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Abstract

Malaria is a serious, complex disease caused by parasites of the genus Plasmodium. Plasmodium
parasites affect multiple tissues as they evade immune responses, replicate, sexually reproduce,
and transmit between vertebrate and invertebrate hosts. The explosion of omics technologies has
enabled large-scale collection of Plasmodium infection data, revealing systems-scale patterns,
mechanisms of pathogenesis, and the ways that host and pathogen affect each other. Here, we
provide an overview of recent efforts using systems biology approaches to study host-Plasmodium
interactions and the biological themes that have emerged from these efforts. We discuss some of
the challenges in using systems biology for this goal, key research efforts needed to address those
issues, and promising future malaria applications of systems biology.
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Host-Parasite Interactions: A Key to Understanding Malaria

Malaria is caused by protozoan parasites of the genus Plasmodium. The Plasmodium life
cycle involves two hosts: 1) a vertebrate host in which parasites reproduce asexually, begin
sexual development, and cause the disease malaria, and 2) an invertebrate host that acts as a
vector for transmitting the disease between vertebrate hosts, and in which sexual
reproduction occurs (Figure 1). Mosquitoes, mainly of the genus Anopheles, are the
invertebrate hosts. Plasmodium vertebrate hosts include reptiles, birds, rodents, and primates
[1] (Table 1). In their vertebrate hosts, infection by Plasmodium parasites can lead to serious
illness and even death [2]. Plasmodium parasites also affect the survival, behavior, and
reproductive success of their invertebrate hosts in the course of completing the sexual stage
of their life cycle and transmitting to new vertebrate hosts [2].

Broadly, the term “host-parasite interaction” refers to the relationship between a host and an
organism that lives at its expense. These interactions may be direct, physical binding events
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at the molecular or cellular level, or they may be more indirect effects of the parasite on the
host or of the host on the parasite. In this review, we define host-parasite interactions as any
molecular, cellular, or even behavioral changes that occur in a parasite or host due to the
influence of one organism on the other, including secondary and higher-order effects. Our
focus is specifically on the complex interactions between malaria-causing parasites and their
hosts, and how systems biology techniques can be used to elucidate and understand these
interactions. Importantly, these interactions are typically best studied in an /in vivo context,
as /n vitro studies often cannot capture the immune and other systemic host responses with
major impacts on the parasite and on disease progression. As a result, in this review we
focus whenever possible on /n vivo studies most likely to capture the full breadth of host-
Plasmodium interactions.

Due to the major impact of malaria on human health, elucidating the complex interactions
between Plasmodium and its hosts is an area of intense research interest. Recent
technological and analytical advances are enabling us to move towards this goal at an
unprecedented rate.

Systems Biology: An Emerging Approach to Studying Malaria

Definitions of systems biology (see Glossary) can vary widely; here, we use a definition
consistent with that used by the United States National Institutes of Health [3]. Systems
biology approaches entail the study of a biological system via a near-comprehensive
examination of a specific class of biomolecules, in contrast to a reductionist approach which
looks at small subsets of a class of biomolecules. For example, a reductionist approach
might entail studying the transcriptional levels of the genes in a small, well-defined pathway,
while a systems approach would entail measuring genome-wide transcription levels.
Computational modeling and analysis are also important aspects of systems biology, as the
scale of the system being considered and the large datasets generated by experimental
techniques associated with systems biology are often not amenable to standard data
analyses. Systems biology also ideally involves mechanistic mathematical models of a
system beyond the aforementioned computational models and analyses, allowing biological
insight and the ability to predict system behavior. In the field of malaria research,
mathematical modeling is most commonly used in population modeling, to track and predict
the transmission of malaria through host populations [4] — an approach not quite in the vein
of systems biology per se, and beyond the scope of this review. While specific aspects such
as immune response and even the distribution and timing of parasite sequestration in
different body tissues have recently been studied using modeling approaches [5],
mechanistic mathematical modeling at the systems scale or otherwise has not been
undertaken nearly as broadly or as effectively in malaria host-pathogen interactions as it has
in other diseases, like cancer. This is in part due to the fact that a large majority of the
systems-scale data in the literature to date has been /n vitro, rather than /n vivo. As a result,
this review will focus more on the results of the diverse systems-scale experimental analyses
performed in recent years and the biological themes that have emerged from the
computational analyses of these datasets.
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Advanced analytical techniques are necessary to generate the expansive, systems-scale
experimental datasets characteristic of systems biology, which are sometimes collectively
and generically referred to as “omics”. Transcriptomics entails the use of RNA-sequencing
and microarrays for the systems-scale measurement and study of gene expression.
Proteomics, metabolomics, and lipidomics typically entail the use of mass spectrometry
or nuclear magnetic resonance spectroscopy for measuring protein, metabolite, and lipid
levels, respectively; advanced immunoassays can also be used for measuring protein levels.
Collectively, these techniques enable large-scale collection of molecular-level data involving
diverse classes of biomolecules. In the field of malaria research, these omics technologies
are increasingly being used to study how Plasmodium parasites affect their hosts and how
the host environment affects the parasite [6].

