This study has limitations, primarily in that further work needs to be
done both qualitatively and quantitatively to describe the individual
contribution of the genes identified here to Leptospira pathogenesis. It is
likely that the genes identified in this study may be part of a virulence-

related transcriptional profile, and the increase in NsSNV alleles seen may
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collectively reduce the pathogenicity of Leptospira with these mutations.
The ultimate mechanism of attenuation of L. interrogans serovar Lai in this
study appears to be the additive effect of multiple mutant alleles, each
subtracting from overall population fithess in vivo. The individual
contributions of each of these genes to overall virulence is likely to remain
hazy until more reliable methods of targeted mutagenesis are established
for this important pathogen, unftil then attenuation-based studies are a
reasonable alternative for identifying putative virulence-associated

genes.

4.4 Materials and Methods

4.4.1 Ethics Statement

The experimental animal work was carried out in accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health in Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC)-approved
facilities, and was approved by the Institutional Animal Care and Use
Committee of the University of California, San Diego under protocol

SO3128H.
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4.4.2 Attenuation of L. interrogans serovar Lai strain 56601
Generation of the P1 isolate of L. interrogans serovar Lai strain 56601

Leptospira interrogans serovar Lai strain 56601 was kindly provided
by David Haake (University of California Los Angeles, Los Angeles, CA),
and was passaged through 3-week-old male Golden Syrian hamsters (N =
3. Charles Rivers Laboratories, Hollister, CA) to ensure a virulent
phenotype. The initial three hamsters were each injected intraperitoneally
(IP) with approximately 107 Leptospira in 1 mL of Elinghausen-McCullough-
Johnson-Harris Leptfospira culture media (EMJH; BD Difco, Franklin Lakes,
NJ). Four days post inoculation the animals were killed, the livers were
harvested, macerated with a sterile scalpel blade, pooled in 5-mL sterile
phosphate-buffered saline, then made into a slurry by repeatedly passing
through a 22-gauge needle; 1 mL of this homogenate was then used to
inject each of a second group (N = 3) of hamsters IP. The liver
homogenization procedure was repeated 4 days later, and a third group
(N = 3) of hamsters were injected, also IP. Four days after the IP injection of
liver homogenate into the third group, the animals were killed, and livers
harvested aseptically. Approximately 10 mg of minced liver tissue was
then used to inoculate EMJH semisolid medium supplemented with 5-fl
[63]. The semisolid culture was incubated at 25°C and monitored for

Leptospira growth by dark field microscopy. Once growth occurred, 100
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bl of this culture was used to inoculate 20 mL of sterile EMJH media, and
the culture was incubated at 28°C on a rotary shaker, and was
designated P1.

Genomic DNA isolation of P1 isolate

Approximately 107 Leptospira from 1 mL of EMJH P1 culture were
spun down in a microcentrifuge (10,000 rom, 5 minutes). Genomic DNA
was then isolated from the cell pellet using the DNEasy Blood and Tissue kit
(Qiagen, Valencia, CA) according to manufacturer's instructions. Eluted
DNA was stored at -20°C for later sequencing.

LDso determination of P1 isolate

Leptospira cells were counted using a Petroff-Hauser counting
chamber (Hausser Scientific, Horsham, PA) under dark field microscopy.
Challenge doses of 102, 103, 104, 105, 10¢, 107, and 108 Leptospira/mL in
sterile EMJH were then prepared based on observed counts. For each
dilution group, 3-week-old male Golden Syrian hamsters (N = 3, Charles
Rivers Laboratories) were each injected IP with 1 mL of the appropriate
challenge dose. Animals were monitored for 21 days and euthanized
when moribund. The LDsg was defined as the last dose in which two-thirds
of the animals died after challenge.

In vitro EMJH culture-passage attenuation of the virulent P1 isolate into P8 isolate

The P1 isolate EMJH culture was subcultured by transferring 2 mL into

18 mL of sterile EMJH media (thus becoming P2A), and incubated at 28°C



145

on a rotary shaker for 14 days. This process was repeated iteratively for a
total of seven subcultures, with the final subculture being designated P8A

(~400 generations from the P1 parent culture). Genomic DNA exiraction

and LDso determination were then performed exactly as described for the

P1 isolate.

