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Abstract

Immunology and Pathogenesis of Acute and Relapsing Malaria

By Chester Jeffery Joyner

Malaria is a global public health problem that causes significant mortality and morbidity
each year. The two predominate malaria parasites that infect humans are Plasmodium falciparum
and Plasmodium vivax. Over the past 40 years, malaria research has predominately focused on P.
falciparum since this parasite causes the most malaria-related mortality. Although necessary, this
focus has stifled progress on understanding the biology, epidemiology, and pathogenesis of P.
vivax. These gaps of knowledge are now major obstacles towards malaria eradication.

The studies carried out in this dissertation aimed to improve our understanding of the
immunology and pathogenesis of acute and relapsing vivax malaria by capitalizing upon the rhesus
macaque — Plasmodium cynomolgi model of P. vivax infection. An initial study performed a
detailed characterization of the development of disease, especially during acute infections and
relapses, after infecting a cohort of rhesus macaques with P. cynomolgi. The collection of such data
for this animal model of malaria was unprecedented and now provides the most comprehensive
characterization of pathogenesis to date. Two major results from this initial study were that there
was insufficient compensation by the bone marrow for anemia during acute infection and that
relapses did not necessarily result in the development of illness.

Insufficient erythropoiesis has been previously reported in individuals infected with P.
vivax, but the underlying mechanisms that govern this process have been unclear. Here, these
mechanisms were explored using bone marrow aspirates collected throughout the rhesus macaque
infections. The results of this study led to the conclusion that monocyte-driven inflammation may
disrupt transcriptional networks that are critical for erythropoiesis during acute infections,
ultimately resulting in insufficient erythropoiesis. Specifically, GATA1 and GATAZ2, which are
two master regulators of erythroid differentiation in the marrow, were suggested to be
dysfunctional. Future studies are now warranted to identify the molecules that may antagonize these
proteins during acute malaria.

Relapses have been suggested to be responsible for a significant portion of vivax malaria
disease burden, and thus, the lack of illness during relapses caused by P. cynomolgi was
unexpected. A follow-up study was designed to address the question whether other infection
scenarios (i.e. homologous reinfections or heterologous infections) could be responsible for more
clinical cases of vivax malaria than previously realized. Samples from these infections were also
used to characterize the immune responses that were important for conferring clinical protection in
each of these infections. This study suggested that heterologous infections may be responsible for
a greater portion of clinical vivax malaria in endemic areas than previously recognized and also
demonstrated that a memory B-cell response was critical for suppressing parasite growth to prevent
the development of illness during relapses and homologous reinfections.

Overall, the studies in this dissertation support use of the rhesus macaque — P. cynomolgi
infection model of vivax malaria to answer burning questions at the forefront of vivax malaria
research. These investigations have advanced the field in understanding clinical aspects of the
infections, pathogenesis, and immunity.
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Introduction

Malaria is responsible for significant morbidity, mortality, and socioeconomic hardships
in about 100 countries [1]. The causative agents of the disease are parasitic protozoans of the genus
Plasmodium, and there are five species that infect humans: Plasmodium falciparum, P. vivax, P.
malariae, P. ovale, and P. knowlesi. Plasmodium falciparum predominates in sub-Saharan Africa
and is responsible for the majority of global malaria mortality each year [1]. Outside of Africa,
Plasmodium vivax is the most prevalent parasite and causes significant morbidity [2, 3].

Plasmodium sp. have complex life-cycles that involve a vertebrate and invertebrate host.
Human malaria parasites are transmitted via the bite of a female Anopheline mosquito. The
infectious form of the parasites are known as sporozoites and are deposited into the dermis during
a blood meal. Sporozoites then migrate to capillary venules where they traverse the endothelium
and enter the circulation. The sporozoites are carried in the bloodstream to the liver where they exit
the circulation, invade a host hepatocyte, and undergo replication and development. After
multiplying in the liver, the parasites, now known as merozoites, are released back into the blood
where they invade red blood cells (RBCs). After invading an RBC, the parasites go through distinct
morphological changes that result in the production of new merozoites that lyse the RBC and then
re-invade a new RBC. These cyclical rounds of multiplication in the blood are known as the asexual
cycle. During the asexual cycle, some parasites undergo gametocytogenesis and develop into

gametocytes that are taken up by a mosquito during a blood meal; this step completes the life-cycle.

There is a wealth of knowledge that has been acquired in the past century on malaria. This
information, however, is skewed towards P. falciparum [4-6]. This is largely due to neglecting P.
vivax research over the past 20 years due to the misconception that this parasite causes a benign
infection [7, 8]. Now, it is widely accepted that P. vivax like P. falciparum can cause severe disease
[3, 9]. Nonetheless, the focus on P. falciparum has led to breakthroughs that have had monumental

effects on lowering falciparum malaria mortality rates [1]. For example, the increase of malaria



control programs has helped to decrease the number of deaths caused by P. falciparum over the

past decade [10]. Renewed research on P. vivax will undoubtedly lead to similar breakthroughs.

Plasmodium vivax research is now revitalized after years of advocacy and publications
highlighting the significant burden this parasite causes [2]. Furthermore, it is now recognized that
large gaps of knowledge on P. vivax will ultimately make this parasite as difficult, if not more
difficult, to eliminate than P. falciparum [11]. Two major areas that remain at the forefront of vivax
malaria research are understanding the immunology and pathogenesis of P. vivax infections,
particularly relapses.

Plasmodium vivax Relapses

The first evidence for malaria to recur after treatment can be traced as far back as ancient
Rome. However, the first convincing account that P. vivax could cause recurrent infections using a
different mechanism than persisting in the blood was first assembled in 1902 by Kortweg [12].
Kortweg was a physician in the Netherlands and followed the epidemiology of P. vivax in a small
village. His studies tracked P. vivax cases and provided convincing evidence that the outbreaks of
P. vivax during the early spring of each year must be due to the acquisition of the parasite 8-9
months earlier since there were not new mosquitoes present that could transmit the infection [13,
14]. Supporting evidence of Kortweg’s theory was obtained during the first World War | when
soldiers would have recurrent vivax malaria despite treatment with quinine that should cure the
infection. These recurrent infections would occur 2-10 months after administration of treatment,
which intuitively seemed too long for blood-stage forms to persist. Together, these studies provided
a body of evidence that P. vivax may persist in a site outside of the blood.

Further characterization of the latency of P. vivax was carried-out after the English
physician Julius Wagner-Jauregg discovered that malaria could be used to treat the general
paralysis and dementia caused by neurosyphilis [15, 16]. This treatment was termed malaria

chemotherapy and was widely adopted to treat these patients. Due to these experiments, a wealth



of knowledge was obtained regarding the pathogenesis and infections of human malaria parasites
in their natural host. Plasmodium vivax was commonly used in malaria chemotherapy, and thus, a
wealth of data was collected on “strains” of P. vivax that were isolated from patients [17, 18].
Collectively, the malaria chemotherapy studies established that isolates of different geographical
origin produced different relapse periodicities, which is defined as the time between a primary
infection and a relapse. From the data, it appeared that isolates from temperate areas (e.g. Chesson
strain) would cause relapses within 1-2 months whereas other strains from northern climates (e.g.
North Korea strain) would consistently not relapse for 4-6 months [17]. Even now, it is still unclear
how this difference in latency is advantageous to the parasite or how the process is regulated.

The wealth of information obtained on P. vivax from the malaria chemotherapy studies in
addition to the discovery that Plasmodium gallinaceum has an exo-erythrocytic cycle suggested
that primate malarias must also possess a pre-erythrocytic stage. The discovery of a hepatic
protozoan known as hepatocystis by Garnham in African monkeys was a key insight [18]. After
this discovery, the pre-erythrocytic site for Plasmodium development in primates was determined
to be the liver [19, 20]. This was first demonstrated using nonhuman primates (NHPs) and then in
an inmate infected with P. vivax who underwent liver-biopsies during the first 8 or so days after
the infection was initiated [21]. This work, however, did not identify a persistent exo-erythrocytic
form that could explain the latency phenomenon.

The discovery of a persistent, uninucleate liver-stage form in the livers of monkeys infected
with P. cynomolgi, a simian malaria parasite that can infect macaques and possesses all of the key
biological features of P. vivax, was the first identification of a form that could potentially be
responsible for the latency phenomenon. These forms were termed hypnozoites and were
subsequently demonstrated to be present in a chimpanzee infected with P. vivax [20, 22-25]. Thus,
it was concluded that these forms must be responsible for P. vivax recurrences that occurred months

after an initial infection. The term relapse was introduced to distinguish that these infections



occurred due to the activation of hypnozoites that resided in the liver, thus, distinguishing this
mechanism from a recrudescence, which is due to the replication of persistent blood-stage forms.

Since these historical studies, there has been minimal progress in understanding the biology
of relapses caused by P. vivax and the hypnozoites that cause them. Direct studies on the hypnozoite
have been inhibited by technological limitations such as the low-infectivity of primary hepatocyte
cultures by sporozoites, the difficulty of obtaining consistent sources and amounts of P. vivax
sporozoites, etc. [26]. However, there have been recent breakthroughs in these areas that are
facilitating the investigation of hypnozoites using P. cynomolgi, a sister species of P. vivax, such
as the development of new liver-stage culture systems [27]. Using these cultures, the first
transcriptome of hepatocytes containing hypnozoites was recently published [28]. Other
breakthroughs are currently in development, and this area of research will likely continue to build
as new advancements are made.

In contrast, the understanding of relapse biology is moving at a much slower pace. Progress
in this area is largely inhibited by the difficulty of obtaining samples from malaria patients that are
“bona fide” relapses [26]. In endemic areas, relapses occur simultaneously with new infections and
recrudescences, which make it difficult to distinguish a true relapse from other infection types. A
biomarker that identifies relapses, or at least provides some confidence that a sample was taken
during a relapse, would be an invaluable tool for the research community.

Even without a biomarker, there are studies that have moved the field’s understanding of
relapses forward although they are few in number. The area that has received the most attention in
relapse biology is understanding the parasite genotypes that compose a relapse versus other
infections [29-31]. The goal of this work is to understand the clonality of relapse infections and
harness genetic tools to determine if a blood-stage infection is the result of a relapse, new infection,
or potentially a recrudescence. Such studies have demonstrated that most relapses in adults are

composed of multiple parasite variants based on microsatellite markers [32]. However, it is unclear



if the complexity of parasite genotypes during a relapse translate into a negative impact on patients
since the samples used in these studies are almost exclusively from symptomatic individuals.

The pathogenesis of relapse infections remains poorly understood. This gap in knowledge
is largely due to the bias towards collecting samples from symptomatic patients and also the
inability to know that an infection is a relapse in endemic areas except in unique circumstances like
large-scale mass drug administration studies or travelers that become infected and can be followed
[33-37]. However, it is widely thought that relapses must be responsible for a large amount of
morbidity since previous epidemiological studies have suggested that anywhere from 80-96% of
P. vivax blood-stage infections are due to relapses at least in areas with high endemicity [35, 36].
Although such conclusions appear logical, they do not take into account the information available
from the malaria chemotherapy studies that suggest that not all relapses cause disease [38]. For
example, it was noted that relapses after an initial blood-stage infection would be more mild if the
blood-stage parasitemia was allowed to persist [38-40]. Overall, it is clear that more research is
needed on relapses to understand if these infections result in disease and identify the parasite or
host factors that may influence clinical presentation.

To fully understand relapse biology, direct study of these infections in comparison to an
initial attack will be critical. Specifically, studies should aim to understand the pathophysiology of
relapses and determine how they are similar or different than an initial infection. The host response,
particularly the immune response, should be a focused area of research since these studies could
help provide guidance to design vaccines to prevent relapses. Indeed, such a vaccine would be
invaluable to eliminate P. vivax since it would likely reduce transmission back to the mosquito. To
carry out these critical studies on relapses, animal models will be required due to the limitations of
studies with malaria patients discussed above. Since rodent malaria parasites do not form
hypnozoites, other models will be required. Specifically, NHP models have the ability to fill this

niche, and in addition to their historical roles in understanding relapses and P. vivax, these models



will predictably remain critical for answering outstanding questions related to relapse biology.
Vivax Malaria Pathogenesis

The blood-stage of the Plasmodium life-cycle is responsible for clinical illness. Similar to
falciparum malaria, vivax malaria disease severity ranges from asymptomatic to severe [3]. In fact,
most P. vivax infections, like P. falciparum, are asymptomatic with minimal symptomology.
Common symptoms of mild malaria include low-grade fever, malaise, rigor, headache, emesis, etc.
that typically resolve without the need for treatment. However, some infections progress to severe
disease that can develop into life-threatening syndromes [3, 4, 7, 41]. The specific host, parasite,
and infection characteristics that influence the progression to severe disease are poorly understood.

Vivax malaria pathogenesis research has been largely neglected due to the misconception
that this parasite causes a benign disease [8, 42-45]. Careful review of the data from individuals
that underwent malaria chemotherapy, however, provides clear evidence of the ability of this
parasite to cause severe illness. In fact, mortality rates of up to 10% could be seen with the
Madagascar strain of P. vivax during treatment [4]. It can be argued that the malaria chemotherapy
studies were not the norm, and given the pre-existing syphilis infection, severe illness and mortality
could have been due to the coinfection. However, other more recent studies also demonstrate that
P. vivax can result in death even without pre-existing infections and/or comorbidities [46].

Severe malaria caused by Plasmodium vivax is characterized by many of the same clinical
signs and symptoms as P. falciparum. The most common complication due to P. vivax is the
development of anemia [41]. Anemia characterizes most of the severe vivax malaria cases and is a
notable aspect of disease burden in Brazil and Papua New Guinea [47].The definition of severe
malarial anemia caused by P. vivax is a hemoglobin value < 5 g/dl or hematocrit < 15% in children
less than 12 years of age and a hemoglobin value < 7 g/dl or hematocrit < 20% in adults [48].
Severe anemia caused by P. vivax is typically limited to children in endemic areas who have not
developed substantial immunity, but adults that are chronically infected can also develop anemia

at in high transmission settings like PNG [41].



The underlying mechanisms that contribute to the development and maintenance of anemia
caused by P. vivax require further study. However, it is clear that both disruption of normal bone
marrow function and removal of uninfected RBCs play a role [41]. It is clear from autopsy studies
on patients that died of vivax malaria that the bone marrow is affected, and dyserythropoiesis
commonly reported [49-51]. Furthermore, individuals that are anemic during acute vivax malaria
do not replenish RBCs that are lost despite normal physiological responses to compensate for the
anemia such as increased erythropoietin levels [52]. Thus, it is likely that P. vivax infection has a
potent effect on erythropoiesis. It is clear from studies with P. falciparum and rodent malaria
models that inflammation in the marrow has adverse consequences on erythropoiesis [53-58].
Recently, studies suggested that P. vivax may also alter or disrupt compensatory erythropoiesis by
invading young reticulocytes in the bone marrow and destroying them before they can be released
into the circulation to compensate for the loss of RBCs [59, 60]. More research is needed, however,
to evaluate if such events happen in vivo.

The removal of uninfected RBCs by the host, known as the bystander effect is the second
major process involved in the development of anemia caused by P. vivax. Modelling hematological
data collected from P. vivax malaria chemotherapy patients has suggested that as many as 35
uninfected RBCs are removed for every single infected RBC [61]. This number is about 3-4 fold
higher than the estimates for P. falciparum, suggesting that whatever processes are involved are
more potently induced by P. vivax than P. falciparum [62, 63]. There are a variety of mechanisms
that have been described that may lead to the removal of the uninfected RBCs; these include ‘anti-
self’ antibodies, complement, and phagocytosis by splenic macrophages [64-66]. However, direct
in vivo evidence is still needed to validate these mechanisms, which are largely based on working
with serum samples and in vitro experiments.