Critical to turning such complex datasets into biological insight is the suite of computational
methods used for their analysis and interpretation. Beyond traditional statistical analyses,
computational approaches such as network modeling, ontological analysis, and phenotype
association are used for the analysis and interpretation of these data. Network modeling
involves using a structural or graphical model to represent relationships between constituent
elements of a dataset [7]. These relationships may come from the experimental dataset itself,
such as significant correlation or mutual information between two measured variables, or
from other preexisting knowledge such as sequence data or previously reported
relationships. Ontological analysis involves associating individual measured variables with
groups, sets, or classes to which they belong and then assessing statistical trends, such as
enrichment in significantly changing variables for each class based on the dataset [8].
Phenotype association refers to identifying relationships between abundances of a
biomolecule, such as a protein or RNA product, to a trait of interest in order to identify
which biomolecules may affect the trait [9]. Taken together, these computational approaches
can help lead to a systems-scale understanding of the interactions between host and parasite
that will be key for disrupting them via the development of new drugs and vaccines in the
fight against malaria.

Malaria Systems Biology Studies in Vertebrate Hosts

Plasmodium parasites have evolved to infect a wide range of vertebrate hosts including
reptiles, birds, and a variety of mammals, from rodents to primates [1]. The most commonly
used animal models in malaria research are mice, birds, and nonhuman primates, with each
selected for a variety of reasons including availability, ease of handling, and evolutionary
relationship to humans [1]. Systems-scale studies of both human and nonhuman hosts are
playing an increasingly important role in understanding the interplay between Plasmodium
parasites and their vertebrate hosts.

Immune Response to Plasmodium Infection

One of the most central aspects of host-Plasmodium interactions is the host response to
infection by Plasmodium parasites, which has been studied in multiple host/pathogen model
systems using a variety of techniques. Transcriptomics is by far the most commonly used
approach in malaria omics studies, and has been of particular use in this research area when
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applied to host cells, such as those collected from a blood sample. Transcriptomics studies of
malaria have been performed in mice, birds, nonhuman primates, and humans. Across these
studies, a picture of host response begins to emerge with the unsurprising theme of pathways
involved in immune response playing a significant role. Human transcriptomics studies
revealed cytokine activation, regulation of apoptosis, co-expression of Toll-like receptor and
type 1 interferon genes as a group, and correlation to parasitological and/or clinical factors
such as parasitemia as important biological themes [10, 11]. A longitudinal study of
Plasmodium ashfordiinfection in Eurasian siskins also revealed disruption of T-cell and B-
cell mediated immunity, oxidative stress response, and telomerase activity in the host. This
study also compared the transcriptome response to malaria in birds to that of humans and
mice, and found significant overlap, particularly in genes involved in T-cell activation [12].
Broadening the scope to look also at proteomics work in this area, a study performed using
blood samples from the nonhuman primate host Saimiri boliviensis also indicated
upregulation during 2. vivax blood-stage infection of host immune-associated pathways such
as oxidative stress, vesicular trafficking, and cytoskeletal proteins. Exploration of the
parasite proteome also detected in these samples revealed upregulated £ vivax proteins in
pathways including glycolysis and pyruvate metabolism, translation initiation, elongation,
unfolded protein response, and intracellular vesicle trafficking [13, 14].