4.4.3 Genomic library preparation and assembly

Genomic DNA libraries were normalized to 0.2 ng/uL and prepared
for sequencing using the lllumina Nextera XT Kit (llumina, San Diego, CA)
whole genome re-sequencing library according to manufacturer's
instructions, using the lllumina protocol of tagmentation followed by
ligation (v. 2013; lllumina, Inc., San Diego). DNA libraries were clustered
and run on an lllumina HiSeq 2500 platform (lllumina) with PET00 on Rapid
Run mode. Base calls were made using CASAVA v 1.8+ (llumina).

Sequences were processed though the PLATYPUS pipeline (Winzeler
Lab, UCSD, San Diego, CA) [132]. In brief, reads were aligned to the
reference L. inferrogans serovar Lai strain 56601 genome (NC_004342 and
NC_004343) using Burrows-Wheeler Aligner [217], and unmapped reads
were filtered using SAMtools [218]. SNVs were then initially called using
Genome Analysis Toolkit [219, 220] and filtered using default filter values in
PLATYPUS. Although the filters were initially designed for Plasmodium

falciparum, they resulted in high sensitivity (93.4%) and specificity (91.2%)
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for L. inferrogans as well when screening for known SNVs between the
56601 and IPAV L. interrogans serovar Lai strains. After alignment, read
depth per nucleotide identity at every position was called using SAMtools
mpileup, which were then converted into proportional nucleotide
identities per base. These proportions were then compared using a
custom script testing for multi-comparison significant changes in allelic
proportion across the entire genome. For two proportions xi/n1 and x2/n2

reads, our comparison statistic was the following:

(ﬂ _ﬂ)
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zZ =

This statistic is an expansion of the simple two-proportional z-test for
differences between two populations. This assumption is reasonable as
each read serves as an independent random test of the nucleotide
identity of the population, though significant error terms do exist. This
number was then converted to a p-statistic using the total read depth
and corrected using the Bonferroni method, as assumption about the
independence of allelic frequency at multiple polymorphic sites may not
hold. A list of sites that underwent statistically significant changes were

then exported and annotated using a custom scripf.
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4.4.4 Clusters of orthologous groups' functional category analysis of

nsSNV-containing genes

Genes identified as containing nsSNVs with increasing allele
frequencies in P8 were assigned to clusters of orthologous groups (COG)
categories using the National Center for Biotechnology Information
conserved domain webpage (http://www.ncbi.nlm.nih.gov/Structure
/cdd/cdd.shtml), and compared with the genome-wide predicted COG
frequencies for L. interrogans serovar Lai strain 56601 obtained from the
spirochete  genome browser webpage (http://sgb.fli-leibniz.de/cgi
/index.pl). Statistical significance was assessed via 2 analysis using Fisher's
exact test with a Bonferroni correction to account for multiple

comparisons in Graphpad Prism (GraphPad Software, Inc., La Jolla, CA).

4.4.5 Pan genus comparative genome analysis of study-identified genes

The following genomes, consisting of a representative grouping all
20 Leptospira species, were used to analyze the presence of homologs of
study-identified genes in other Leptospira species:

Leptospira alexanderi sv. Manhoa 3 str. L 60T (Genbank:
AHMT00000000), Leptospira alstoni sv. Pingchang str. 80-412 (Genbank:
AOHDO00000000), Leptospira biflexa sv. Patoc str. Patoc | Paris (Genbank:
CP000786), Leptospira borgpetersenii sv. Javanica str. Ul 09931 (Genbank:

AHNPO0000000), Leptospira broomii sv. Hurstbridge str. 53997 (Genbank:
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AHMOO00000000), Leptospira fainei sv. Hurstbridge str. BUT 6T (Genbank:
AKWZ00000000), Leptospira inadai sv. Lyme str. 10T (Genbank:
AHMMO0000000), L. interrogans sv. Copenhageni str. Fiocruz L1-130
(Genbank: AE016823), L. infterrogans sv. Lai str. 56601 (Genbank:
AEOQ010300), Leptospira kirschneri sv. Cynopteri str. 3522 CT (Genbank:
AHMNOOO00000), Leptospira kmetyi sv. Malaysia str. Bejo-I1so9T (Genbank:
AHMPO00000000), Leptospira licerasiae sv. Varillal str. VAR 0107 (Genbank:
AHOOO00000000), Leptospira meyeri sv. Hardjo str. Went 5 (Genbank:
AKXEO0000000), Leptospira noguchii sv. Panama str. CZ 2147 (Genbank:
AKWY00000000), Leptospira santarosai sv. Shermani str.  1342KT
(AOHB00000000), Leptospira terpstrae sv. Hualin str. LT 11-33"7 (Genbank:
AOGWO00000000), Leptospira vanthielii sv. Holland str. WaZ Holland
(Genbank: AOGY00000000), Leptospira welli sv. undetermined str. LNT
1234 (Genbank: AOHCO00000000), Leptospira wolbachii sv. Codice str.
CDC (Genbank: AOGZ00000000), Leptospira wolffii sv. undetermined str.
Khorat-H2T (Genbank: AKWX00000000), Leptospira yanagawae sv.
Saopaulo str. Sao Paulo™ (Genbank: AOGX00000000).

Genes were considered homologs if they were bidirectional best
hits [221, 222] using Basic Local Alignment Search Tool (BLAST) with cutoff

values of 70% query coverage, e-values < 1e 3, and 30% identity.
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4.4.6 Amino acid residue conservation analysis of study-identified nsSNV

positions

Domain architecture analysis was performed on the protein
sequences for LA_2704 (NP_712885.1), LA_2930 (713110.1), LA_2950
(NP_713130.1), LA_3455 (NP_713635.1), LA_3725 (NP_713905.1), and
LA_3834 (NP_714014.1) using Simple Modular Architecture Research Tool
(SMART) [223] and protein structure prediction server (PSIPRED) [175, 176],
and represented graphically at http://prosite.expasy.org/mydomains.

Multiple sequence alignments (MSAs) of the homologs (defined by
70% query coverage, e-values < le 3, and 30% identity BLAST cutoffs) of
each of these six genes were constructed by aligning sequences
obtained from the Pathosystems Resource Integration Center database
(http://patricbrc.org) using the CLUSTAL X alignment program freely
available at http://www.clustal.org/clustal2/#Download. The accession
numbers used in the alignments (Supplemental Table 3.1) are a
representative collection of homolog sequences from each of the 20
species in the Leptospira genus in which homolog sequences could be
identified. The LA_2704 alignment contained 40 homolog sequences,
LA_2930 had 26 homologs, LA_2950 had 41 homologs, LA_3455 had 41

homologs, LA_3725 had 19 homologs, and LA_3834 had 45 homologs.
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MSAs were then used to predict protein residue conservation based
on Jensen-Shannon Divergence (JSD) [177]. Conservation scores were
then graphed using Microsoft Excel (Redmond, WA).

The proportion of sequencing reads from the P8A strain coding for
the nsSNV amino acid was compared with the proportion of the same
mutant residues in homolog MSAs from the entire pan-Leptospira genome
using a Fisher's exact test for each of the six genes. Results were

considered statistically significant at P < 0.05.

4.4.7 Identification of potential ncRNAs in the L. interrogans serovar Lai

strain 56601 genome

To identify novel ncRNA loci within the L. interrogans Lai strain 56601
genome, we first aligned the L. inferrogans Lai 56601 (Genbank:
AEO010300), L. kirschneri Cynopteri 3522 C (Genbank: AHMNO0O0OOO00O0), and
L. noguchii Panama CZ214" (Genbank: AKWY00000000) genomes using
the progressive Cactus algorithm [224, 225]. The whole genome alignment
was then used as input for RNAz (with default settings: —w 120 and —s 120)
for prediction of structural RNAs [188] and then putative NncRNA loci
identified and annotated using the nocoRNAc pipeline [189]. Predicted
loci that could not be annotated using the Rfam database were

considered potentially novel ncRNA genes.