Thrombocytopenia, or low platelet counts, is another common complication of P. vivax
infection, but its distinct etiologies are unknown [67-70]. Multiple processes including the

phagocytosis of platelets [71], binding of platelets to parasites [72], and perhaps even production



of platelets by the megakaryocytes in the bone marrow may be altered [50, 73]. It is unclear if this
condition is potentially lethal or just a proxy for severe malarial anemia since both of these
complications typically occur hand-in-hand. Evidence from field studies suggest that
thrombocytopenia is only a useful metric for predicting mortality when combined with the presence
of severe anemia [74]. Therefore, these two processes may be interrelated. Since the bone marrow
environment is also where megakaryocytes reside, and these cells are dysplastic in vivax malaria
autopsy patients, it would not be surprising that thrombocytopenia and anemia are intricately linked
[50, 51, 75, 76]. More research is needed to understand the role, if any, of thrombocytopenia in
vivax malaria pathogenesis.

Some of the most deadly manifestations of vivax malaria include metabolic acidosis
followed by respiratory distress and acute kidney injury that leads to renal failure [3, 44, 77, 78].
Acute kidney injury has been observed post-mortem and attributed to a large number of severe
vivax malaria cases, particularly in India [79]. Respiratory complications are also prevalent in vivax
malaria patients, and autopsy studies provide evidence that there is edema consistent with lung
pathology [80]. Parasite byproducts such as hemozoin, the byproduct the parasite produces as it
consumes hemoglobin within an RBC, and infected RBCs have been observed in the lung and
kidney [79, 81, 82]. Additional studies, however, are needed to confirm if parasite burden in the
tissues actually correlates with pathology since most patients who have succumbed and are assessed
in autopsy studies have received anti-malarial treatment prior to their passing. Notably, renal
impairment and lung complications appear to be more influenced by geographic location than
anemia. This suggests that other factors are involved in these presentations, and whether such
factors are due to the host, parasite, comorbidities, etc. remains unknown.

Although the pathophysiology of vivax malaria is more understood now than ever, there
is still much to learn about the mechanisms that govern the development of anemia, kidney injury,
lung pathology, etc. Furthermore, the pathogenesis of relapses in contrast to initial infections

remains an area that is poorly explored. Indeed, 80-96% of P. vivax blood-stage infections in PNG
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and Southeastern Asia are thought to be due to relapses based on modelling of epidemiological data
[6, 11, 35, 36]. A logical conclusion from such information would be that relapses are then
responsible for significant disease. However, this is an assumption that requires empirical testing.

In fact, data from malaria chemotherapy studies suggest that not all relapses cause disease.
In fact, Boyd and Kitchen reported that relapses had significantly reduced parasitemia and were
afebrile if the initial infection was allowed to persist for 48 days [83-86]. Additionally, challenges
with the same strain of P. vivax did not result in a clinical episode [85, 86]. Collectively, these
experiments suggest that non-sterilizing immunity can be obtained after a single-infection, and that
this immunity is capable of ameliorating disease. Such data complicates current dogma that relapses
cause disease and suggests that other factors may influence relapse pathogenesis. These factors and
the host responses need to be further explored to appropriately assess the contribution of relapses
to disease burden.

Unlike the days of malaria chemotherapy where ‘humans were the experimental animals
due to the lack of ethical restrictions, we are currently unable to perform experiments directly
testing the ability of relapses to cause disease and/or explore mechanisms of vivax malaria
pathophysiology in humans. However, NHP models of malaria can be used to explore and
empirically test questions related to malaria relapses with respect to pathophysiology and
immunity.

NHP Malaria Model Systems

Non-human primate model systems have been instrumental in malaria research for decades
whether for furthering basic understanding of Plasmodium biology, malaria pathogenesis, or
preclinical investigations pertinent to developing new interventions [17, 87, 88]. Recently, NHPs
were critical for the development of an in vitro, primary hepatocyte culture system that supported
the cultivation of P. cynomolgi liver-stage forms (LSFs) for approximately 40 days and provided
the first tangible evidence that hypnozoites existed and were capable of activating and multiplying

to generate merozoites [27, 89].
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Various NHP-simian and human malaria parasite combinations can be used to study
Plasmodium biology. Many strains of the parasites that infect NHPs are available and can be used
to address scientific questions relating to relapses and pathogenesis. Different strains of P.
cynomolgi and P. vivax that possess distinctive relapse patterns can be utilized to study the
consequences of frequent versus infrequent relapses on the host immune system. A suitable mouse
model is not currently available to study such phenomena. Indeed, humanized mice containing
human hepatocytes have been demonstrated to support P. falciparum liver-stage growth [90-92].
These models also appear to have some utility for P. vivax because they appear to support the
development of hypnozoites [92]. However, these mice lack intact immune systems and, thus, are
deficient when addressing immunobiological questions, whether for P. falciparum or other primate
malaria species [91].

Vivax malaria - NHP models

While NHP models have been used occasionally to supplement fundamental P. falciparum
research findings from culture systems and for pre-clinical studies, P. vivax research over the last
few decades would have been virtually impossible without NHP models; i.e., small New World
Aotus and Saimiri monkeys [87]. Unlike P. falciparum, a long-term in vitro culture system for P.
vivax does not currently exist due to the need for a regular supply of reticulocytes or other unknown
factors [93]. In the meantime, NHP models have been critical for generating P. vivax material for
in-depth analyses and NHP experimental studies continue to complement and expand upon blood-
stage analyses that are now possible with small clinical samples attained from human infections

[94, 95].

To investigate relapses, Aotus or Saimiri species can be infected with NHP-adapted P.
vivax strains via mosquito inoculation or syringe injection of sporozoites into a blood vessel [87,
96]. Similar to human infections, relapsing, recrudescing or chronic infection profiles can be

observed in these models provided the animals are splenectomized to interfere with an overly robust
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removal of infected erythrocytes. Blood-stage parasitemias, which begin to develop within 8-10
days, can be curatively treated without destroying the hypnozoites. PCR testing can confirm the
absence of blood-stage parasites, and thus, any subsequent blood-stage infections can be confirmed
as relapses and not recrudescences. This experimental strategy is currently the only reliable means
to study vivax relapses, with the caveats that these animals are small (typically about 1 kilogram),
parasitemia is typically low or moderate (1-2%), and only small blood volumes can be taken (6
milliliters/kilogram/month). One strain in particular was developed at the Centers for Disease
Control and Prevention (CDC) for studying relapses, called the Brazil VII strain, as it shows
multiple relapse patterns over a period of several months similar to that observed previously in

humans with “tropical strains” (unpublished data).

Simian parasite - NHP models for vivax malaria

Simian malaria parasite-NHP models are powerful systems to investigate relapses compared to
the small New World NHPs. Simian malaria parasites productively infect Old World monkeys,
including rhesus macaques (Macaca mulatta) and long-tailed macaques (Macaca fascicularis),
which possess similar genetic composition and physiology to humans [97-99] The macaques are
much larger than New World monkeys, which allows for greater blood or bone marrow draws (10
milliliters/kilogram/month with most animals weighing between 6-10 kilograms; or 6
milliliters/kilogram/month if they are anemic.) for isolation of parasite material and host cells for
immunity studies. Additionally, more biologically suitable reagents exist for experimentation with
these NHP species.

Plasmodium cynomolgi is a “sister species” of P. vivax. These closely related parasites
share similar biology such as the formation of hypnozoites in the liver and caveloae vesicle
complexes in the infected erythrocytes [100, 101]. Tens of millions of P. cynomolgi sporozoites
can be generated in a specified, experimental time-frame compared to P. vivax sporozoites which

are more difficult to generate ([102]; unpublished data). They can then be used to experimentally
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to infect macaques and lead to productive blood-stage parasitemias [103] The same experimental
approach to study relapses (see above) can then be employed to ensure that true relapses are studied.
Two other simian malaria species that could be useful for studying hypnozoites or relapse
mechanisms are P. fieldi and, especially, P. simiovale [104-106].

As with P. vivax, many P. cynomolgi isolates exist that have their own infection and relapse
characteristics. The number and frequency of relapses in rhesus infected with different strains of P.
cynomolgi can be predicted with greater accuracy than typically possible with New World monkey-
adapted P. vivax isolates although P. vivax Brazil VIl has so far been uniquely dependable in this
regard (unpublished data). In rhesus, variables such as the sporozoite inoculum can be altered to
produce consistent infection patterns even though inter-individual variability between animals as
well as inherent properties of the strain being used in the study can influence infection kinetics
[107].

Plasmodium cynomolgi can be genetically manipulated more easily than P. vivax, though
P. vivax transfection has been accomplished through a collaboration between the CDC and Yerkes,
with transient transfection of trophozoites demonstrated in Saimiri boliviensis [108]. In recent
years, these investigators also developed P. cynomolgi parasites with integrated transgenes,
including a red fluorescent protein (rfp) gene [100]. Transient mCherry and green fluorescent
protein-expressing P. cynomolgi parasites have also been reported and used to purify P. cynomolgi
LSFs from NHP primary hepatocyte cultures using fluorescence-activated cell sorting [109].
Technical hurdles such as achieving better yields of purified parasites for downstream experiments
still remain. Nonetheless, these are monumental breakthroughs given the challenges working with

these parasites.

Summary

Combining NHP models of malaria with modern day biological approaches has the

potential to make rapid progress towards understanding the immunology and pathogenesis of acute
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and relapsing malaria caused by P. vivax. Such investigations are in dire need to understand P.
vivax epidemiology, pathogenesis, and immunity in an era where malaria eradication is a priority.
Specifically, the P. cynomolgi — rhesus macaque model of vivax malaria is ideally suited for such
endeavors. The studies carried out in this dissertation utilized this NHP — simian malaria parasite

model to study the immunology and pathogenesis of acute and relapsing malaria caused by P. vivax.
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Abstract

Background: Plasmodium vivax infections in humans or in New World monkeys pose research
challenges that necessitate the use of alternative model systems. Plasmodium cynomolgi is a closely
related species that shares genetic and biological characteristics with P. vivax, including relapses.
Here, we evaluate the hematological dynamics and clinical presentation of sporozoite-initiated P.

cynomolgi infections in Macaca mulatta (rhesus macaques) over a 100-day period.

Methods: Five M. mulatta were inoculated with 2,000 P. cynomolgi B strain sporozoites.
Parasitological and hematological data were collected daily to study the clinical presentations of
primary infections and relapses. Peripheral blood and bone marrow aspirates were collected at

specific time points during infection for future and retrospective systems biology analyses.

Results: Patent infections were observed between days 10 to 12, and the acute, primary infection
consisted of parasitemias ranging from 269,962 to 1,214,842 parasites/ul (4.42% to 19.5%
parasitemia). All animals presented with anemia, ranging from moderate (7-10 g/dl) to severe (<7
g/dl), based on peripheral hemoglobin concentrations. Minimum hemoglobin levels coincided with
the clearance of parasites and peripheral reticulocytosis was evident at this time. Mild
thrombocytopenia (<150,000 platelets/ul) was observed in all animals, but unlike hemoglobin,
platelets were lowest whenever peripheral parasitemia peaked. The animal conditions were
classified as non-severe, severe, or lethal (in one case) based upon their clinical presentation. The
lethal phenotype presented uniquely with an exceptionally high parasitemia (19.5%) and lack of a
modest reticulocyte release, which was observed in the other animals prior to acute manifestations.
One or two relapses were observed in the four surviving animals, and these were characterized by
significantly lower parasitemias and minimal changes in clinical parameters compared to pre-

infection values.
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Conclusions: Rhesus macaque infections initiated by P. cynomolgi B strain sporozoites
recapitulated pathology of human malaria, including anemia and thrombocytopenia, with inter-
individual differences in disease severity. Importantly, this study provides an in-depth assessment
of clinical and parasitological data, and shows that unlike the primary infections, the relapses did
not cause clinical malaria. Notably, this body of research has provided experimental plans, large
accessible datasets, and blood and bone marrow samples pertinent for ongoing and iterative systems

biology investigations.
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Background

Malaria represents a constant burden and public health challenge in approximately 100
countries worldwide [1]. Plasmodium falciparum is responsible for the largest number of cases and
malaria-associated deaths, with extensive research efforts focused on understanding the basic
biology and associated pathogenesis of this parasite species. Plasmodium vivax has also been
recognized as a major contributor to the global burden of malaria, and numerous recent reports
indicate infections can result in complications with lethal outcomes [2-5]. Still, by comparison,
neglect of P. vivax is apparent, greatly due to the challenges associated with studying this species,
which include the lack of a long-term in vitro culture system or a rodent model that can support the
entire life-cycle and re-create critical aspects of P. vivax infections and disease as observed in
humans [6-9].

Plasmodium vivax, as well as P. ovale, differ from the three other human malaria-causing
species (P. falciparum, P. malariae and P. knowlesi) because they can develop dormant liver-stage
forms, known as hypnozoites [10]. Hypnozoites can activate and multiply, causing relapsing blood-
stage infections days, months, or years after the primary infection. Relapses may result in clinical
disease and, importantly, provide the chance for gametocytes to encounter Anopheline mosquito
vectors and ensure transmission. New insights are needed to treat this liver-stage reservoir to ensure
the elimination of relapses and blood-stage infections containing infectious gametocytes. Virtually
nothing is known about the biology of relapse infections despite the fact that relapses are thought
to be responsible for as high as 96% of vivax infections in different parts of the world [11]. It is
currently unclear how relapses are similar or different from primary infections, from a
parasitological and clinical perspective, and the relative contribution of relapses to clinical malaria
has been uncertain.

Understanding the course of primary and relapse infections, and specific mechanisms that

result in vivax malaria pathogenesis, disease severity and recovery, are important goals. In
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particular, the identification of mechanisms that function in the peripheral blood and bone marrow
resulting in the onset and recovery of malarial anemia [12, 13] and thrombocytopenia [14] may aid
the search for novel interventions and therapeutic strategies to manage and/or alleviate these
common complications. Headway has been made with the study of specimens isolated from human
patients living in endemic areas [15, 16]; however, these studies are mostly restricted to one or a
few small blood samples at the time of illness and treatment. Furthermore, the analysis and
interpretation of these studies can be affected by uncontrollable variables such as diet, medications,
transmission characteristics, coinfections, and other maladies. These factors can confound
associations of clinical signs and symptoms. Non-human primate animal models can eliminate a
number of these concerns, with experimental plans allowing for the study of specific biological,
immunological or pathological processes in a controlled, prospective and manipulable
environment.

Non-human primate models have contributed to the broad understanding of malaria
biology, pathogenesis and immunity with regards to liver-stage and blood-stage infections, and
they have also been instrumental for screening vaccine and drug candidates or specific formulations
[17-21]. Plasmodium vivax can be studied directly in New World monkey species such as squirrel
(Saimiri boliviensis) and owl (Aotus sp.) monkeys, and these models have been important, for
example, in testing vaccine and drug candidates with parasite challenge infections [22, 23] and,
recently, to identify and characterize blood-stage proteomes of P. vivax infected erythrocytes [24,
25]. However due to the small size of these animals (~1 kg), which limits the amount of blood (or
bone marrow) available for sampling, and the lack of validated reagents available to evaluate host
physiological and immunological responses, they are not ideal for extensive hypothesis testing in
relation to malaria pathogenesis, immune responses and recovery processes.