Metabolomics and lipidomics, usually performed on blood samples when used in /n vivo
studies, are some of the newest forms of analysis being used in the study of malaria,
allowing analysis of metabolism to move beyond inferences based on genome,
transcriptome, or proteome [15, 16]. These efforts may not always directly implicate specific
cellular processes, since any given metabolite is involved in multiple cellular processes and
measured changes in blood metabolites may be due to contributions of multiple tissues.
Nonetheless, they often provide supporting evidence for previous findings and valuable
metabolic context. One such study in mouse models revealed increased energy demand and
impaired glycolysis [15]; energy metabolism is potentially related to immune function [17].
A metabolomic study of human subjects infected with 2 vivax also identified associations
between parasitemia and metabolism, where metabolites with significant, and usually
inverse, associations with parasitemia were enriched for heme and glycerophosopholipid
metabolism [18]. The strongest association identified in this study was the presence of
increased biliverdin and bilirubin levels in patients with high parasitemia, each of which
have direct immunomodulatory properties. Heme oxygenase-1, which breaks down heme
into biliverdin, is known to be upregulated in patients infected with £ vivax; it is also known
to have immunomodulatory and antiinflammatory properties. Moreover, Plasmodium
parasites metabolize heme into bilirubin, which could impact leukocyte function and enable
parasite invasion of the host immune response [18]. Taken together, these studies show how,
across omics levels and across host species, the importance of the host immune response can
be observed and characterized at systems scale.

Differential Host and Parasite Biomolecular Profiles Associated with Malaria Severity

Changes that occur in both host and parasite during severe versus non-severe malaria
infections is another area of intense research interest, as human malaria can range in severity
from asymptomatic to lethal [1, 2]. There are several open questions in this area of study
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receiving significant attention. For example, do differences in host response determine the
severity of malarial illness? Do the parasites have different biomolecular profiles in severely
and mildly ill hosts? Is there is any interaction between the biological states of host and
parasite that may affect infection severity? Systems biology studies have enabled broader
investigations into these and other questions than was previously possible.

Transcriptomics has been among the more widely-used and productive approaches to study
this aspect of malaria, in terms of both host and parasite gene expression. For example, the
blood transcriptomes of individuals who have experienced multiple 2. falciparum infections
was compared to those of malaria-naive individuals [19]. This study revealed that, despite
differences in symptom presentation, febrile malaria-experienced individuals and
asymptomatic malaria-experienced individuals had more similar transcriptome profiles to
each other than to malaria-naive individuals. Genes differentially expressed between the
groups were enriched for pro-inflammatory cytokines [19]. A similar study comparing P,
vivax malaria-naive and malaria-experienced individuals also identified differences in
expression in pro-inflammatory cytokines, as well as interferons [20].

Human transcriptomic studies of cerebral malaria, perhaps the most severe manifestation
of Plasmodium infection, have shown upregulation of known neurodegeneration pathways as
well as pathways involved in protein transport in blood samples, although the parasite
transcriptional profiles were not found to be different [21, 22]. In other studies, parasite
transcriptomic signatures in blood samples from patients with cerebral and uncomplicated
malaria revealed the expression of surface antigens of the vargene family to be highly
associated with malaria severity [23, 24]. Gene expression differences in the host brain
between cerebral and uncomplicated malaria have also been identified in mice, with
biological processes such as chromatin remodeling, apoptosis, interferon signaling, and
regulation of muscle contraction upregulated in mice with cerebral compared to
uncomplicated malaria [25-27]. Mouse studies of severe malaria also showed earlier
dysregulation of erythropoiesisand increased pulmonary inflammation in severe malaria
compared to non-severe, indicating distinct gene expression profiles in different tissue types
during severe malaria [28-30].

Proteomics studies have also identified differences in parasite protein expression profiles
between these two groups. In particular, significantly higher expression of Plasmodium
MESA/PfEMP2 protein was seen in patients with cerebral malaria. This protein is an
antigen that is exported from mature Plasmodium parasites and interacts with the host
erythrocyte cytoskeleton and surface membrane [31-33]. This result highlights the
importance of proteomics data in supporting the results of transcriptomics data, especially
when previously published studies may have reported conflicting results. Accordingly,
efforts to integrate multiple data types, including proteomics, in future systems biology
studies of host-Plasmodium interaction are thus particularly important to allow for proper
and holistic understanding of the system.