151

4.5 Acknowledgements

Chapter 4, in full, has been accepted for publication for the
material as it may appear in the American Society of Tropical Medicine
and Hygiene, 2016. Victoria C. Corey and Jason S. Lehmann, Jessica N.
Ricaldi, Joseph M. Vinetz, Elizabeth A. Winzeler, Michael A. Matthias,
“Whole Genome Shotgun Sequencing Shows Selection on Leptospira
Regulatory Proteins During in vitro Culture Attenuation”. The dissertation

author was the co-primary investigator and author of this paper.



152

P1:P8 SNPs
oMb JOXKb OKb
“oMb I \
\
o5 M
4 0 Kb
'
WKL
35w - SNP Count [nadd)
— 10 Mb
100 Kn
oM 2%0Kp
S 1sMn
/ / \
25Mb \“- g 150 Kb
Chromosome | Chromosome ||

Figure 4.1 Genomic locations of single nucleotide variants (SNVs) changing allelic
frequency from P1 to PBA Genomic location of study identified SNVs in the reference
genome of Leptospira intferrogans serovar Lai strain 56601 that significantly changed in
allelic proportionality during culture attenuation from a virulent P1 strain fo an attenuated
P8A strain. Individual hash marks represent the genomic location of genes containing
SNVs, and are color coded in concentric circles. Red = non-synonymous; blue =
synonymous; green = intergenic. The total number of genes containing each type of SNV
is represented by the pie chart in the center of each of the chromosome representations.
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Figure 4.2 Clusters of orthologous group analysis of genes containing non-synonymous
single nucleotide variants (nsSNVs) that increased allelic frequency from P1 to P8A The
nsSNVs that increased allelic frequency during the attenuation of the virulent P1 strain of
L. interrogans serovar Lai strain 56601 into the avirulent isogenic P8A strain are listed in (A).
The nsSNV-containing genes in each group were then organized by clusters of
orthologous groups (COG) category.45 Asterisks denote an enrichment of a particular
COG category compared with genome-wide expected percentages of genes in each
category (Fisher's exact test, P value given in figure) in (B). Total number of genes in
Leptospira interrogans serovar Lai strain 56601 genome in represented COG categories: T
=233,1=110,P=134,G=131,0=118, J=172, S = 853. Total number of predicted genes

= 3,683.
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Figure 4.3 Homolog identification and characterization of potential virulence-associated
genes in other Leptospira species Potential virulence-associated genes identified in this
study include LA_2704 (NP_712885.1), LA_2930 (NP_713110.1), LA_2950 (NP_713130.1),
LA_3455 (NP_713635.1), LA_3725 (NP_713905.1), and LA_3834 (NP_714014.1). Previous
stfudies have shown these genes to be upregulated by Leptospira interrogans during
exposure to host-like conditions (a = response to host innate immunity20; b = response to
host physiological osmolarity,18 ¢ = response fo host cues during in vivo culture in
infraperitoneal dialysis cassettes21). The PSORTb predicted subcellular locations of each
of these proteins are listed. The presence of orthologous genes (defined as bidirectional
best Basic Local Alignment Search Tool [BLAST] hits with minimum 70% query coverage, e-
values < 1e-3, and 30% identity) was also determined for each of the 20 species in the
Leptospira genus. P = pathogenic species; | = infermediate pathogens; S = saprophytic
species). A schematic representation of these three clades of the genus was included for
clarity.
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Figure 4.4 Amino acid conservation analysis at non-synonymous single nucleotide
variants (nsSNV) positions identified gene homologs across the Leptospira genus Profein
domain analysis was conducted for all genes and results are represented as diagrams at
the fop of panels A-E that include the nsSNV position for each gene (TM =
tfransmembrane domain; PAS = Per-ARNT-Sim domain; GGDEF = diguanylate cyclases
domain; SP = signal peptide; PDZ = PDZ serine protease domain; CC = coiled-coil
domain; HINT = hedgehog intein domain; LIPO = Leptospira lipobox; SBBP = seven-bladed
beta propeller domain). In addition, a Jensen-Shannon Divergence (JSD) estimate of
amino acid residue conservation is represented graphically with the nsSNV residue
highlighted as a red line with the conservation score indicated above it (scores above
0.8 indicate high conservation, those below 0.4 indicate disorder). Finally, at the bottom
of each panel, an alignment schematic with the nsSNV position highlighted by a red
asterisk is presented with the probability from a Fisher's exact test comparison of the
number of P8A sequencing reads coding for the mutant amino acid to the genome-
wide prevalence of that same residue in homologs of that particular gene. In (A), the red
line above the alignment indicates the position of the catalytic residue of the protein. In
(D). the purple line represents a conserved a helix. In (E), the purple line represents a
predicted o helix, and the orange arrow represents a predicted beta-sheet secondary
structure. In (F), the hash mark denotes the cysteine residue that is lipidated.
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Table 4.2 Predicted ncRNAs in Leptospira interrogans serovar Lai In silico predicted
NcRNAs in the L. interrogans serovar Lai genome. The 14 predicted ncRNAs are listed by
chromosome, start/stop positions, as well as the DNA strand the site resides on. Stress-
induced duplex destabilization (SIDD) values near zero are highly destabilized states that
promote helicase action and transcription. Terminator confidence is a percentage of
certainty of transcription stop sites.