Plasmodium cynomolgi is a simian malaria parasite of Old World macaques that is
genetically closely related to P. vivax [26, 27] and shares many biological similarities to the human

parasite including the preferential invasion of reticulocytes [28, 29], development of unique
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infected red blood cell (RBC) structures called caveola-vesicle complexes [30, 31], and critically,
the ability to form hypnozoites that can reactivate and cause relapse infections [10, 18, 32, 33].
Macaques are closely related to humans, and a large variety of cross reactive reagents for assessing
host responses have been developed since these monkeys are model organisms for infectious
diseases [34]. Young adult macaques (~5 kg or greater) can support longitudinal Plasmodium
infection studies that require repeated sampling within a short time frame. Macaca mulatta (rhesus
monkey) and Macaca fascicularis genome sequences [35, 36] and the genome sequence of several
strains of P. cynomolgi [26], have been characterized in recent years, enabling basic as well as
systems biology studies of host-parasite interactions.

Here, comprehensive analyses of sporozoite-initiated, longitudinal infections of P.
cynomolgi in rhesus macaques are presented with the long-term goal of using this model for systems
biology investigations to better understand human malaria pathogenesis, particularly as it pertains
to pathophysiological complications observed in sick patients and with regards to the impact of
relapses on both the health of individuals and transmission [37]. Previous studies have utilized the
P. cynomolgi — macaque model to understand the parasite’s basic biology and parasite kinetics,
including the study of hypnozoites and relapses [20, 33, 38]. However, an extensive
characterization of the clinical and hematological perturbations that occur during the infections has

not been reported, particularly on a daily basis.
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Methods

Experimental Design. The basic experimental design of this study is shown in Figure 1A. The
sampling strategy included a single pre-infection and six subsequent blood and bone marrow
aspirate specimen collections during the infection at major infection or pathology presentation time
points. The criteria for the collection of samples are described in Table 1 and adhered strictly to
Institutional Animal Care and Use Committee (IACUC) approved volume limits of 10ml/kg/month
or 6.6 ml/kg/month if an animal was anemic. Adjustments were made as to when samples were
acquired based on each animal’s parasitological and hematological kinetics. Clinical signs and
symptoms observed by trained veterinary staff were also taken into consideration daily. All samples
collected for an experimental period satisfied at least one or more of the pre-defined clinical criteria
(Table 1). As expected, some individuals required pharmacological and/or clinical support during
the acute, primary infection. Blood and bone marrow aspirate specimens were acquired prior to

such clinical interventions.

Table 1. Criteria for the collection of samples at different experimental periods

Experimental Period Criteria*

Normal motor activity and appetite.
Hematological parameters within normal
range

Prostration, lethargy, low appetite.
Moderate to severe anemia,
thrombocytopenia, tachypnea,
hyperparasitemia, impaired consciousness,
hyperpyrexia, azotemia, hyponatremia,
hyperkalemia and clinical evidence of
activated coagulation (e.g. petechiae).

Pre-Infection

Acute Primary

Post Peak Moderate anemia, reticulocytemia, control of
parasitemia.
Relapse o
P Low parasitemia

Inter-Relapse Hematological parameters within normal

range, no parasitemia
Final Hematological parameters within normal

range

*The specific criteria and observations at sample collection points were recorded for each animal
based on the clinical assessments made by veterinary staff and investigators.
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In addition to collecting samples for analysis at major points during the infections, this
study was also designed to collect clinical data on a daily basis. The aim of these collections was
to develop highly-resolved clinical kinetics. To achieve this goal, the animals were accessed daily
without sedation for attaining up to 100 ul of blood through standardized ear-prick procedures,
similar to the collection of blood from a human finger-prick. This blood was used to perform
complete blood counts (CBCs) as well as enumerate reticulocytes and parasites during the
infection.

Animal Use. Five healthy, male malaria-naive M. mulatta (RFal4, Rlc14, RMel4, RSb14, and
RFv13) born and raised at the Yerkes National Primate Research Center (YNPRC), an Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International —Certified
institution, were assigned to this study. The animals were socially housed in pairs at YNPRC during
the experiment, and all housing was in compliance with Animal Welfare Act regulations as well as
the Guide for the Care and Use of Laboratory Animals. Males were designated to eliminate
confounding factors studying anemia that could be attributed to loss of blood during the female
menstrual cycle. An additional rhesus monkey was assigned at the Centers for Disease Control and
Prevention (CDC) and utilized for the generation of sporozoites. Standard procedures for
monitoring the clinical conditions of the animals, collecting biological samples (venous blood and
bone marrow aspirates), and performing mosquito feedings on infected animals to generate
infectious salivary gland sporozoites were approved by Emory University's or the CDC’s IACUC
and followed accordingly. All nonhuman primates used in this study were provided regular
environmental enrichment opportunities consisting of daily feeding enrichment, provision of
manipulanda, and physical enrichment. Subjects were regularly monitored for any behavioral signs
of distress by YNPRC behavior management personnel. Animals were trained using positive
reinforcement to allow blood collections from the ear without sedation.

Parasite Selection. Plasmodium cynomolgi B strain was selected for infections because the relapse

pattern of this strain had been characterized previously [32], providing confidence that relapse
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infections would be observed within the 100-day experimental infection period, based on an
inoculum size of 2,000 freshly dissected salivary gland sporozoites. This strain was also selected
because of the availability of its reference genome [26], needed for retrospective system biology
studies on the samples that were collected and stored for such purposes.

Sporozoite Generation and Inoculation. To generate sporozoites, a donor rhesus macaque was
infected with blood-stage parasites that were reconstituted from P. cynomolgi B strain ring-stage
cryopreserved stocks maintained by the Malaria Branch at the CDC. Prior to the start of this study,
the identity of these parasites was verified by Illumina 454 sequencing and comparison to the
reported genome sequence of Tachibana et. al. [26]. Laboratory bred Anopheles dirus, An. gambiae
and An. stephensi mosquitoes were fed on the donor monkey using standard, IACUC-approved
procedures after observance of male and female gametocytes in the blood. Successful infection of
the mosquitoes was confirmed within a 7-day period post feeding via midgut dissections to monitor
oocyst development and the progression of the infections with sporozoites detected in the salivary
glands on days 11 and 12 after mosquitoes fed on infected blood. The salivary glands were freshly
dissected from the infected mosquitoes and immediately processed by repeated passage through a
26G needle 10 times to release sporozoites in RPMI-1640 culture media supplemented with 10%
fetal calf serum (FCS) on ice. The processed salivary gland and other mosquito debris were allowed
to settle by gravity and the sporozoites in the supernatant were washed once by centrifugation at
1000 xg in sterile culture medium with 10% FCS. Sporozoite concentrations were determined by
counting in a Neubauer hemocytometer chamber using a light microscope at 400X magnification.
Isolated sporozoites were resuspended in sterile RPMI 1640 with 10% FCS, and the macaque

cohort infections were initiated by the intravenous inoculation of 2,000 sporozoites per animal.

Clinical Monitoring. Blood samples were collected daily from the monkey cohort from day -1 to

100 into EDTA-coated capillary tubes using standardized IACUC-approved ear-prick procedures.
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These samples were used to perform complete blood counts (CBCs) using an automatic cell
analyzer (Beckman AcT-diff; Coulter Corporation) and reticulocyte enumeration using new
methylene blue staining of thin blood smears. Clinical data were reviewed with parasitological data
daily to monitor the clinical conditions of the animals and determine when specimens should be
collected based on the criteria noted in Table 1.

Parasite Enumeration. Parasitemia counts (parasites/ul) were determined daily via microscopy
readings of thick and thin blood films stained with a modified Wrights-Giemsa using enumeration
protocols recommended by the World Health Organization [39]. Briefly, the number of infected
RBCs (iRBC) observed on thick blood smears per 500 leukocytes was recorded, and the parasitemia
determined by multiplying the percentage of parasites out of the total number of leukocytes with
the leukocyte concentration obtained from the CBC. When parasitemia readings were at or greater
than 1%, thin blood smear counts were obtained by counting the number of infected RBCs out of
a total of 1,000 to 2,000 RBCs. The percentage of infected RBCs was then calculated, and the RBC
concentration from the CBC was used to determine the parasitemia (parasites/ul). The percent of
iRBCs (or percent parasitemia) was also calculated by dividing the number of parasites by the RBC
count and multiplying by 100. To ensure accuracy, two expert microscopists independently
determined the parasitemias each day. If a significant discrepancy was observed (e.g. > 2 standard
deviations of the mean) and/or if unexpectedly low or high parasitemia readings were reported, a
third, independent senior expert microscopist was designated to provide an additional parasitemia
reading. All three parasitemia counts were compared, and the definitive parasitemia was typically
based on the average of the two counts that were the closest together. In other cases, primarily while
verifying the presence of relapses with low parasitemias or after sub-curative blood-stage treatment,
the third microscopist’s counts were used as the decisive readings. For relapse verification, the third
microscopist counted the number of parasites per 2,000 WBCs, which quadrupled the level of

sensitivity of the assay.
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Specimen Collections. Peripheral blood and bone marrow aspirate samples were collected prior to
infection and during the infections (Fig. 1A) for immediate analyses and projected future multi-
omic studies (e.g. transcriptomics, proteomic, lipidomics, metabolomics and immunological
profiling) to be performed and integrated with the clinical and parasitological data described here.
The animals were anesthetized with ketamine, and blood and bone marrow aspirates were collected
from the femoral vein and iliac crest, respectively. Venous and capillary blood samples were
collected in EDTA using either BD vacutainer or capillary tubes, respectively, for hematological
assays, e.g. CBCs and reticulocyte enumeration, and for parasite enumeration. Blood for clinical
chemistry analyses was collected in lithium heparin tubes.

Clinical Definitions. Clinical definitions were based on reference values for rhesus macaques as
defined at the YNPRC and other available literature [40]. The normal range of hemoglobin
concentration for male rhesus macaques is 12-14 g/deciliter (dl) and anemia can be similarly
defined in humans. Here, anemia was defined as severe (<7 g/dl), moderate (7-10 g/dl), or mild
(10-11 g/dl), based on the hemoglobin nadir, or the lowest level, during the primary infection and
relapses. Anemia was further classified as normocytic (63.7 — 86.9 femtoliters (fl), microcytic
(<63.7 fl) or macrocytic (>86.9 fl) based on the mean corpuscular volume (MCV).
Thrombocytopenia was defined as having a platelet count below 150,000 platelets/ul during either
the primary or relapse infections, and severe thrombocytopenia was defined as having a platelet
count of <50,000 platelets/pl.

Therapeutic Interventions. The WHO criteria for the management of severe malaria were utilized
as a guide to determine when animals were progressing towards severe disease and necessitated
clinical and/or therapeutic intervention to ward off terminally severe outcomes [41]. Animals that
developed clinical complications associated with severe malaria during the acute infection periods
were administered a sub-curative antimalarial treatment of 1 mg/kg of artemether. Additionally,
severe anemia (< 7 g/dl) was treated with I'V fluid support and whole blood transfusion, also guided

by YNPRC veterinarian recommendations and IACUC-approved procedures. After collecting the
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specimens for the post peak infection point (Figure 1A), blood-stage infections were cured with
artemether administered at 4 mg/kg on the first day of treatment and 2 mg/kg/day for seven days
thereafter. This ensured that subsequent blood-stage parasitemias detected in the animals were the
result of relapses from the activation of hypnozoites, and not recrudescences of sub-patent,
persisting blood-stage forms. Curative blood-stage treatment with artemether was also
administered using this same regimen after each relapse, and a curative course of chloroquine (15
mg/kg/day for 3 days administered intramuscularly) and primaquine (1 mg/kg/day for 7 days
administered orally) was administered at the end of the entire experiment to treat the blood stages
and the hypnozoites, respectively.

Statistical Analysis. Nonparametric statistical approaches were used to assess statistical
significance. A Friedman test was performed followed by Dunn’s Multiple Comparison post-hoc
analysis to identify significant changes in clinical parameters from pre-infection values over time
and between pre-, primary, and relapse infection values. Spearman’s nonparametric correlation
analysis was performed on clinical parameters using clinical values obtained from the defined
experimental periods to ensure that different sample types (i.e. venous blood collected at major
infection points versus capillary blood collected daily) did not influence associations. A Wilcoxon
matched-pairs rank sums test was performed to compare the primary and relapse infection
parasitemias. Both Graphpad Prism Version 6 and JMP Version 12 were used for statistical
analysis.

Data management and release. All samples were tracked with barcodes and a Laboratory
Management Information System (LIMS). Data that were manually generated, e.g. clinical
assessments, parasitemias, animal handing, treatment, diet, snacks and procedures were entered
into the LIMS or electronic spreadsheets with double-data entry to increase accuracy. Data fields
were constrained with limits or populated with pull-down lists of allowable values to further
increase accuracy. All data were then transferred to internal repositories for validation and

integration with other data. Standard Operating Procedures (SOPs) for all methods were collected
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and archived. Data derived from blood and bone marrow samples were associated with the
appropriate animal and experimental metadata via a barcode. All data associated with this study
(clinical, experimental, SOPs and data dictionary to define all terms) were backed-up locally as
well as off-site. The dataset supporting the conclusions of this article is included with the article as
Supplementary File 1 and is also being made available via the freely accessible database,
PlasmoDB [42] (http://PlasmoDB.org), as no archival repositories exist for these types of data. This

experiment is known in the deposited files as MaHPIC Experiment 4 (E04).
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Results
Primary and relapsing parasitological profiles of Plasmodium cynomolgi B strain in M.
mulatta during a 100-day experimental infection.

Intravenous inoculation of approximately 2,000 freshly isolated salivary gland sporozoites
produced patent infections within 10 to 12 days (mean + SE = 11.2 £+ 0.37) consistent with previous
literature (Figure 1B; [17, 32]). The maximum parasitemias during the primary infections ranged
from 269,962 to 1,214,842 parasites/ul (4.42% — 19.5% iRBC) between days 18 to 20 post-
inoculation (Figure 1B). RFal4, RMel4 and RFv13 required sub-curative treatment with
artemether (1 mg/kg) as noted due to clinical complications (see Table 2). These interventions were
implemented to avoid negative outcomes, including possible death. RFal4 and RMe14 developed
recrudescent infections 48-72 hours later, as anticipated based on prior experience with subcurative
artemether treatments of P. cynomolgi and P. coatneyi in rhesus macaques at the CDC and the
YNPRC [43]. RFv13 subsequently, despite the treatment, developed severe clinical complications,
which required this animal to be euthanized, per IACUC guidelines and protocols (Figure 1B). In
summary, this animal presented with acute renal failure. RSb14 and RIc14 did not require sub-
curative treatment. These animals were able to control their primary parasitemia, presumably
through an immune mechanism, resulting in an approximate 10-fold reduction in parasite levels
from about 300,000 parasites/ul down to 4,000 to 8,000 parasites/ul between days 18 to 23 post-
inoculation (Figure 1B). This reduction in parasitemia was then followed by a rise again to nearly
peak parasitemia levels, which is characteristic of most P. cynomolgi infections (Figure 1B; [17]).