Other omics techniques have also been brought to bear on the study of severe versus
uncomplicated malaria. Proteomics and metabolomics studies in both humans [34-36] and
mice [37-39] have been used to further explore host physiology during cerebral malaria,
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potentially identifying early markers of cerebral malaria that would allow for more prompt
medical intervention [40, 41]. One such study found significant correlation between brain
swelling in cerebral malaria patients and upregulation of PLA, pathway-associated
metabolites in blood plasma, including arachidonic and pentadecanoic acid. These findings
were then confirmed using enzyme assays that confirmed positive correlation between PLA,
activity and brain swelling [35]. Other significant differences found in the plasma metabolic
profile of patients during cerebral malaria compared to during convalescence post-illness
include amino acid depletion and broad enrichment for fatty acids [36]. These analyses have
not explored whether the metabolic profiles associated with cerebral malaria are the result of
a general immune response to infection, or whether interactions between the host and
Plasmodium parasites have a unique effect on the host metabolic profile. Moreover, the
involvement of, for example, fatty acids and amino acids in a broad range of physiological
processes makes the conclusions and hypotheses that can come from these studies typically
less specific than those from transcriptomics and proteomics studies, which can implicate
specific genetic targets; nonetheless, they are still quite informative.

Plasmodium Vertebrate Life Cycle Stages and Comparative Analysis

Systems biology analyses from /n vitro studies have already provided a significant baseline
of understanding of the biomolecular changes that happen during the stages of the
Plasmodium life cycle that occur in vertebrate hosts (Figure 1). Stage-specific gene
expression has long been observed in £ falciparum in vitro, with a large number of genes
upregulated during the intraerythrocytic development cycle (IDC) compared to, for example,
the gametocyte stage [42-47]. Metabolomics analysis of /n vitro cultures has even revealed
specific host-parasite interactions, such as the fact that Plasmodium incorporates host
arginine during the IDC [48].

Systems biology analyses from /n vivo infections have further deepened our understanding
of the Plasmodium life cycle, with significant progress in characterizing the dynamic
transcriptional programs in the IDC. Transcriptomic studies of Plasmodium gene expression
in mice and human subjects have identified life cycle-specific clusters of co-expressed genes
representing host cell invasion, cell gliding, fatty acid processing, transcriptional regulation,
and cellular proliferation during blood stages of the Plasmodium life cycle [11, 49-53].
Parasite transcriptional profiling studies from £ falciparum-infected humans have shown
that while some aspects of /n vitro IDC profiles can be observed easily, others cannot; the
characterized patterns suggested three different transcriptional states: active growth phase,
starvation response, and environmental stress response [54]. In another study, network
analysis was used to identify clusters of co-expressed genes during the IDC enriched for
erythrocyte and reticulocyte variant antigens, particularly those in the var, rifand stevor gene
families [55]. This study also identified clusters enriched in Plasmodium genes that have
previously been associated with gametocyte development and microtubule function. Based
on these findings, the authors hypothesized that regulation of exflagellation of male
gametocytes begins in vertebrate hosts before maturation to gametes in mosquitoes. This
study was particularly noteworthy and strong in that it harnessed existing published data
from both /n vitro experiments and /n vivo infections while also including new samples and
analyses from both /n vitro experiments and human samples. Moreover, the authors
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explicitly sought to characterize the differences between the /in vitro and in vivo samples,
thus directly investigating the impacts of the host-pathogen interactions that would cause
molecular profile differences between those types of samples [55].

Proteome signatures of specific Plasmodium life cycle stages, particularly those of
Plasmodium species that infect humans, have further enriched transcriptional studies. In
particular, a study by Florens et a/. found that only 6% of proteins expressed during blood
stages were also expressed in sporozoites collected from mosquito salivary glands [56].
Proteins expressed in sporozoites included known sporozoite markers that are involved in
host cell invasion such as circumsporozoite protein (CSP) and sporozoite surface protein 2
(SSP2). However, protein products from the varand rifgene families that had not been
previously associated with sporozoites were also identified. Furthermore, this study also
found that only a few varand rifprotein products expressed in sporozoites were also
expressed during the IDC. This finding was one of the first times that evidence for antigenic
variation, a known host evasion response during IDC malaria, was observed in the
sporozoite stage. This study also showed that host cell invasion proteins expressed in
sporozoites were different than those expressed in merozoites [56], supporting the idea that
the processes by which Plasmodium invades host cells are very specific to each phase of its
life cycle.