Chromosome Start (bp) Stop (bp) Strand \S/!:)h?e leorrr:fjii?::::re
Cl 235,751 235,834 - -0.5 73
Cl 422,027 422,128 - 3.5 100
Cl 538,202 538,259 + 2.5 72
Cl 548,190 548,249 - 3.2 100
Cl 1,181,513 1,181,570 + 2.0 74
Cl 2,172,984 2,173,177 - -0.2 76
Cl 2,410,576 2,410,725 - -0.3 78
Cl 2,545,112 2,545,233 - 2.9 77
Cl 2,823,520 2,823,576 - -0.5 100
Cl 2,876,638 2,876,810 - -0.5 80
Cl 2,935,474 2,935,522 - -1.0 70
Cl 3,382,029 3,382,080 + 2.2 89
Cl 4,152,345 4,152,404 + 2.6 79

Cll 73,532 73,627 - 2.5 86



Chapter 5

Conclusions and Future Perspectives

158



159

Treating any disease or pathogen requires a solid understanding of
the organism, and the pathogenesis of the disease it produces. For
virulence, understanding which genes are involved can aid in identifying
antigens for vaccine development. For resistance development,
identifying the factors involved in resistance and which genes have a
larger constraint in mutational frequencies can help in the future
development of therapeutics and provide a framework in therapy
regimens. This dissertation focused on multiple methods used to gain this
comprehensive understanding, analyzing both resistance development
and virulence loss.

In Chapters 2 and 3, we first focus on Plasmodium falciparum and
examine resistance development in the context of identifying novel
antimalarial targets. In a systematic analysis consisting of 50 compounds
with antimalarial activity, we assessed possible targetable genes
pathways as well as general mechanisms of resistance. Focusing first on
the effect of pre-existing resistance, our results demonstrate that parasites
resistant to current antimalarials pose minimal pre-existing cross-resistance
to this novel compound set. These results imply that there is still a large
possibility other druggable pathways have yet to be identified and may
be exploited in anfimalarial therapeutic development. We next

examined the process of resistance development, identifying which
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compounds yielded resistant parasites after culturing and how quickly
resistance developed. Out of the 50 compounds, we successfully
generated resistant mutants against 23 novel antimalarials. Examining
various physiochemical properties that may be predictive in resistance
generation, we found compounds with a faster Kkiling-rate were
significantly less successful in generating resistant parasites. As fast-acting
compounds are already desirable in the clinic given their ability to rapidly
stop disease progression and avoid severe complications, these results
only further support the need to have fast-acting compounds in the
clinical development pipeline.

Analyzing the resistant strain sets generated in this study using whole
genome sequencing, we identified the potential resistance-causing
variants in 21 of the resistant strain sets. Some of the casual variants were
located in genes that have already been established as compound
targets, including pfcrt, cytochrome bcl, and PI4K. Encouragingly, in
addition to previously known targets, we identified six new genes as
potential compound targets: RND fransporter (Pf3D7_0107500), cathepsin
dipeptidyl peptidase (Pf3D7_1116700), phenylalanine-tRNA ligase
(Pf3D7_0109800), FHA domain protein (Pf3D7_0909700), phd finger protein
(Pf3D7_0310200), and acyl-CoA synthetase 10 and 11 (Pf3D7_0525100,

PF3D7_1238800). While further work needs to be done to determine if
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these genes are direct targets of the compounds or are general
resistance mechanisms, the results are encouraging and suggest other
unknown pathways can still be exploited in antimalarial therapy
development.