To distinguish relapses from possible recrudescences of persisting low-level blood-stage
parasitemias, Rlcl14, RSb14, RFal4 and RMel4 received curative blood-stage treatment with
artemether after their primary parasitemia and illness. Artemether was administered uniformly on
day 26 at 4 mg/kg, and then 2 mg/kg/day for seven days thereafter (Figure 1B). During the 100-

day experiment, RIc14 and RSb14 experienced two relapses, whereas RFal4 and RMel4 had a
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single relapse (Figure 1B). RIc14 and RSb14 experienced their first relapse within 19 and 26 days
(day 51 and day 58 post-inoculation), respectively, after completion of curative blood-stage
treatment on day 32 (Figure 1B). Contrastingly, RFal4 and RMel4 remained negative by
microscopy during this period (Figure 1B). Curative antimalarial treatment for blood-stages was
administered to all animals on Day 63, and relapse infections were detected as early as 10 days
after the completion of this second curative blood-stage treatment. All animals relapsed prior to the
end of the 100-day study, after the second round of curative blood-stage treatment; RIc14 on day
83 and RSb14 on day 88, with RFal4 and RMel14 relapsing for the first times on day 95 and day
80, respectively.

The peak parasitemia for the first relapse infections ranged from 846 to 11,584 parasites/pl,
which was strikingly lower than the primary infection (Figure 1C). Since the animals as a group
experienced either one or more relapses, this comparison was performed using the maximum
parasitemia for the first relapse noted for each individual. This result was not statistically significant
(p =0.0625) however, based on the four of five animals remaining in the study. A follow-up study
will expand on these numbers. Contrary to a previous report stating that relapse parasitemias
decrease with subsequent relapses [19], a large difference in parasitemia was not observed between
the first and second relapses for RSb14 and Rlc14 (Figure 1B).

Different degrees of anemia were observed during the primary blood-stage infections.

The primary P. cynomolgi B strain blood-stage infection resulted in anemia in the entire
cohort (Figure 2A and 2B). Similar to anemia in humans with malaria, inter-individual differences
in anemia severity were evident and ranged from moderate (7-10 g/dl) to severe (< 7 g/dl) (Figure
2B; Table 2). The anemia was normocytic (defined as 63.7 - 86.9 fl) based on MCV values (Figure
2C). Although parasitemia and hemoglobin concentration were negatively correlated (Spearman p
=-0.7288, p < 0.0001), a statistically significant decrease in hemoglobin concentration compared
to pre-infection values did not coincide with the peak of parasitemia during the acute, primary phase

of the infection (p > 0.05; Figures 2A and 2B). Rather, the hemoglobin concentrations were
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significantly lower than pre-infection values approximately 4 to 7 days after the recognized peak
of parasitemia, a period that we have termed here as the “post-peak of parasitemia” (Figure 2A and
2B). During this period, the macaques were either controlling the infections naturally leading to
decreases in parasite numbers or recovering from the infections after the administration of a sub-
curative dose of artemether. Importantly, anemia to some degree was observed irrespective of the
administration of sub-curative treatment (Figure 2B).

Reticulocytes were enumerated to monitor the clinical situation, the animals’ attempts to
recover from anemia, and as a peripheral indicator of erythropoiesis in the bone marrow. Under
homeostatic conditions, reticulocyte release will coincide with decreases in peripheral hemoglobin
concentration to compensate for the loss of RBCs in the periphery. Thus, reticulocyte
concentrations should increase during the acute, primary infection period and begin to return to
pre-infection levels after the peak of parasitemia. Contrary to this hypothesis, the reticulocyte
concentrations did not increase from pre-infection levels until the post-peak parasitemic phase
when the animals were beginning to show signs of recovery (Figure 2D and 2E). Curiously, there
was a small increase in reticulocyte concentrations between approximately days 8 and 15 post-
inoculation for all animals except RFv13 (the animal with the most severe disease), followed by an
immediate decrease back to pre-infection levels whenever parasitemia began to increase
exponentially (Figure 2E).

Thrombocytopenia developed during the primary blood-stage infections.

Thrombocytopenia, a clinical condition that is the result of reduced number of platelets in
the blood, is a common hematological finding during malaria, but its specific role in pathogenesis
has been highly debated [14, 44-48]. Indeed, thrombocytopenia (<150,000 platelets/ul) was
observed in all macaques (Figure 3A and 3B). Despite the decrease below a clinically relevant
threshold, the drop in platelet concentration was not statistically significant from pre-infection
values (p > 0.05), and furthermore, severe thrombocytopenia (<50,000 platelets/ul) was not

observed (Figure 3A and 3B). Thrombocytopenia was most pronounced at day 20, near the peak of
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parasitemia, where the peripheral platelet concentrations were approximately 38% of the baseline
levels (Figures 3B and 3C). The recovery of platelets coincided with a decrease in parasitemia
between days 20 and 26, irrespective of the administration of sub-curative blood-stage treatment
or self-control of the infections (Figure 3B). Notably, platelet concentration in the periphery
increased to higher than pre-infection values before stabilizing (Figures 3B and 3C).

Thrombocytopenia is thought to be the result of a variety of mechanisms including the
binding of platelets to infected RBCs, removal of platelets by phagocytic cells, and sequestration
of the platelets in the microvasculature and organs [14, 16, 37]. Here, a decrease in mean platelet
volume (MPV) was noted whenever platelet concentrations were beginning to return to pre-
infection levels, between days 20 and 30 post-inoculation (Figure 3D). Alterations in MPV could
indicate that platelet production by megakaryocytes in the bone marrow was disrupted, providing
another mechanism that could potentially contribute to thrombocytopenia. In addition to impaired
production of platelets, a lower MPV could be caused by low platelet concentrations. However, the
current data do not support this explanation, because as platelet concentrations returned to pre-
infection levels the MPV decreased (Figure 3D). Furthermore, MPV and platelet concentration
were inversely correlated (Spearman p = -0.3785, p < 0.0358) (Figure 3D). To further evaluate the
hypothesis that megakaryocyte function could be compromised during cynomolgi malaria, the
dynamics of reticulocyte release and platelet recovery were examined. If platelet and/or reticulocyte
production were compromised due to altered bone marrow physiology, then the recovery of these
cell types in the periphery may overlap. Indeed, the increase of platelet concentrations after the
primary blood-stage infections coincided with increases in peripheral reticulocyte concentrations
(Figure 3E).
Relapses did not result in significant changes in clinical parameters.

One of the primary goals of this study was to better understand the clinical aspects of
relapses compared to primary blood-stage infections. Analyses focused on the first relapses, with

comparisons across the four animals that survived the primary infection. Importantly, significant
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changes were not observed in parasite burden (Figure 1B), hemoglobin (Figure 2B), reticulocyte
(Figure 2E), or platelet concentrations (Figure 3B) during the second relapses compared to the first.
Relapses did not result in the same changes in clinical parameters as the primary infections and did
not differ significantly from pre-infection values (Figures 4B, 4C, and 4D). In fact, most clinical
values did not significantly change from pre-infection values (Figures 2B, 2E, and 3B).

RMel4, the macaque with the highest parasitemia during a relapse, was the only animal
that developed minor alterations in hemoglobin, platelet, and reticulocyte concentrations during
relapses (Figures 2B, 2E, 3B). Specifically, the hemoglobin level for this animal dropped from 14
g/dl, recorded 7
days before the peak of the relapse parasitemia, to 11 g/dl, making it mildly anemic (Figure 2B).
Unlike during the period of the primary blood-stage infection, the drop in hemoglobin
concentration resulted in an increase in the peripheral reticulocyte concentration, suggesting that
the mechanism(s) that prevented the compensatory release of reticulocytes to compensate for
alterations in hemoglobin concentration during the primary infection did not occur during relapse
infections, likely due to the controlled parasite burden (Figure 2E). Platelet concentration also
dropped sporadically during relapses for this animal (Figure 3B).

Clinical presentations ranged from non-severe to lethal.

A variety of clinical phenotypes were observed in this study, which could be distinguished
as non-severe, severe, and lethal (Table 2). RIc14 and RSb14 were able to control the primary
infection without sub-curative blood-stage treatment and displayed mild thrombocytopenia and
moderate levels of anemia. Thus, these two animals were classified as non-severe. Contrastingly,
RFal4, RMel4 and RFv13 required sub-curative treatment during the primary blood-stage
infection due to a variety of adverse clinical signs. RFal4 presented with a unique phenotype
characterized by a drop in hemoglobin to approximately 11.2 g/dl and platelet concentration to
approximately 125,000 platelets/ul in the peripheral blood early during the primary infection, and

uniquely, petechiae were noticed on the trunk of this animal.
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This profile was consistent with that reported with a P. coatneyi infection in a rhesus
macaque, where the animal progressed to very severe disease complications due to disseminated
intravascular coagulopathy [49]. Due to the poor prognosis associated with these indications,
RFal4 was sub-curatively treated and classified as severe. Contrastingly, RMel14 and RFv13
developed severe anemia (<7 g/dl) during the primary infection (Figure 2B). In response to this
presentation, sub-curative blood-stage treatment was administered and whole blood-transfusions
performed for both of these animals. RMel4 recovered and was categorized as having a severe
clinical phenotype, but RFv13 succumbed to the infection as noted above despite this intervention,
resulting in the additional classification as a lethal clinical phenotype.

Parasitemia and the lack of an increase in reticulocytes during the initial phase of the
primary infection distinguish the lethal clinical phenotype.

The contribution of parasite burden to each clinical phenotype was evaluated. The peak
parasitemia in the non-severe animals was 273,509 and 305,636 (mean = 289,573) parasites/ul
whereas the two severe animals that survived had parasitemias of 309,365 and 379,140 (mean =
344,452) parasites/pl during the primary infection (Figures 1B and 5A). Using this measure, the
parasitemia was not strikingly different between the non-severe and severe clinical phenotypes.
Next, the peripheral parasitemias were analyzed as a percentage, or the number of infected RBCs
out of the total RBCs. Using this approach, there was possibly a minor difference between the two
phenotypes. Specifically, the non-severe animals had parasitemias of 4% and 5% whereas the
severe animals had parasitemias of 6.3% and 7.8%, prior to administration of the sub-curative
blood-stage treatments (Figure 5B). The animal that succumbed to the infection developed a
maximum parasitemia of approximately 1,200,000 parasites/ul and showed a 19.5 % parasitemia
prior to clinical intervention, which was approximately four fold higher than observed in the
surviving animals (Figure SA and 5B).

Unexpectedly, one other clinical feature in addition to parasite burden was identified that

distinguished the lethal from the non-severe and severe phenotypes. Even though the hemoglobin
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concentrations and platelet kinetics for the non-severe, severe, and lethal phenotypes were all
similar during the primary blood-stage infections (Figures 5C and 5D), the reticulocyte kinetics for
the lethal infection (RFv13) was not the same as for the other two phenotypes (Figure 5E).
Specifically, as noted above, the peripheral reticulocyte concentrations in this animal did not show
a modest increase during the patent blood-stage infection between days 10 to 15 post-inoculation,
in comparison to the other animals where a modest, short-term increase was evident (Figure 5E).
This difference in reticulocyte kinetics could indicate that this and possibly other early host
responses may influence and be a predictor of clinical complications and the potential course of the

disease state or recovery processes.
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Discussion

This 100-day experiment was designed to study the clinical and parasitological attributes
of the primary blood-stage and relapse infections caused by P. cynomolgi in rhesus macaques and
set the stage for future, comprehensive studies using this model to understand the underlying
mechanisms of immunity, pathogenesis and disease. Highly resolved kinetics of core hematological
parameters were developed after inoculation with infectious B strain sporozoites, and specifically,
reticulocyte, platelet, hemoglobin, MPV, and MCV dynamics are presented here. This study
expands upon previous rhesus infection studies with the P. cynomolgi B strain, which primarily
monitored parasitological data but did not assess clinical parameters on a daily basis [17, 32]. The
compiled clinical and parasitological datasets generated here provide a glimpse into the daily
dynamics of malaria beyond what is typically feasible in humans. It is anticipated that the data
generated in this experiment (all of which are being shared publicly — see Methods &
Supplementary File 1) will aid the development and testing of hypotheses by the research
community whether for clinical studies or continued investigations using P. cynomolgi as a model.

Anemia ranged from mild to severe during the primary infections in this study and appears
to be the result of multiple processes. First, it is noteworthy that hemoglobin decreased to the lowest
levels after parasitemia was reduced, whether from the natural control of the infection by the
macaque or drug treatment. This data demonstrates that the loss of RBCs due to parasitism is not
the sole reason for anemia in this model. Indeed, other non-human primate malaria models [43],
rodent malaria models [50], and humans [51, 52] show a similar kinetic where anemia is worse
after the peripheral parasitemia has decreased. This phenomenon is attributed to the simultaneous
removal of iRBCs and uninfected RBCs [53, 54], which has also been modelled mathematically to
arrive at similar conclusions [51]. Secondly, the normal, timely replenishment of circulating RBCs
by the release of reticulocytes from the bone marrow was disrupted, as shown previously with P.

coatneyi infection of rhesus macaques [43]. Thus, the disruption of compensatory bone marrow
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mechanisms with the effective release and/or production of reticulocytes from the bone marrow is
likewise apparent in the P. cynomolgi — rhesus macaque model during the acute, primary infection.
For each of these species, which model P. falciparum and P. vivax, respectively, the disruption of
normal bone marrow physiology could be potentially due to ongoing immunological responses
against the parasite or parasite byproducts such as hemozoin that are released as the parasites
multiply in the blood [50, 55-57]. In agreement as shown here, there was an initial increase of
reticulocytes early during the primary infections and these cells returned to baseline levels when
the parasitemia was increasing exponentially in the blood. This supports the view that the disruption
of the normal compensatory mechanisms is dependent on parasite levels. Future studies will be
needed to better understand the host-pathogen interactions that occur during the primary infection
and how they contribute to malarial anemia in this model.

The relative contribution of thrombocytopenia to disease outcome during malaria remains
controversial and also not well understood [14, 44, 47]. In this study, all animals developed mild
thrombocytopenia irrespective of their clinical presentations, and thus, thrombocytopenia was not
viewed as an indicator of disease severity or outcome. Prior evidence suggests that
thrombocytopenia could be due to removal of platelets by splenic macrophages during infection
[16], whereas other models suggest that platelets form clumps with iRBCs [58] or become
sequestered in the microvasculature by adhering to activated endothelial cells [59]. Interestingly,
published experiments with the P. cynomolgi B strain have demonstrated that thrombocytopenia
occurs in both spleen-intact and splenectomized macaques, suggesting that there are other
contributing factors in the development of this complication aside from processes associated with
this organ [60]. In agreement, the data from this study indicates that platelet production may have
been impaired since the MPV was decreased as the number of platelets rebounded after the peak
of parasitemia. Previous studies with malaria patients have reported changes in MPV during
malaria [61, 62]. The alteration in MPV may indicate disruption of megakaryocyte function, and

thus, platelet production. In further support of this hypothesis, both reticulocytes and platelets
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returned to pre-infection levels together, and since both of these cell types originate from the bone
marrow, the simultaneous return to normal levels could be explained by the restoration of normal
bone marrow physiology. Overall, these data suggest that the disruption of normal bone marrow
physiology during acute malaria may also lead to impaired platelet production and contribute to
thrombocytopenia. Future studies should explore this hypothesis further and aim to understand if
thrombocytopenia is in part just a bystander effect of bone marrow dysfunction.