In addition to revealing the biological programming occurring at each life cycle stage,
systems biology analyses have also been used to gain insight into the similarities and
differences between Plasmodium species. Significant effort has been focused on studying
the two most common human malaria species, P, falciparumand £ vivax. Network modeling
using existing ontology data has been used to identify clusters of co-expressed blood-stage
genes from P, vivax transcriptome data that overlap with similar data from £ falciparum.
Genes that overlap with those expressed in P falciparum during vertebrate life cycle stages
are known to be involved in liver-stage infection, antigenic variation, and malaria drug
resistance [51, 52]. Applying statistical and modeling techniques to gene expression studies
of P vivaxin ex vivo cultures [57] and patient blood samples [58] has revealed highly
correlated expression during blood stages between £ vivaxand P. falciparum. In spite of
their similarities, however, these two species show differences in timing of life cycle stages
as well as host clinical presentation, including parasitemia in vertebrate hosts, ability to
cause relapse, and likelihood of serious complications [59]. Genes coding for metabolic
enzymes or of conserved function such as dhfr-tsand msp showed nearly identical
expression patterns in 2 vivaxand £ falciparum during the IDC, but 22% of identified
transcripts showed significant differences in expression patterns [57]. One example was
msp8, a gene with high expression during early ring stages in £ falciparum that continues
through late ring and trophozoite stages only in £ vivax (Figure 1). The Plasmodium gene
prkahrp also showed differences in expression timing between these species; it is known to
be involved in sequestration during P, falciparum infection by contributing to the formation
of protein protrusions on the surface of infected erythrocytes [57]. This process does not
occur in P vivax, but the increased expression of pfkahrp during the late schizont stage in 2
vivax, but not in £ falciparum, suggests this gene may play a yet-unknown role in the late
IDC in P, vivax[57]. Transcriptional profile differences such as these have been
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hypothesized to potentially underlie the preference of £ vivax for infection of early
reticulocytes and, possibly, the transition to the dormant hypnozoite stage [57]. A
proteomics study of £ vivaxclinical isolates also identified five expressed proteins, of
varying putative function, with no £ falcjparum orthologs [60].

Analyses of systems-scale datasets have also identified gene expression patterns that may
underlie vertebrate host specificity (Table 1) and differences in the infective behavior of
different Plasmodium species. For example, an analysis of 2 gallinaceum gene expression in
blood samples from infected chickens showed significant differences in the regulation of
genes from erythrocyte invasion pathways compared to human malaria parasites [61]. This
finding from avian models supports the idea that different Plasmodium species have evolved
different gene expression patterns based on their preferred vertebrate host [62]. Molecular
mechanisms underlying host specificity are one aspect of Plasmodiunhost interaction
research that is ripe for future study, since most Plasmodium species do not transmit
between vertebrate clades (Table 1) [1].

Malaria Systems Biology Studies in Invertebrate Hosts

While focusing on the human host may be an obvious step in understanding malaria, it is
important to remember that Plasmodium transmission also requires an invertebrate insect
host where the parasite completes the sexual stage of its life cycle [1]. The main
contemporary invertebrate hosts are Anogpheles mosquitoes. The insect host stage of the
Plasmodium life cycle begins when a mosquito takes a blood meal from an infected animal.
Gametocytes in the blood meal form a zygote in the gut, and the zygote then develops into
an ookinete that invades the midgut wall to begin the process of developing into sporozoites.
Sporozoites then travel through the hemolymph and invade the salivary glands in order to
transmit to the next vertebrate host (Figure 1) [1]. Although Plasmodium parasites do not
affect insect host health as dramatically as they do in vertebrate hosts, there are definite
impacts on invertebrate hosts, from behavioral changes to reduced lifespan [63, 64]. Perhaps
more importantly, enhanced characterization of molecular profiles in invertebrate hosts
could help shape our understanding of transmission and spur new ways to limit it.