Chapter 3 in this dissertation went on to further characterize pfcarl,
one of the genes identified in Chapter 2. As PfCARL has been previously
identified as a potential target for KAF156, an imidazolopiperazine
currently in Stage |l clinical trials, it was intriguing that resistance selection
with MMV007564, a benzimidazolyl piperidine, resulted in PFCARL-mutated
cultures. Our results determine that PICARL is in fact not a common target
between the two compound classes, but most likely a common resistance
mechanism. Examining the effects of MMV007564 and GNF179 (another
imidazolopiperazine) on the parasitic asexual life cycle, our
experimentation determined the two compound classes are most
effective at different instances in the cell cycle. Early asexual blood ring
stages were most susceptible to GNF179, whereas MMV007564 was more
effective during the late ring to frophozoite stage, implying the two
compound classes have different cellular targets. In addition to acting at
different cell cycle windows of the asexual blood stage, KAF156 was
found to be highly effective against both liver stage and sexual blood

stage parasites, whereas the benzimidazolyl piperidines were only
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effective against the asexual blood stage. Given that developing
resistant parasites to MMV007564 or KAF156 can be done relatively quickly
in vitro (15-17 days), it is possible resistance may develop quickly against
KAF156 in vivo, and therefore these results identify a crucial need to supply
KAF156 with a partner drug if and when it is used in the clinic in order to
minimize resistance development.

Chapter 4 went to examine another pathogen, Leptospira
interrogans, using a reverse approach where we examined genomic
changes in a polyclonal population after a loss of virulence in order to
identify possible virulence-associated genes. As virulent Leptospira strains
are known to be extremely slow growing in vitro, allelic changes observed
when culturing the parasite without selective pressure were most likely the
result of rapid growth selection and in a tradeoff with virulence.
Examining the changes in allelic frequency in non-synonymous single
nucleotide variants (NsSSNVs), our experimentation identified 15 genes
containing nsSNVs that increased in frequency from the virulent to the
attenuated strain. Analyzing this gene set for bias in a particular
biological function, we found there was a strong enrichment (5/15) for
genes involved in signal transduction mechanisms. Additionally, six genes
identified in our set (LA_2704, LA_2930, LA_2950, LA_3455, LA_3725, and

LA_3834) were previously reported to be up-regulated when L. interrogans
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was examined under surrogate in vivo conditions, which tested the
parasite’s response to various stresses, including temperature, iron
depletion, and exposure to host innate immune cells. Overall, our results
suggest the ultimate mechanism of attenuation was the additive effect of
multiple mutant alleles, each subtracting from overall population fitness in
vivo. This work does have limitations, and further work need to be
conducted to identify to individual gene contribution to virulence and
Leptospira pathogenesis, though some has already been underway by
conducting a comparative genomics analysis across Leptospira species
[226]. The work described here, however, provides a solid first step in
defining virulence-based genes in Leptospira.

Whole genome sequencing has only become affordable and
accessible for high throughput experimentation in the last decade. With
the revolution of this technology we now have vital tools available that
can help answer questions we have struggled with before. Coupling
whole genome sequencing to two evolutionary-based approaches, this
dissertation presents examples where this technology was able to
examine both virulence and resistance in both eukaryotic (Plasmodium)
and prokaryotic (Leptospira) pathogens where additional genomic
information is needed. Additionally, for Plasmodium, these methods

provided information in a context that may be used for future therapy
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design. For anfimalarials, we are in a race against the inevitable
development of drug resistance leading to reduced clinical effectiveness.
Analyzing the organism in the context of drug resistance, we have been
able to not only gain further knowledge of the Plasmodium genome, but
also identify chemical properties associated with drug development. This
information combined with therapeutic regimens may help select
compounds with a longer lifespan in the clinic. As pathogens such as
Plasmodium and Leptospira continue to emerge in the clinical setfting, it
will be vital to understand the processes underlying the virulence and
adaptation of the parasite if we are to gain an upper hand in treatment

and therapeutic development.
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