It is important to recognize that macaques infected with P. cynomolgi presented with inter-
individual differences in disease severity, similar to humans. In RFv13, a very high parasitemia
(19.5% parasitemia), appeared to contribute to the lethality since this parasitemia clearly
distinguished this animal from the two non-severe (RSb14 and Rlc14) and two severe (RMel4 and
RFal4) clinical presentations. These phenotypes did not clearly stratify away from each other based
on parasitological profiles alone, indicating that while parasitemia may play a role in severe disease,
it is not solely responsible for the observed differences in clinical presentation and other
pathological processes may come into play. This is reminiscent of human malaria where individuals
can progress to severe malaria regardless of parasitemia [63-65]. Curiously, unlike the four
surviving macaques, RFv13 did not show a modest increase in reticulocytes during the beginning
of the primary infection. In future studies, it would be useful to evaluate this finding and other
potential indicators of the progression of infections and how these early responses to blood-stage
infections influence pathogenesis and clinical presentation.

Schmidt [32] demonstrated that relapse frequencies in the rhesus macaque differ based on
the number of P. cynomolgi B strain sporozoites inoculated, and based on this evidence, some
investigators have used 1x106 sporozoites to generate early, frequent and uniform relapse patterns
across individuals for screening anti-hypnozoite drugs [19]. In contrast, only about 2,000
sporozoites were inoculated in the current study, aiming for primary infections followed by more
natural patterns of relapse. While this is still higher than what is suspected to be naturally injected

by a mosquito [66, 67], 2,000 sporozoites best ensured at least one or two relapses in all animals
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during the course of this study. In fact, the average number of relapses observed was 1.5. This
number may have been higher if the animals had not been cured as a group after the fifth specimen
collection. Nevertheless, the observed relapse patterns reported here are similar to what would be
expected with P. vivax infections with tropical strains of this parasite [7, 68, 69]. A follow-up
iterative experiment was designed to monitor the natural relapse patterns, without such treatment
plans, and to monitor gametocytes during the relapse periods more carefully.

Understanding, preventing and treating relapses caused by P. vivax, and also P. ovale,
remain key challenges in today’s malaria eradication efforts, especially if asymptomatic carriers
remain infectious to mosquitoes. Critically, the relative impact of primary versus relapse clinical
malaria presentations has remained undefined in a controlled, experimental model system and
direct evidence from human studies is not available because of the challenges distinguishing the
two in human cases without a well-controlled study design [70-73]. Here, each bona fide relapse,
subsequent to blood-stage treatment and in the absence of re-infections, resulted in significantly
lower parasitemias compared to the primary infections and minimal, if any, changes in clinical
parameters to indicate illness. This suggests that immunity, or potentially other undefined
mechanisms, during the primary infection, led to controlled relapses characterized by reduced
parasitemias and lack of clinical complications. Whenever minor alterations in clinical parameters
were observed during a relapse (e.g. minor drop in hemoglobin levels from 14 to 11 g/dl), as was
the case for RMel4, these alterations resolved in a controlled, non-pathological manner, without
the need for clinical support. The lack of clinical illness during relapses was not necessarily
expected, especially in animals that only experienced a single primary blood-stage infection, since
previous reports have concluded, through mathematical and statistical modelling of data collected
from holoendemic areas that relapses are responsible for up to 96% of blood-stage P. vivax
infections [11, 74]. Thus, this experiment draws light to the question “What percentage of relapses
actually cause clinical malaria?” Relapses have been a major concern due to their role in causing

possible repeated bouts of illness and because they can be a source of infectious gametocytes to
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maintain transmission. The data presented here supports the hypothesis that relapses may not
necessarily be the main cause of clinical vivax or ovale malaria cases. This warrants further study
to understand the clinical outcome of primary infections compared to relapses, in addition to
transmissibility questions, caused by homologous or heterologous strains as would also be
anticipated in malaria endemic regions [73, 75, 76].

In a previous study, rhesus infected with P. cynomolgi were treated soon after infected
RBCs were detected, and the parasitemia of the first relapses appeared to be higher than subsequent
relapses [19]. The clinical status of the macaques during relapses was not presented, however, so it
is unknown if the clinical profile of the relapses differed from the primary infections. In contrast,
the parasitemia in the current study was allowed to persist during the primary infections, since a
goal was to understand the course of the clinical presentations. Interestingly, with this approach,
the first and second relapses had similar parasitological and clinical attributes, and the difference
in parasitemia between the primary infection and relapses was substantial. This data highlights the
point that the timing of the experimental treatment of blood-stage infections may affect the later
presentation of relapses, and could in turn influence whether the relapse parasitemia and illness are
suppressed, or not. Future studies should evaluate if the timing of blood-stage treatment affects the
development of immunity against the parasite.

As shown by this research team and others using this model system, relapse infections can
be definitively produced under controlled experimental conditions [19, 32], in the absence of new
sporozoite-initiated infections, and they can be distinguished from blood-stage recrudescences
through the administration of curative blood-stage treatments. This creates a clear ‘window’ of time
after the administration of curative treatment of blood-stage infections, during which time the
activation of hypnozoites and appearance of relapse parasites can be anticipated and studied. While
a challenging prospect, it is during this period that the identification of blood-based, metabolic
biomarkers of liver-stage forms may one day become a reality, paving the way towards diagnostic

tools and curative liver-stage treatments [77].
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Conclusions

The P. cynomolgi — rhesus macaque model is invaluable for malaria research, particularly
with regards to the direct study of both primary and relapse infections and pathophysiological
mechanisms. This study uniquely provides a day-to-day clinical perspective in hematological
changes during longitudinal infections, and sets the stage for systems biology investigations based
on data from a few individuals [78, 79]. Here, all five subjects showed different degrees of clinical
severity. It is anticipated that future analyses (immunological, biochemical, etc.) using the blood
and bone marrow specimens collected from this experiment, with the integration of such data with
the fundamental information presented here, will lead to the identification of possible mechanisms
and an improved understanding of anemia, thrombocytopenia, and relapses. Notably, the current
data has provided insight into relapse biology by demonstrating that bona fide relapses did not
result in signs of clinical malaria. This was not necessarily expected and is important to consider
when assessing both the clinical and epidemiological impact of relapses caused by P. vivax and P.

ovale.
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were considered significant.
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infection, during the acute primary, and after the peak of parasitemia. (B) Hemoglobin kinetics in
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relation to parasitemia and the relationship between hemoglobin and MCV (C) for up to 100 days
after inoculation are shown. (D) Reticulocyte concentrations of five rhesus macaques are
indicated prior to infection, during the acute primary, and after the peak of parasitemia. (E)
Reticulocyte dynamics in relation to parasitemia for up to 100 days after inoculation are depicted,
and the relationship between hemoglobin and reticulocyte concentrations are shown in Panel F.
Orange bars (B and E) indicate when peripheral blood and bone marrow aspirates were collected
for retrospective systems biology analysis. Statistical analysis was performed by a Friedman’s
Test with Dunn’s multiple comparison post-hoc for Panels A and D; *=p < 0.05, ns = not

significant.
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and post peak of parasitemia are shown. (B) Platelet concentrations in relation to parasitemia (B),
pre-infection values (C), MPV (D), and reticulocyte numbers (E) are indicated for five macaques
for up to 100 days after inoculation. Statistical analysis was performed by a Friedman’s Test with

Dunn’s multiple comparison post-hoc for Panel A and no statistical significance was found.
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Table 2. Clinical summary and phenotype classification of rhesus macaques infected
with Plasmodium cynomolgi B Strain

RSb14 Ric14 RFal4 RMel4 RFv13
Anemia Yes Yes Yes Yes Yes
Degree Moderate | Moderate | Moderate Severe Severe
Thrombocytopenia Yes Yes Yes Yes Yes
Unique Sign None None Petechiae None None
Sub-Curative No No Yes Yes Yes
Treatment
Additional Clinical Blood Blood
X None None None . .
Interventions Transfusion | Transfusion
Clinical Phenotype Non-Severe Severe Lethal

Classification
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Abstract

Histopathological data collected from patients with severe malaria have been instrumental
for studying malaria pathogenesis. Animal models of malaria are critical to complement such
studies. Here, the histopathological changes observed in a rhesus macaque with severe and
complicated Plasmodium cynomolgi malaria are reported. The animal presented with
thrombocytopenia, severe anemia, and hyperparasitemia during the acute infection. The macaque
was given sub-curative anti-malarial treatment, fluid support, and a blood transfusion to treat the
clinical complications, but at the time of transfusion, kidney function was compromised. These
interventions did not restore kidney function, and the animal was euthanized due to irreversible
renal failure. Gross pathological and histological examinations revealed that the lungs, kidneys,
liver, spleen and bone marrow exhibited abnormalities similar to those described in malaria
patients. Overall, this case report illustrates the similarities in the pathophysiological complications

that can occur in human malaria and cynomolgi malaria in rhesus macaques.
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Introduction

Clinical malaria presents with a variety of signs and symptoms that range from
asymptomatic to life-threatening, but the factors and mechanisms that result in this spectrum of
disease severity are largely unknown.[1-4] Tissues collected at autopsy from humans who have
succumbed to falciparum malaria have been informative for studies on severe and complicated
malaria pathogenesis as well as parasite biology.[5-7] Nonhuman primate (NHP) and rodent
malaria models have complemented these studies by enabling investigations of mechanisms that
cannot be directly studied using patient samples or post-mortem tissues.[8-10] Similarly, studies
using tissues collected from vivax malaria patients have provided insight into vivax malaria
pathophysiology.[2, 11, 12] Complementary studies using animal models would greatly enhance
the ability to study vivax malaria pathogenesis. However, rodent models of vivax malaria do not
exist, and NHP models of vivax malaria have been underutilized.[13, 14]

The Plasmodium cynomolgi — rhesus macaque model of P. vivax infection mimics the
hematological changes and clinical presentations observed in vivax malaria patients.[15]
Additionally, P. cynomolgi shares many biological characteristics with P. vivax including genetic
make-up [16], infected red blood cell (RBC) structures such as caveola vesicle complexes [17, 18],
preferential invasion of reticulocytes [19], and formation of hypnozoites [20, 21]. These factors
make this model system ideal for studying vivax malaria and determining if and which
pathophysiological mechanisms are shared between vivax malaria in humans and cynomolgi
malaria in rhesus macaques.

In this case report, the histopathological changes associated with severe and complicated

cynomolgi malaria in a rhesus monkey are described for the first time to our knowledge.
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Methods

Experimental Design. A case of severe and complicated malaria in an animal from a cohort of five
Macaca mulatta (Indian rhesus macaques) experimentally infected with P. cynomolgi M/B
strain[22] is presented here. A detailed description of the experimental procedures, animal housing,
enrichment activities, clinical interventions, hematological parameters and clinical outcomes has
been reported previously.[15]

Animal Use. This study was approved by Emory University’s Institutional Animal Care and Use
Committee. All endpoints, including humane euthanasia, were documented and approved. Regular
consulting with Yerkes National Primate Research Center veterinarians and staff was done
throughout the experiment.

Blood Chemistry. Blood was collected in a heparinized tube at the time of transfusion and analyzed
using a Liasys serum chemistry automated analyzer.

Gross Pathology and Histological Analysis. Complete postmortem evaluation of this rhesus
macaque was performed after IACUC approved-humane euthanasia. Organs from this animal were
collected shortly after gross pathological examination. Sections of main organ tissues were
collected and fixed in 10% buffered formalin and processed for routine histological evaluation
following hematoxylin and eosin staining. [23] In addition, selected organ sections were stained
with Masson’s Trichrome blue or Pearl’s iron stain using standard methodologies.[23]
Transmission Electron Microscopy. Selected tissue sections collected at the time of necropsy were
processed for transmission electron microscopy (TEM) as previously described and evaluated using
a JEM 1210 electron microscope.[24]

Data Deposition. Serum blood chemistry profiles are publicly available on PlasmoDB.[25]
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Results

Clinical Presentation. The hematological and parasitological data related to this animal was
previously presented in Joyner et al. but is summarized below.[15] A group of five rhesus macaques
were experimentally infected with 2,000 freshly isolated P. cynomolgi M/B strain sporozoites via
intravenous injection on Day 0, and the infection reached patency 12 days post-inoculation (PI).
On day 19 PI, one animal presented with hyperparasitemia, 1,214,842 parasites/pl or 19.95%, and
thrombocytopenia (<150,000 platelets/ul).[15] A sub-curative, blood-stage treatment using
artemether (dose: 1 mg/kg) was subsequently administered intramuscularly on day 21 PI to reduce
parasitemia. On day 22 PI, the parasitemia decreased after administration of artemether; however,
hemoglobin dropped to 6.8 g/dl. The animal was given a whole blood transfusion to treat severe
anemia, and at the time of transfusion, the serum chemistry profile was determined. Liver
dysfunction was evident based on elevated serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) concentrations (Table 1). Kidney dysfunction was also apparent based on
elevated serum blood urea nitrogen (BUN), creatinine, potassium, and decreased sodium
concentrations (Table 1). On day 23 PI, the animal’s condition had not improved despite veterinary
interventions and supportive care (Table 1), and humane euthanasia was performed by intravascular
pentobarbital overdose.

Physical Examination. The animal weighed 6.27 kg at the time of necropsy, and the physical
appearance was fair. The mucous membranes were pale and had a yellow tint (data not shown).
Gross Pathology. Hepatosplenomegaly was evident with the spleen weighing 26.4 g,
approximately eight times the normal weight, and the liver weighing 207.4 g, about double the
normal weight. Both had a bronze discoloration (Figure 1A and data not shown). The lungs were
pale and discolored with a green tint (Figure 3A). The kidneys were enlarged, swollen, and also
discolored (Figure 5A). Upon sectioning, the kidneys were wet and congested in the medullary
regions. Fluid was present in the abdomen. The alimentary canal, heart, skull, brain, bone marrow,

joints, lymph nodes, pelvic organs, urinary bladder, and adrenals appeared normal (data not shown).
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Histopathology. The spleen contained many macrophages with brown-black pigment, but negative
for iron stain. This finding, consistent with the presence of hemozoin, was confirmed by TEM
(Figure 1B-C). Interestingly, a macrophage containing hemozoin also appears to have
phagocytosed an uninfected RBC (Figure 1E). Other splenic structures such as lymphoid follicles
and periarteriolar lymphatic sheaths appeared morphologically normal (Figure 1B).

The bone marrow was moderately hypercellular (Figure 2A). Myeloid and erythroid cell
lineages were present, although erythroid precursors were markedly increased (Figure 2A).
Intriguingly, megakaryocytes were enlarged, dysplastic, and possessed multiple misshapen nuclei
(Figures 2C and 2D). Hemozoin was scattered throughout the marrow and appeared to be contained
within macrophages (Figure 2B).

The lungs showed signs of edema and interstitial pneumonia (Figure 3B). Multifocal areas
of type Il cell hyperplasia were observed, and some areas of the alveolar walls appeared mildly
thickened with fibrin (Figures 3C and 3F). TEM revealed that the pulmonary interstitium contained
filamentous structures consistent with fibrin deposition (Figures 3F and 3G). The alveolar walls
had macrophages containing an electron-dense crystalloid material, consistent with hemozoin
(Figures 3C and 3D).

The liver contained multiple areas of inflammatory infiltrates composed of plasma cells
and lymphocytes; this was particularly evident in the portal areas (Figure 4C). The hepatocytes
were vacuolated and occasionally appeared eosinophilic (Figure 4A). The sinusoids were lined by
hemozoin-containing macrophages, likely Kupffer cells (Figures 4A and 4B). There was mild
hemosiderosis, but most pigment was negative for iron stain (Figure 4B).