Mechanisms Underlying the Host-Plasmodium Evolutionary Arms Race

Plasmodium parasites and their insect hosts have engaged in a long-standing evolutionary
arms race between the insect’s defenses to fight off Plasmodium invaders and Plasmodium’s
mechanisms for evading the insect’s immune system [65]. This biological phenomenon is
another complex process that systems-scale data analysis has begun to elucidate. For
example, a study of Anopheles stephensi mosquitoes using supervised learning and
network modeling identified a network of invertebrate host oxidative stress-responsive genes
that are disrupted by Plasmodium infection during the oocyst development stage (Figure 1)
[66]. Transcriptomics data have also been used to examine hemocyte immune response to
Plasmodium sporozoites, revealing a distinct pattern of gene expression when compared to
the insect immune response to bacterial pathogens. Pathways regulated in response to
Plasmodium sporozoite presence in the hemolymph include FBN family immunolectins and
Imd/REL2 pathway genes [67].
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While these host- Plasmodium interactions are noteworthy, some of the most interesting
findings have more directly identified the importance of evolutionary pressures on both the
Plasmodium species and the invertebrate host. One of the most surprising findings from
transcriptomic studies is that Anogpheles mosquitoes mount an immune response against
Plasmodium after taking a blood meal, regardless of whether any parasites are actually
present in the blood bolus or not [65, 68]. The putative selective advantage provided by
automatically mounting an immune response that will often be unnecessary is indicative of
the significant influence Plasmodium species have had on insect evolution. Another study
found that exposure to £ berghei for several generations leads to stronger upregulation of
specific immune response genes in response to Plasmodium infection compared to
mosquitoes from a malaria-naive line. These genes included the known malaria response
genes TEP1, LRIM1 and SPCLIP1. This finding indicates a targeted immune response may
be acquired over generations with the selective pressure of constant Plasmodium exposure
[69]. Moreover, transcriptomics analysis has also exposed host expression differences in A.
stephensi infected with drug-resistant Plasmodium yoelii compared to strains that are not
drug-resistant, particularly in genes involved in phagosome activity, melanization, and
complement activation. This indicates that the selective pressure of anti-malarial drugs on
Plasmodium species has indirect impacts on the invertebrate host as well [70].

Metabolomics analysis of insects, called entometabolomics, is a relatively new area of
inquiry with interesting potential for the study of the co-evolved competitive interactions
between Plasmodium species and their invertebrate hosts. An untargeted metabolomics
study of Angpheles gambiae midgut tissue after feeding with £ falciparum-infected and
uninfected blood was recently reported; while analysis and biological interpretation of this
dataset was minimal, it nonetheless represents one of the first attempts to track the full
metabolic response of a mosquito tissue to Plasmodium infection [71]. Metabolomics
studies of other mosquito-borne diseases suggest that lipidome disruption is common in
pathogen-infected mosquitoes [72-74], and as such may also be found in mosquitoes
infected with Plasmodium parasites even though it has not yet been identified in the
literature.

Plasmodium Transmission between Insect and Vertebrate Hosts

The molecular mechanisms underlying sporozoite transmissibility from insect to vertebrate
host are of great interest to the malaria research community because transmission is one
possible point of intervention to reduce the spread of malaria. Interaction between host and
parasite in the form of protein-ligand binding and glycoprotein recognition [75-77] has been
well-documented. Recently, systems biology studies have also used transcriptional profiling
and other systems-scale screening techniques [78] to quantify changes in the insect host or
parasite during sporozoite maturation and development of virulence. These analyses also
successfully uncovered some of the mechanisms by which ookinetes traverse the mosquito
midgut [79, 80], attach to the basal lamina as oocysts [81], and by which sporozoites invade
the salivary glands [82], including identifying new potential ligands for salivary gland
invasion [83, 84]. Proteomics approaches have also contributed to this line of inquiry by
cataloging protein expression at various stages of the Plasmodium life cycle [56, 85, 86].
Protein expression differences between oocyst and salivary gland sporozoites have been used
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to identify putative ligands involved in mosquito salivary gland [87-89] and vertebrate
hepatic cell invasion [90]. These analyses have also uncovered similarities in protein
expression [88] and protein modification [89] in the two major human malaria species £
vivaxand P falciparum, a finding with important implications for the development of
transmission-blocking interventions. Recent work also found that lipid rafts from mosquito
midgut cells were indeed enriched for known ookinete interacting proteins [91]. Another
study integrated findings from several types of previous analyses to identify a protein of
previously unknown function, AgSGU, that is concentrated in lipid rafts in the mosquito
midgut and whose expression significantly changes after blood feeding. Follow-up in vitro
experiments suggested that AgSGU activity may inhibit ookinete midgut invasion and, thus,
oocyst formation [92].