The kidneys contained many large hypercellular glomeruli, and the renal interstitium was
edematous (Figures 5C and 5E). Interestingly, there were multiple areas with leukocyte infiltrates
consisting of plasma cells, lymphocytes, and eosinophils (Figure 5F). The cuboidal epithelium
lining renal tubules was eosinophilic and vacuolated (Figure 5C). Many tubules contained cellular

and granular casts (Figure 5B) and were lined by cuboidal epithelium that appeared to be



undergoing necrosis or apoptosis based on the pyknotic and karyorrhectic morphology of the

nuclei (Figure 5C). Mineralization was evident in some tubules (Figure 4D).
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Discussion

A case of a rhesus macaque with severe cynomolgi malaria that became complicated by
renal failure due to acute tubular necrosis was presented here. This animal’s renal function did not
improve after anti-malarial treatment, intravenous fluid therapy, and blood transfusion, likely due
to the severity of the renal dysfunction. Indeed, serum concentrations of creatinine similar to this
animal’s levels have been associated with poor outcomes in humans.[26] Leukocyte infiltrates
composed of plasma cells, eosinophils, and lymphocytes were identified in the kidney, suggesting
that these cells may be involved in renal complications.

Hepatic dysfunction was also evident based on hepatomegaly and elevated AST and ALT
levels. Interestingly, the liver appeared mostly normal despite evidence of inflammation and
leukocyte infiltrates. Hepatocyte degeneration was not observed, as reported in vivax malaria,
raising the question whether this finding in humans may be due to other comorbidities in endemic
areas.[11]

Respiratory distress is common during complicated vivax malaria, and signs of mild
respiratory distress including edema, interstitial pneumonia, type Il cell hyperplasia, and fibrin
deposition were observed here.[2, 12] Parasites were not observed in the lung tissue, unlike
previous reports from malaria patients.[11] This may be because the animal was sub-curatively
treated 48 h prior to necropsy. Future studies using the rhesus macaque model could be designed
to forego treatment to determine if P. cynomolgi predominates in the lungs compared to other
organs, as speculated with P. vivax.

Macrophages containing hemozoin were abundant in the spleen, and one macrophage
observed by TEM had internalized an uninfected RBC. This finding provides supporting evidence
that phagocytosis of uninfected RBCs occurs in vivo. [27-29] Future studies can explore this further
using ex vivo samples from carefully timed splenectomies or terminal studies to understand

mechanisms relating to the removal of uninfected RBCs.
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Alterations in bone marrow morphology were strikingly similar to that reported in
humans.[30-32] Myeloid and erythroid cell lineages were markedly increased, hemozoin-
containing macrophages were evident throughout the marrow in close proximity to the erythroid
series, and megakaryocytes possessed aberrant morphology. This rhesus macaque model enabling
multiple bone marrow draws is particularly well-suited for in-depth studies of bone marrow
dysfunction and anemia during malaria.

Collectively, the histopathological changes observed here are remarkably similar to severe
and complicated malaria in humans. This report supports the use of NHP models to explore malaria

pathogenesis and to complement clinical or post-mortem studies with human tissues.
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Table 1. Blood chemistry values of a rhesus macaque with severe and complicated
cynomolgi malaria at the time of clinical intervention and 24 h after.

Analyte Reference Range | Before Clinical 24h After Clinical
Intervention Intervention
Total Protein 7.8-9.6 5.6 5.9
Albumin 3.1-5.3 2.7 3
Globulin 1.5-7 2.9 2.9
AlIG 1-100 0.9 1
AST-GOT 14-30 u/l 57 72
ALT-SGPT 14-30 u/l 152 114
Alkaline Phosphatase 100-277 228 385
GGTP 14-75 40 68
Bilirubin 0-3.7 0.3 0.2
BUN 8-30 mg/dl 180 171
Creatinine 0.8-2.3 mg/dl 8.3 8.6
B/C 1-25 21.8 22.3
Phosphorus 3.5-6.5 6.8 9.1
Glucose 84-131 mg/dl 93 77
Calcium 9.8-11.8 mg/dI 8.7 8.7
Magnesium 0.3-5 2 2.3
Sodium 142-160 130 134
Potassium 4.1-5.3 5.7 55
Chloride 97-113 93 99
Cholesterol 97-186 163 177
Triglycerides 0-800 560 605
Amylase 88-400 379 477
CPK 2-1500 299 558
NA/K 22 24
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Non-Malaria Control Cynomolgi Malaria

Figure 1. Erythrophagocytosis and hemozoin-containing phagocytes in the spleen during severe
and complicated cynomolgi malaria. (A) Comparison of spleens collected at necropsy from a
rhesus macaque with severe and complicated cynomolgi malaria and a rhesus euthanized for
reasons other than malaria. (B and C) Hematoxylin and eosin tissue sections of the spleen from
the rhesus with severe and complicated cynomolgi malaria. Notice diffuse deposition of a brown-
black pigment consistent with hemozoin. (D) Transmission electron micrograph of a spleen
depicting a macrophage containing an uninfected red blood cell and hemozoin crystals; yellow
arrow= hemozoin, white arrow = uninfected red blood cell. (E) Higher magnification of E

showing hemozoin contained within a vacuole inside a macrophage; yellow arrow = hemozoin.
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Figure 2. Sections of bone marrow during severe and complicated cynomolgi malaria. (A, B, C)
Hematoxylin and eosin stained bone marrow sections from a rhesus macaque with severe and
complicated cynomolgi malaria depicting expansion of erythroid precursors and dysplastic
megakaryocytes. Panel B: black arrows = hemozoin; Panel C: black arrows = megakaryocytes.
(D) Transmission electron micrograph of a megakaryocyte from Panel C with an immature,

indented nucleus and decreased nucleus to cytoplasm ratio.
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A Non-Malaria Control Cynomolgi Malaria

Figure 3. Pulmonary lesions during severe and complicated cynomolgi malaria. (A) Comparison
of a lung collected at necropsy from the rhesus macaque with severe and complicated cynomolgi

malaria and a rhesus euthanized for reasons other than malaria. (B, C) Digital micrographs of
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sections from Panel A stained with hematoxylin and eosin. Black arrows indicate eosinophilic
material in the parenchyma (B) and type Il cell hyperplasia and alveolar macrophages (C). (D, F)
Transmission electron micrographs from the infected lung in Panel A depicting a macrophage-
containing hemozoin (D) and fibrils contained within Type 1l cells (F). (E) Lung tissue section
stained with Masson’s trichrome blue staining. Arrows indicate increased deposition of collagen

within the interstitium in the lung.
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Figure 4. Liver section depicting leukocyte infiltrates and hemozoin-laden macrophages lining
the sinusoids during severe and complicated cynomolgi malaria. (A, C) Hematoxylin and eosin
stain of liver sections during severe and complicated cynomolgi malaria. (B) Liver section stained
with Pearl’s iron stain depicting blue stain of iron deposits. Panel A: black arrows = hemozoin in
phagocytic cells lining the liver sinusoids. Panel B: black arrows = hemozoin; yellow arrow =

iron deposits. Panel C: black arrows = lymphoplasmacytic infiltration within portal area.
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A Non-Malaria Control Cynomolgi Malaria

Figure 5. Gross and histological findings in the kidney during severe and complicated cynomolgi
malaria. (A) Comparison of a kidney collected at necropsy from the rhesus macaque with severe
and complicated cynomolgi malaria and a rhesus euthanized for reasons other than malaria. (B-F)

Hematoxylin and eosin kidney sections during severe and complicated cynomolgi malaria. Panel
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B: black arrows = cellular and hyaline casts; Panel C: black arrows = tubules lined with necrotic
epithelium; Panel D: black arrows = mineralization in the kidney tubules; Panel E: black arrow =
hemozoin in the glomerulus; Panel F: black arrow: inflammatory infiltration of plasma cells,

lymphocytes and eosinophils in the interstitium.
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Abstract

Background: Mild to severe anemia is a common complication of malaria that is caused in part
by inefficient erythropoiesis in the bone marrow. This study utilized systems biology to evaluate
the transcriptional, cellular subset, and cytokine changes in the bone marrow during P. cynomolgi
infection of rthesus macaques, a model of Plasmodium vivax malaria, that may underlie inefficient

erythropoiesis.

Results: An appropriate erythropoietic response did not occur to compensate for anemia during
acute cynomolgi malaria despite an increase in erythropoietin levels. During this period, there
were significant perturbations in the bone marrow transcriptome. In contrast, relapses did not
induce anemia and minimal changes in the transcriptome were detected. The differentially
expressed genes during acute infection were primarily related to ongoing inflammatory responses
with significant contributions from Type I and Type II Interferon transcriptional signatures. These
were associated with increased frequency of intermediate and non-classical monocytes.
Recruitment and/or expansion of these populations was correlated with a decrease in the erythroid
progenitor population during acute infection, suggesting that monocyte-associated inflammation
contributed to anemia. The decrease in erythroid progenitors was associated with downregulation
of genes regulated by GATA1 and GATAZ2, two master regulators of erythropoiesis, providing a

potential molecular basis for these findings.
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Conclusions: These data suggest that malarial anemia may be driven by monocyte-associated
suppression of GATA1/GATAZ2 in erythroid progenitors resulting in inefficient erythropoiesis

during acute infection.

Background

Plasmodium vivax infections cause substantial morbidity with an estimated 8.5 million
infections each year and can result in severe disease [1]. Anemia may occur during primary or
relapse infections caused by P. vivax and may be due, in part, to bone marrow (BM) dysfunction
as evidenced by post-mortem examinations of malaria patients [2]. This dysfunction leads to
dyserythropoiesis and inefficient erythropoietic output to compensate for the loss of red blood
cells (RBCs) from parasitism as well as immune-mediated removal of uninfected RBCs [3-6].
The underlying mechanisms and characteristics of BM dysfunction in humans remain poorly
understood [2, 7, 8] due to the difficulties and ethical restrictions in obtaining longitudinal bone
marrow samples from patients. Animal models can overcome this obstacle and be used to
investigate mechanisms related to the development and recovery of BM dysfunction during

malaria.

Nonhuman primate (NHP) macaque models are optimal for anemia studies in that they
show very similar hematopoietic responses and erythropoietic processes as humans, and BM
aspirates can be collected at multiple time points during longitudinal malaria studies [9, 10].
Although rodent models of malaria demonstrate overarching similarities in the development of
anemia, differences in the hematopoietic responses between rodents and humans impose
limitations on the extrapolation of some conclusions [11, 12]. For example, there are notable
differences in the transcriptional programs that underlie erythropoiesis in mice compared to

humans and different physiological mechanisms to deal with anemia [13].
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The Macaca mulatta - P. cynomolgi model system recapitulates critical aspects of P.
vivax infection in patients, including BM dysfunction and inefficient erythropoiesis during acute
infections [10, 14, 15]. Importantly, P. cynomolgi also produces hypnozoites in the liver of rhesus
macaques, enabling the study of relapse infections that occur with P. vivax in patients [9, 15, 16].
There has been extensive study of malaria-induced anemia in P. falciparum, in particular in the
study of severe malarial anemia. Comparatively, much less is known about the pathogenesis of
anemia during P. vivax infection, even though it is increasingly generally recognized that P. vivax
also causes substantial anemia [17]. For example, P. vivax causes a greater removal of uninfected
red blood cells than P. falciparum [18]. Furthermore, the effect of relapse infections on the bone
marrow in comparison to an initial infection has not been thoroughly characterized even though
relapses are speculated to potentially drive anemia in areas of high endemicity with frequent

relapses [19].

Here, a malaria systems biology study is presented that used BM samples from a cohort
of M. mulatta infected for about 100 days with P. cynomolgi M/B strain [9] as a model of vivax
malaria. The main goal was to perform integrative analyses and identify potentially dysfunctional
BM mechanisms that may contribute to anemia during acute vivax malaria and relapses. Multiple
data types were generated, analyzed, and integrated (i.e. transcriptome, immune profiling, and
clinical data). In this paper, we first present analysis of the transcriptome during the infection,
focusing on large-scale changes via pathway analysis and highlighting the inflammation in the
marrow during acute infection. We then explore what cell types may be responsible for these
changes in the marrow and validate the upregulation of the immune pathways identified via
transcriptional profiling by measuring systemic cytokine levels. Finally, we examine the
consequence of all of these changes on erythroid progenitors, which pinpoints that there is likely

disruption of GATA1/GATAZ2, which are known master regulators of erythroid differentiation.
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Collectively, this is the first systems biology study to our knowledge using NHP models of P.

vivax infection to study BM dysfunction and anemia.

Methods

Animals. Samples from a cohort of male rhesus macaques (M. mulatta) born and raised at the
Yerkes National Primate Research Center (YNPRC), an AAALAC international certified
institution, were used in this study. All male animals were used to avoid anemia related to the
female menstrual cycle, which could confound interpretation of results. The animals were socially
housed in pairs during the experiment, and all housing was in compliance with the Animal
Welfare Act and Regulations, as well as the Guide for the Care and Use of Laboratory Animals.

Details related to the animal’s daily care have been reported in Joyner et al. [9].

Experimental Design. Bone marrow aspirates collected from four M. mulatta prior to infection
and during P. cynomolgi M/B strain infections initiated by sporozoite inoculation were analyzed.
The experimental design and clinical outcomes were described and analyzed previously [9].

Clinical parameters are discussed in this manuscript as relevant.

BM Collection and Processing. Seven BM aspirate specimens were collected in EDTA from
each animal in the course of the 100-day experiment at pre-defined time points for simultaneous
flow cytometry and RNA-Seq analysis as indicated in Figure 1A. Flow cytometry samples were
processed as described below. For RNA-Seq analysis, BM mononuclear cells (MNCs) were

isolated via Lymphoprep (Stem Cell Technologies) following the manufacturer’s protocol. BM
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MNCs were immediately placed into RLT buffer (Qiagen) after isolation, vortexed, and stored at

-80°C for RNA-Seq analysis.

Library preparation for RNA-Seq. RNA was extracted from BM MNCs using a Qiagen RNeasy
Mini-Plus kit according to the manufacturer’s instruction. After extraction, the quality of each
sample was evaluated with a Bioanalyzer. An RNA Integrity Number [20] greater than eight,
signifying good RNA quality, was recorded for all samples prior to library preparation.
Approximately 1 pg of total RNA per sample type was reverse transcribed into double-stranded
cDNA, with Illumina TruSeq Stranded mRNA Sample Prep kits used to generate strand-specific
libraries. For quality control, total RNA for each library contained approximately 1% spike-in
RNAs of known concentration and GC proportions (ERCC Spike-In Control, Life Technologies)
[21]. Sequencing was done on an Illumina HiSeq 2000 at the YNPRC Genomics Core. Each

library averaged approximately 50 million 100 bp paired-end reads.

Gene expression quantification. A whole-transcriptome profile of BM MNCs was generated by
RNA-Seq, and over 50 million reads per sample were aligned jointly to concatenated host and
parasite genomes (i.e. MacaM assembly, Version 4.0, GenBank accession number PRINA214746
ID: 214746 and P. cynomolgi B/M strain PlasmoDB release-9.3) using Tophat2 with default
parameters [22, 23]. Reads mapping to multiple genomic locations were excluded from analysis
to ensure high-confidence mapping. Gene expression (read counts) were inferred at the level of
annotated genes using HTSeq v0.5.4 [24]. Data reliability was assessed by several steps of quality
control: linear correlation of spike-in control abundance with known concentration; confirmation
of strand-specificity of controls as 99.9%; and confirmation of absence of 3’ bias in the controls
with RSeqC software [25]. Gene expression was normalized to library size with the R package

DESeq (versionl1.10.1;[26]), used with default parameters.

RNA-Seq Data Processing. For macaque RNA-Seq, features with an FPKM value (Fragments Per

Kilobase of transcript per Million mapped reads) below 5 were excluded from analysis. Gene
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expression data were log?2 transformed. A large variance in gene expression was observed among
animals (Additional File 1B); Supervised Normalization of Microarrays (SNM) [27] was used to
remove the variance associated with this animal effect. The full SNM model included
longitudinal time point as the biological effect and animal as an adjustable effect. SNM-
transformed RNA-Seq data was used for all analysis except for the initial hierarchical clustering
analysis (Additional File 1A). All expression data were z-score normalized before integrative

analysis.

Differential Expression Analysis (DEA). DEA was performed using analysis of variance in JMP
Genomics. Differences in gene expression levels across all genes among time points were tested.
Benjamini-Hochberg false discovery rates (FDR) [28] were used for multiple hypothesis

correction, with FDR < 0.05 used as the significance threshold.

Weighted Gene Co-expression Network Analysis. Genes identified as differentially expressed
during the acute infection were used for WGCNA with default parameters. The soft thresholding
power parameter of WGCNA was set to six to obtain networks of approximately scale-free
topology, as is standard practice, and the eigengene of each coexpression gene module was used

to study associations with immunological traits.

Flow Cytometry. Two-hundred microliters of BM aspirate to be used for flow cytometry was
collected at the same time as RNA-Seq specimens. Bone marrow was initially washed with 2 mL
of wash buffer (PBS + 2% Fetal Bovine Serum (FBS)) by centrifugation at 400 x g for 5 min.
After centrifugation, the supernatant was aspirated and discarded. The remaining cell pellet was
suspended in PBS to the original volume followed by staining with antibodies as indicated in
Table 1. The cells were stained with the antibody cocktails for 30 min at room temperature in the
dark. After staining, the sample was placed into 2 mL of BD FACS Lysing solution (BD
Biosciences), incubated for 10 min in the dark at room temperature, and the remaining cells

pelleted by centrifugation at 400 x g for 5 min. The cells were then washed in 3 mL of wash
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buffer by centrifugation at 400 x g for 5 min. The supernatant was discarded and cells

resuspended in a 2% paraformaldehyde and PBS solution (v/v) and analyzed using a BD LSR-II

flow cytometer within 24 h using a standardized acquisition template. Daily calibration using BD

CST beads was performed to ensure direct comparability of each acquisition.

Table 1. Flow cytometry panel for determining the frequency of immune and erythroid cells in
macaque bone marrow aspirate.
Name Fluorochrome Clone
CD3 PerCp-Cy5.5 SP34-2
CD45 FITC DO58-1283
CD41la PE HIPS
CD71 APC LOL.1
CD11b PE-Cy7 ICRF44
CD34 PE-CF594 563
CD44 APC-H7 G44.26
CD16 ALEXAFLUOR 700 3G8
CD14 PB MS5E2
CD20 V-500 L27

Fluorescence-Activated Cell Sorting (FACS). Bone marrow MNCs were isolated as described

above. Residual RBCs were lysed with 1-2 mL of ACK Lysing solution (Life Technologies)

followed by washing with excess sterile PBS. BM MNCs were then enumerated using a Countess

II cell counter (Life Technologies) and two million BM MNCs were stained with the

fluorescently conjugated antibodies in Table 2 as described above followed by re-suspension in

incomplete RPMI 1640 without FBS and phenol red for FACS. Populations of interest were

sorted under optimal conditions using a FACS Aria II cell sorter (Beckman). After sorting, the

purity of each population was confirmed to be >95% and populations were adhered to slides
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using a Cytospin followed by staining using Wrights-Giemsa to determine the composition of the

target populations.

Table 2. Cell sorting panel for erythroid progenitor populations in rhesus macaque bone
marrow.
Name Fluorochrome Clone
CD45 FITC DO58-1283
CD41a PE HIPS
CD71 APC LOl.1
CD34 PE-CF594 563

Multiplex Cytokine Assay. A custom-made multiplex cytokine assay was designed and purchased
from Affymetrix. The manufacturer’s suggested protocol was followed using plasma collected

from blood specimens obtained on EDTA. Data was analyzed using the ProcartaPlex Software.

Erythropoietin ELISA. Erythropoietin levels were determined by using a Quantikine IVD ELISA
assay for human erythropoietin using the manufacturer’s suggested protocol. All samples were

randomized prior to performing the ELISA.

Other Statistical Analysis. Limma was used for assessing significant changes in cytokine
concentrations and cell population between infection points [29, 30]. The Benjamini-Hochberg
correction was used to control the FDR. FDR < 0.05 was used as the significance threshold. A
linear mixed-effect model with a Tukey-Kramer HSD post-hoc analysis was used to determine
statistical significance of alterations in hematological parameters using JMP 13 Pro. A paired t-
test was used to evaluate if the changes in EPO levels and GATA1/GATA?2 target gene

expression were changed across infection stages. For the GATA1/GATA?2 target gene analysis,
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SNM-transformed data was used. Each gene was averaged across the four animals and the

significance test performed on the averaged values.

Data Release. Clinical data used in this analysis are publicly available in Plasmo DB and
described in Joyner et al. [31]. The BM transcriptome data has been publicly deposited in GEO

(Accession number GSE94273).

Results

Insufficient compensation for anemia during acute cynomolgi malaria in rhesus macaques

The parasitological and hematological data utilized in this analysis was published
previously, discussed, and made publicly available in Joyner et al. [31]. Briefly, five rhesus
macaques were infected with P. cynomolgi M/B strain sporozoites and followed for up to 100
days. One macaque developed severe disease and irreversible kidney failure that required
euthanasia; thus, this animal was removed from the current analysis [32]. Seven BM samples
were collected longitudinally from each macaque, and these samples were classified into the
following infection points for analysis in this manuscript: prior to inoculation (pre-infection),
during acute primary infection, after the peak of parasitemia (i.e. post-peak), before and between

relapses (i.e. inter-relapses), and during relapses (Figure 1A).

The rhesus macaques infected with P. cynomolgi M/B strain developed varying levels of
anemia during the primary infection (Figure 1B; [31]). Despite the significant decrease in
hemoglobin levels during acute infections, the circulating reticulocytes did not increase
significantly until after the peak of parasitemia or after sub-curative blood-stage treatment had
been administered (Figure 1B). These results suggested that the BM was not appropriately
responding to the anemia during acute infections but was restored after the peak of parasitemia.
Interestingly, relapses did not result in changes in hemoglobin levels or peripheral reticulocyte

counts (Figure 1B).
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To assess whether each animal was appropriately compensating for anemia, the reticulocyte
production index (RPI) was calculated as previously described [33]. The RPI adjusts for
alterations in reticulocyte maturation time in an anemic individual and provides a metric to assess
if an appropriate compensatory response is being made by the BM to combat anemia. An RPI
value of under 2 when hemoglobin levels are decreasing suggests that the BM is not mounting an
appropriate compensatory response for anemia whereas an RPI of greater than 3 when
hemoglobin is decreasing indicates an appropriate compensatory response. In support of the
hemoglobin and reticulocyte data, there was not an appropriate compensatory response by the
BM during acute infections (Figure 1B). However, an appropriate response was mounted after the

peak of parasitemia and treatment, though hemoglobin levels continued to decrease (Figure 1B).

Erythropoietin (EPO) is critical for inducing erythropoiesis during normal RBC turnover
and pathological conditions. Thus, the lack of response by the BM during acute infection could
have been due to EPO not being upregulated. In contrast to this hypothesis, EPO levels were

significantly increased during acute infection (Figure 1C).

Collectively, these analyses demonstrated that there was not an appropriate compensatory

response by the BM in the face of the developing anemia early during acute infections.

Acute malaria, but not relapses, leads to substantial changes in the bone marrow

transcriptome.

The next goals of this study were to analyze the transcriptional changes in the BM that may
account for the lack of compensatory response by the BM during acute infection and to determine
if relapses induced changes in the BM since anemia was not observed during relapses. RNA-Seq
was performed using BM MNCs from the four rhesus macaques infected with P. cynomolgi at the

time points indicated in Figure 1A and classified for downstream analysis as described above.
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Hierarchical clustering was performed with the R mixOmics package [34] to determine the
similarity and/or differences in the BM transcriptome among the animals for each infection point.
Using this approach, the acute infection measurements clustered together, but no other infection
points clustered with a discernable pattern, suggesting that factors other than the BM
transcriptome were influencing the grouping of these stages (Additional File 1A). After
determining that 26.7% of the gene expression variance was attributable to each individual, the
variance associated with each individual was removed using a supervised normalization of

microarray (SNM) transformation (Additional File 1B).

After transformation, 42.3% of the variance of the dataset was now attributable to the infection
point (Additional File 1C). Hierarchical clustering of the data after accounting for the variance
attributable to individual animals maintained clustering of the acute infection stage (Figure 2A).
However, this also led to a more robust clustering of the other infection stages, although the
clusters were not completely correlated with infection points (Figure 2A). This suggested that
acute malaria caused significant and coherent changes in the BM transcriptome, but there did not

appear to be unique changes during relapses, post-peak, or inter-relapse infection periods.

Since hierarchical clustering indicated that transcriptional profiles at post-peak and inter-relapse
infection points were generally similar to pre-infection profiles, similarities and differences were
formally evaluated between each infection point. The number of differentially expressed genes
(DEGs) between infection points was determined using analysis of variance (ANOVA).
Compared to pre-infection, 1266 genes were differentially expressed during acute infection, 315
after the peak of parasitemia, and only 201 genes during relapses (Figure 2B). For relapses, 75 of
these genes were in common with acute infection (Figure 2C). During acute infection, 1148 of the
DEGs were upregulated whereas 118 were downregulated compared to pre-infection. Relapses

showed much less variance in gene expression even for genes with large absolute upregulation
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and high significance during acute infection. Thus, while acute infection caused significant

perturbations in the BM transcriptome, relapses had a small effect.

Pathways and processes altered in the bone marrow during acute malaria

Gene ontology analysis was employed to understand the pathways and processes altered during
acute infection. Approximately 37 biological processes were significantly changed in the BM
during acute infection (Additional File 2). The identified pathways could largely be consolidated
into biological processes related to cellular stress (e.g. response to endoplasmic reticulum stress),
increases in transcription (e.g. RNA processing), and ongoing immune responses in the BM (e.g.
Type I IFN, IFNy, cell response to cytokine signaling, etc.). The pathways and processes of the
other infection points were also analyzed but none were significantly enriched; this is likely due

to the low number of differentially expressed genes during these infection stages.

Pathway analysis using MetaCore (Thomson Reuters) and Molecular Signatures Database
(MSigDB) [35, 36] identified additional molecular pathways that were increased during acute
infection (Figure 3). The pathways identified were similar between both databases and were
skewed towards upregulation (Figure 3A-D). This is likely due to the low number of down-
regulated DEGs during acute infection (Figure 2B). Full lists of pathways identified in each

database are provided in Additional Files 3-6.

The enriched pathways and gene sets from both databases highlighted the ongoing immune
response in the BM during acute infection; in particular, pathways involved in cytokine signaling
were overrepresented (Figures 3A-B). The most predominant cytokine signatures to emerge from
the analysis of acute infection in both databases were Type I (i.e. [IFN-0/B) and Type II interferon
(i.e. IFN-y), which were identified by both databases (Figures 3A-B). A heatmap of DEGs
identified in these pathways shows upregulation during acute infection but not other infection

points (Figure 3E-F). Although the related pathway was identified, changes in expression of the
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ifna and ifnf1 genes themselves were not captured by RNA-Seq during acute infection because
the genes did not pass the FPKM threshold. ifny expression, on the other hand, was detectable and
significantly increased (p < 0.001) during acute infection and after the peak of parasitemia (p <
0.05) (Figure 3G). To ensure that gene expression was indicative of the protein levels, the
concentrations of [FNy and IFNa in the plasma were measured via multiplex assay. Consistent
with the transcriptional data, IFNy levels were increased (p=0.008; Figure 3I) and IFNa levels did
not change during acute infection although a significant decrease was detected after the peak of

parasitemia (Figure 3H).

Other cytokine signatures identified as transcriptionally upregulated in the BM during
acute infection included IL-10 and IL-27, which are known to have effects on the BM during
acute malaria, and genes involved in the IL-3 signaling pathway (Figure 3B) [37, 38].
Interestingly, the IL-5 signaling pathway was the only cytokine signaling pathway identified as
being downregulated during acute infection, which could be due to the skewing towards a Thl

response (Figure 3D).

This analysis also revealed the enrichment of pathways associated with pathogen recognition
receptors (PRRs) that are important for sensing intracellular and extracellular microbial
components as well as host danger molecules. Specifically, the analysis highlighted the
importance of engagement of Toll-like Receptors, NOD-Like receptors and RIG-I/MDAS (Figure

3A-B).

Intermediate and non-classical monocytes may negatively impact the erythroid lineage

during acute malaria

Bone marrow is made up of a heterogeneous population of cells that together yield the
transcriptional profiles measured here. Weighted Gene Set Co-expression Network Analysis

(WGCNA) was employed to investigate which cells types in the BM may be responsible for the
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observed changes in the BM transcriptome during acute malaria [39]. WGCNA was performed
using DEGs identified during the acute infection and flow cytometry data collected at each
infection point. The gating strategy for the cellular subsets used in WGCNA analysis is shown in
Additional File 7. The populations included in the analysis were as follows: classical monocytes,
intermediate monocytes, non-classical monocytes, B-cells, T-cells, granulocytes and a mixed
population of erythroid progenitors (Additional File 8). Samples from other infection points were
not included in this analysis to allow the acute infection to drive the formation of the

coexpression modules.

The dominant modes of variance of each module were used to evaluate the association of the
modules with cellular subsets. WGCNA identified four coexpression gene modules (Figure 4A).
The modules colored turquoise and blue were composed of 490 and 335 DEGs, respectively, and
were positively correlated with the number of intermediate and non-classical monocytes (p<0.05)
in the BM. The turquoise module was negatively correlated with B cell numbers (r=-0.52,
p=0.01). However, unlike monocytes, this was a negative correlation and is likely related to the
disruption of the BM environment where B-cells develop. Other immune cell types identified by
flow cytometry were not correlated with any of these co-expression modules. These results
suggest that changes in the BM transcriptome during acute malaria were primarily related to

monocytes.

To determine whether there was a link between the identified co-expression modules and
suppression of the erythroid progenitor population, the relationship of the co-expression modules
with the erythroid progenitor population was examined. All four co-expression modules were
correlated with a drop in erythroid progenitors (p < 0.05 in all cases). Since only the turquoise
and blue modules were associated with immune cells (monocytes), this suggested that the
correlation of the yellow and brown co-expression modules represented non-immunological or

diffuse immunological pathways.
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Intermediate and non-classical monocytes are associated with pathways upregulated during

acute malaria in the bone marrow

To test the hypothesis that monocytes were a major driving force of the transcriptome changes in
the BM, pathway enrichment analysis was first performed on the genes in each module [35, 36].
The MSigDB database was used for this analysis; results obtained with this database were
comparable to those obtained using MetaCore (Figure 4A-D). The turquoise module was enriched
with pathways involved in the immune response (and interferon signaling pathways), general
cellular response pathways (e.g. unfolded protein response), and RNA metabolism (Figure 4B).
The blue module was enriched in pathways related to the immune response, including cytokine
signaling by IFNy, activation of NF-xB, and the IL-2 pathway (Figure 4C). Each of these
pathways are known to be involved in monocyte activation [40]. Thus, the activation status of the
intermediate and non-classical monocyte populations in the BM during acute infection likely
influenced the BM transcriptome. Indeed, the intermediate and non-classical monocyte
populations were expanded in the marrow during acute infection, but these differences did not

reach statistical significance likely due to the sample size (Additional File 9).