Concluding Remarks

Experimental and computational techniques for systems-scale analysis have allowed
researchers to, in a previously unimaginable way, characterize regulation of the Plasmodium
life cycle, host immune response to the presence of Plasmodium, and ways in which host
and parasite influence each other. However, even as these approaches have deepened our
understanding of host-parasite interaction, many unanswered questions remain about how
the host’s biochemistry and immune system influence the biochemical, cellular, and
behavioral responses of Plasmodium parasites and vice-versa.

These are multifaceted questions whose answers will require analysts to combine, or
integrate, information from different omics data types. Integration of multiple types of omics
data will allow us to study and understand the coordinated changes in the cellular
environment that occur across molecular scales in response to parasite invasion. Integration
techniques have been widely used in other fields to integrate genomic, transcriptomics, and
phenotype data, often for the purpose of identifying genomic sequences that contribute to a
specific trait or disease via population-scale analyses [93]. However, truly integrative
analysis will also undoubtedly require development of new computational and analytical
techniques for efficient exploitation of these large datasets with complex interrelatedness
(Figure 2). Towards this goal, two classes of techniques will likely find great use in the
integration of diverse data types: approaches that map multiple data types to known
pathways and network topologies, and approaches that identify network topologies between
data types strictly based on the datasets themselves. The first approach links data to
biological knowledge and thus increases confidence in resulting biological inferences, while
the second is more likely to reveal currently unknown relationships, yielding unexpected and
potentially more impactful insights. While some tools do exist for these tasks, there is still
an overwhelming need for improved, advanced methods in this area, which would have an
outsize impact on our ability to interpret systems biology data.

Another challenge to the effective use of systems biology in studying malaria is that sample
sizes in both human and animal /n vivo model studies are often undesirably small. This
occurs for a variety of reasons including cost, restrictions or difficulties in sample collection,
and ethical concerns that outweigh the benefit of greater statistical power that comes with
larger sample sizes. Both new studies with bigger cohorts and the use of meta-analysis
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methods to combine data from several independent studies will likely be needed to
overcome these limitations [94]. Systems biology approaches to meta-analysis, however, are
still a relatively new research focus in need of development of new techniques and testing of
existing methods in order to determine their validity and effectiveness. P-value combination,
where each study is considered an independent test and p-values are then combined into one
statistic, is one promising option based on a recent application to a large number of RNA-
seq studies [95].

Finally, mathematical modeling is relatively under-utilized in the study of host-Plasmodium
interactions. Malaria systems biology in its most ideal form would include the development
of predictive mathematical models that both codify and enhance our understanding of the
disease. Beyond the well-trodden field of mathematical modeling of population-scale
disease transmission, modeling approaches have also been used to gain greater insights into,
for example, the timing of anemia compensation during the course of Plasmodium infection
[96], the timing of parasite infection and release before parasitemia can be detected by
current methods [5, 55], and how models of metabolic pathways may be used to interpret
transcriptomic datasets [97]. Efforts like these range from focused models to fit only a few
types of physiological measurements to broader pathway-level models, and they have
provided noteworthy insight. Nonetheless, the extent of truly systems-scale mathematical
modeling in malaria to date has been limited, though that is slowly changing. Such systems-
scale models could potentially be used for the identification of therapeutic targets that are
most likely to affect Plasmodium parasites while minimizing impact on host cells.

Taken together, research to date has shown systems biology to be a valuable tool to uncover
host-parasite interactions at the molecular level between Plasmodium parasites and their
hosts, whether at the level of RNA transcripts, proteins, metabolites, or lipids. These
approaches have been effective in uncovering biological insights across a wide variety of
host-parasite model systems. They hold great promise to help develop our understanding of
emerging areas of host-parasite interactions, such as modulation of host behavior that
facilitates interaction between vertebrate and invertebrate hosts, the effects of the host’s
microbiome, and even physical interactions between Plasmodium parasites and infected
tissues in the host’s body [5]. Further use of systems biology analysis to uncover the
interactive response between host and parasite will undoubtedly lead to deeper
understanding of malaria-related pathology and transmission and provide valuable insight
toward the identification of new therapeutic targets.
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The process by which Plasmodium parasites vary expression of surface molecules in order to
evade the host immune system

Céll gliding
Movement of a microorganism on the surface of, or through, a medium without the aid of
propulsive organelles such as flagella

Cerebral malaria
A severe form of malaria characterized by encephalopathy

Chromatin remodeling
The modification of chromatin architecture between DNA condensed states and open states
to make DNA more or less accessible for transcription

Context likelihood relatedness (CLR)
A network analysis method based on mutual information between variables

Erythrocyte
A vertebrate red blood cell

Erythropoiesis
The process by which red blood cells are produced

Gametocyte
The sexual stage of the Plasmodium life cycle that occurs in vertebrate host blood and is
taken up by the bite of an invertebrate host

Hemocyte
An invertebrate blood cell

Interferon
A class of several proteins produced by the immune system in response to the presence of
pathogens

Lipidomics
The study of the complete set of lipids that are produced by a cell or population of cells
under specific circumstances

Mass Spectrometry (M S)
An analytical technique that measures the masses of molecules in a sample

Merozoite
The asexual stage of the Plasmodium life cycle that begins in the liver and is responsible for
beginning and perpetuating blood stage infection

M etabolomics
The study of the complete set of metabolites that are produced by a cell or population of
cells under specific circumstances
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Microarray
Microscope slide with attached probes that are used to determine the levels of thousands of
cDNAs from RNA transcripts at once

Nuclear Magnetic Resonance Spectroscopy (NMR)
An analytical technique that characterizes the molecules in a sample by exploiting the
magnetic properties of their atomic nuclei

Omics
a generic term referring to genomics, transcriptomics, metabolomics, proteomics, or other
systems-scale analyses of biomolecules

Ontology

a set of concepts within a certain subject area that describe properties or relationships
between them. In biology tends to refer to a set of genes, proteins, or other biomolecule that
are involved in a known biological process

Proteomics
The study of the complete set of proteins that are produced by a cell or population of cells
under specific circumstances

RNA-sequencing (RNA-seq)
A technique to determine the levels of thousands of cDNAs from RNA transcripts at once
using high-throughput sequencing methods

Sequestration
A phenomenon observed with Plasmodium falciparum parasites whereby parasites adhere to
the endothelial lining of blood vessels. Considered a marker of severe malaria

Spor ozoite
The motile stage of the Plasmodium life cycle that invades insect salivary glands, is
transmitted by bite to a vertebrate host, and then invades vertebrate liver cells

Supervised learning

A task in the field of machine learning where a training dataset, with the class membership
of each training data point known, is used to develop mathematical predictors to classify
new input data

Systems Biology

The comprehensive study of a biological system on a large scale rather than with a focus on
only a few constituent parts. Approaches include bioinformatic analysis and network
modeling of high-throughput data (see omics), and mathematical modeling of biological
systems

Transcriptomics
The study of the complete set of RNA transcripts that are produced by a cell or population of
cells under specific circumstances
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Uncomplicated malaria
Malaria manifestation where symptoms are present but there is no indication of organ
dysfunction

Weighted Gene Correlated Network Analysis (WGCNA)
A network analysis method based on correlation between variables
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Life cycle of Plasmodium parasites including developmental stages in vertebrate and
invertebrate hosts and transmission between hosts. Asterisks indicate the omic studies (see
Table 3 for specific references) that have been performed for the different life cycle stages:
black asterisks indicate transcriptomics studies; blue asterisks indicate proteomics studies;
and red asterisks indicate metabolomics and/or lipidomics studies. The crescent-shaped
gametocytes depicted represent the morphology in Plasmodium falciparum; other
Plasmodium species have rounded/brick-shaped gametocytes.
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Overview of omics data types, methods for generation and analysis of the data, and
strategies for integration across data types and the expected information to be learned from
such analyses. Solid lines represent direct integration of data types; dotted lines represent
inference of one data type from another, with potential validation using experimental
measurements of the inferred values.
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