The blue module was also enriched for the PRR pathways activated through NOD like receptors
(NLRs) and RIG-I like receptors (RLRs) (Figure 4C). This suggests that these pathways, which
were originally identified by DEG analysis, may be active in intermediate and non-classical

monocytes in the BM in response to Plasmodium infection.

To validate the transcriptomic signatures related to cytokine signaling and identify the cytokines
that may negatively impact the erythroid progenitors, WGCNA analysis was repeated using the
flow cytometry, transcriptomics and cytokine data. Seventeen of 45 cytokine concentrations were
found to be positively correlated with the turquoise and blue modules. Transitively, these
cytokines were thus also negatively associated with the erythroid progenitor population (Figure

5). Although negatively correlated with the erythroid population in the BM, these cytokines were
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positively associated with the frequency of non-classical and intermediate monocytes (Figure 5).
IFNy was correlated with the blue, brown, and turquoise modules, and IFN signaling was
enriched in the turquoise and blue modules, which provided confirmatory support for the

transcriptome analysis and the validity of the WGCNA approach (Figure 4B and 4C).

The brown module did not correlate with particular immune cell types, and this is likely due to
the diverse set of pathways represented in this module (Figure 4D). The yellow module
highlighted IFN signaling pathways (Figure 4E) but was not correlated with protein levels of IFN.
Interestingly, a signature driven by erythropoietin (EPO) was also enriched in the yellow module
(Additional File 10).Although an EPO signature is to be expected given that EPO plays an
important role to increase BM output of RBCs during anemia, this signaling was inversely
correlated in this study with the erythroid progenitors, suggesting that despite the elevated EPO
levels in the plasma and signaling in the BM, an appropriate compensatory response could not be
made. Indeed, these data are consistent with previous literature showing that malaria induces an

EPO-independent anemia [41].

Transcriptional networks related to erythropoiesis are disrupted in the bone marrow

during acute malaria

Given insufficient compensation for anemia during acute malaria, the transcriptome data was then
mined to determine if transcriptional networks related to erythropoiesis were disrupted during
acute P. cynomolgi infections. Correlation analysis (CA) was performed using the erythroid
population frequencies determined by flow cytometry and BM MNC gene expression to identify
genes that may be related to the decrease in erythroid progenitors observed in the BM (Figure
6B). Samples from pre-infection, acute primary, and post-peak were utilized for this analysis to

determine changes that occurred before, during, and after the onset of anemia.
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547 genes from the same RNA-Seq dataset utilized in the previous analyses were identified as
significantly positively correlated (Spearman’s correlation coefficient >0.6; p-value<0.05) at
FDR<0.2 with the frequency of the erythroid progenitor population in the BM (Additional File
11). After identifying the related genes, the iRegulon pipeline was utilized to explore what
transcription factors may be influencing the genes that were positively correlated with the change
in erythroid progenitor cell frequencies during acute infection. iRegulon identified multiple
transcription factors including CCAAT/Enhancer Binding Protein (CEBPD), GATA Binding
Proteins (GATA1/GATA2) and TEA Domain Transcription Factor 4 (TEAD4) as being

correlated with erythroid progenitor cell frequencies (Figure 6A).

This analysis focused on GATA1 and GATA?2 because these proteins are master regulators of
erythropoiesis, had the largest number of target genes identified in the dataset, and had two of the
highest NES scores, which are a metric of statistical significance in the iRegulon pipeline (Figure
6A) [42, 43]. First, the expression of GATA1 and GATA2 was examined directly to understand if
the gene expression of these proteins were changed during infection, as this could account for the
insufficient erythropoietic response in the periphery. GATA2 gene expression did not change
throughout the initial infection (Figure 6D). In contrast, GATA1 gene expression was not
changed during acute infection but was significantly increased after the peak of parasitemia when
erythropoiesis was restored (Figure 6C). Thus, GATA1/GATA2 gene expression was not
upregulated during acute infection as would otherwise be predicted based on these proteins being

critical for erythropoiesis.

Next, the genes regulated by GATAI and GATA2 were examined to identify whether the genes
regulated by these proteins were upregulated even though transcription of GATA1/GATA2 was
not altered significantly during acute infection. The target genes of GATA1 and GATA2 were
predicted to be downregulated during acute infection, when there was a small but significant

decrease (p=0.045) in the frequency of the erythroid progenitor population in the BM (Figure
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6B). Consistent with this hypothesis, the genes regulated by GATA1 and GATA?2 were
downregulated during acute infection, but upregulated post-peak (Figures 6 E-F) when the
erythroid progenitor population in the BM was restored to pre-infection levels and an increase in
peripheral reticulocytes was observed, indicating restored erythropoiesis. Indeed, the expansion
of other cell types in the marrow during acute infection could drive the decrease in percentage of

erythroid progenitors in the marrow during acute infection.

Discussion

The development of malarial anemia is multi-factorial, and it is clear that the loss and
sustained reduction of RBCs during an infection is not due to parasitism alone. Bone marrow
suppression and the removal of uninfected RBCs contribute to the development of anemia. In the
rhesus macaque — P. cynomolgi model, both processes are shown to be involved based on
hemoglobin and reticulocyte kinetics described here and in Joyner et al. [31]. Interestingly,
inefficient erythropoiesis appears to contribute to the development of anemia early during a
blood-stage infection; appropriate compensation for the anemia is observed after the peak of
parasitemia and the administration of blood-stage treatment (Figure 1). Furthermore, there were
few changes in the BM transcriptome after the peak of parasitemia, suggesting restored function
of the BM (Figure 2). Therefore, it is clear that there are multiple phases in the longitudinal
development of malarial anemia in macaques infected with P. cynomolgi that are likely governed

through different mechanisms.

Predictions from field studies have suggested that relapses are responsible for most P.
vivax blood-stage infections and potentially most clinical illness [44-46]. Therefore, the initial
hypothesis of this study was that both P. cynomolgi acute primary infections and relapses would
cause alterations in the BM transcriptomes since anemia would be an expected complication in
both cases. However, unlike the acute infections, relapses did not result in significant changes in

the BM transcriptomes. Although unexpected, this finding is in agreement with the conclusions in
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Joyner et al., which demonstrated that P. cynomolgi relapses are not associated with the

development of anemia, even when peripheral parasitemia is detectable [9].

The lack of anemia and changes in the BM transcriptome during P. cynomolgi relapses is
likely due to the significant decrease in parasite burden during relapses in comparison to the
initial infection (Figure 1). This decrease is likely due to immunity developed after an initial
infection that prevents the parasite from reaching levels similar to those during the acute primary
infection. Lower levels of parasite replication may allow the BM to maintain its normal
compensatory functions during relapses, unlike acute infection where inefficient erythropoietic
output is linked to higher parasite densities [9]. There is evidence from malaria chemotherapy
studies that relapses do not necessarily result in disease and can result in asymptomatic infections
[47-49]. Taken together, this evidence suggests that there is a threshold of parasite burden that
disrupts erythropoietic output, likely through ongoing inflammation that is triggered by innate
immune responses to growing asexual parasitemia prior to the development of effective anti-

parasite immunity.

During acute infection, many biological pathways and processes in the BM were
upregulated, including pathways related to cellular metabolism and transcription. Such pathways
are likely representative of the ongoing host response against the parasite both in the periphery
and potentially in the BM since both P. vivax and P. falciparum iRBCs can readily be found in
the BM [50, 51]. Many of the upregulated pathways in the BM were related to inflammation and
largely composed of cytokine signaling pathways. This agrees with previously published work
demonstrating that cytokines, including IL-10 and IL-27, are important in BM responses during
rodent malaria and/or in malaria patients [52, 53]. The current data suggest that these cytokines

may also be involved in the BM of NHPs with malaria.

Here, Type I and Type II IFN signaling pathways were identified as potentially key

cytokines involved in malarial anemia. However, despite an enrichment in transcriptional
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pathways involved in Type I IFN signaling in the BM, IFNa protein levels in the plasma were not
increased (Figure 3H). (ifna gene expression in the BM was not reliably quantified.) In stark
contrast, the Type II IFN signature was accompanied by an increase in ifny gene expression in the
BM and IFNy concentration in the plasma, and the erythroid progenitor population was
negatively correlated with IFNy (Figures 3G, 2I and 4). These data suggest that Type II IFNs may
negatively impact the erythroid progenitor population through direct or indirect mechanisms
during acute infection. Indeed, IFNy can directly cause apoptosis of erythroid progenitors in vitro

and it has been previously implicated in malarial anemia in rodent malaria models [12, 54, 55].

Type I IFNs can work in concert with [FNy to suppress erythropoiesis [56-58], and
therefore it is possible that Type I IFNs may initiate the disruption of erythropoiesis earlier during
infection. The reasons why Type [ [FN transcripts were too low to be quantified could be because
they are more tightly regulated than IFNy and the sampling regimen missed the point at which
these proteins are synthesized and released into the plasma. Alternatively, these proteins may act
predominantly at local levels and may have only been present in the BM. There are also may be
other intermediary molecules that are unmeasured here but have a role in the phenomena we have
observed. Regardless, recent studies demonstrate Type I IFNs to be important during early blood-
stage malaria, and the results presented here suggest these cytokines should be explored further in

relation to malaria anemia [59-61].

This study’s results also suggested that monocytes were largely responsible for changes
in the BM transcriptome during acute infection (Figures 3 and 4). It has previously been shown
that macrophages and monocytes in the BM produce inflammatory cytokines in response to
parasite byproducts such as hemozoin. It has been hypothesized that this process drives the
dyserythropoiesis observed during malarial anemia [62]. Although most of these conclusions
were drawn from in vitro experiments, the analysis here supports a model where monocytes in the

BM negatively influence the erythroid lineage in vivo via cytokine production during acute
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malaria [62]. It is interesting to speculate that these signatures may be coming from BM-resident
monocytes and/or macrophages, but more work will be required to explore this possibility in

future studies.

Although intermediate and non-classical monocytes are thought to be important for
parasite control in the periphery [63], this analysis from the BM implicated these monocytes as
potentially being responsible for the decrease in the erythroid progenitors. WGCNA analysis
associated these monocyte subsets with an increase of pro-inflammatory cytokines such as IFNy,
MIP1-0/p and TNFa in the plasma, which would not necessarily be expected of these monocytes,
as these subsets are not considered to be classically pro-inflammatory. Indeed, many of these
cytokines are known to negatively impact erythroid progenitors, directly or indirectly [12, 62]. It
is interesting to speculate that these monocytes may play a dual role in controlling parasite
growth through cytokine production, etc. in the peripheral blood but also contribute to the
development of anemia through these same processes. Future work could assess this directly

using this NHP model of P. vivax infection.

Previous evidence has suggested that the disruption of erythropoiesis may be due to
dysregulation of transcription factors that control erythropoiesis [64]. In this study, it was shown
that GATA1 and GATAZ2, two master regulators of erythropoiesis, may not function
appropriately during acute malaria. Genes regulated by GATA1 and GATA2 were downregulated
during acute infection, but upregulated whenever appropriate erythropoietic output was restored.
Indeed, some of the cytokines (e.g. TNFa, [FNy) that were upregulated are known to antagonize
GATAI1 and, thus, disrupt terminal erythroid differentiation [65, 66], providing a potential
mechanism for what was observed. Although both GATA1 and GATA2 were identified, GATA1
may be more central in the process, based on gata? gene expression not being upregulated when

erythropoietic output was restored (Figure 5G). Future studies should examine the factors that
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influence the function of GATA1/2 during malaria since it is clear that a variety of intermediate

molecules besides those described here could also affect each protein’s function [12, 67, 68].

Although this study provides the basis for future investigations related to malarial anemia
using NHPs, there are limitations. First, the number of NHPs presented in this study is smaller
than initially designed because one macaque from the cohort developed severe disease during the
acute infection period and required euthanasia [9]. This decrease in the cohort size may limit the
generalizability of the results, but other studies using in vitro systems, rodent malaria models, and
samples from malaria patients have arrived at conclusions similar to those in this study [12, 62].
This suggests that studies with NHPs, which in comparison to studies using patient samples or
rodent models will be restricted to small sample size, have the potential to produce generalizable

results.

A second limitation of this study is that the transcriptomic profiling of the BM by RNA-
Seq was performed on BM MNC:s. This sample type is composed of multiple cellular lineages,
and thus it is difficult to pinpoint the specific cell type in the BM that was responsible for changes
in the transcriptome. The changes that we have identified are thus necessarily correlative rather
than describing definitive and direct mechanisms in specific cell types. Although such uncertainty
is in some ways a weakness, this approach also has its advantages. Most importantly, it enabled
an unbiased survey of the major changes in the BM during acute malaria and relapse infections in
macaques. In contrast, an initial focus on a singular cell type would likely have missed some
critical transcriptional changes in the BM, and thus the insights derived from those changes.
Future studies can target specific cellular lineages to better understand the role of each individual

cell type in the BM during infection.
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Conclusion

This NHP cohort study has direct implications for understanding P. vivax malaria and possibly
other Plasmodium species. Insights have been gained into BM dysfunction and inflammatory
processes during the acute stage of the disease caused by P. cynomolgi in rhesus macaques.
Specifically, monocytes were implicated as a critical cell type involved in inflammation in the
BM during acute malaria in macaques. Furthermore, monocytes were associated with a decrease
in erythroid progenitors in the BM, suggesting monocyte-driven inflammation could suppress
erythropoiesis in vivo. While erythroid progenitors were decreasing, GATA1 and GATA?2
transcriptional networks, which are critical for terminal erythroid differentiation, were disrupted.
This study provides an explanation for inefficient erythropoiesis during acute malaria in primates
and paves the way for future investigations that can assess the role of specific cell types and
pathways in this context. Such studies will be critical for new experimental directions aimed at
identifying targets of possible interventions for malaria anemia. This study also shows for the first
time that malaria relapses, shown earlier not to be associated with clinical illness in this model, do

not cause similar perturbations of the BM as observed during primary acute infections.
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Figure 1. The bone marrow does not compensate for anemia during acute cynomolgi malaria
despite increased EPO levels. (A) Parasitemia kinetics for the four animals are shown. Bone
marrow sample collection times in relation to parasite kinetics are indicated by a vertical bar; the
color of the bar indicates the infection point classification of the sample. (B) Hemoglobin levels,
peripheral reticulocyte numbers, and the reticulocyte production index for each infection stage are
shown. Statistical significance relative to pre-infection was assessed where relevant using a linear
mixed-model with Tukey-Kramer post-hoc analysis. (C) Mean erythropoietin levels during each
infection stage are indicated. Dashed line indicates the limit of detection of the assay. Statistical
significance was assessed using a paired T-test relative to pre-infection levels. Error bars indicate

standard error for Panels B and C. Asterisk indicates p < 0.05.
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Figure 2. Acute malaria but not malaria relapse causes substantial changes in the bone marrow
transcriptome. (A) Clustered heatmap of the BM transcriptome, with infection points of samples
indicated. Four samples from acute primary infection form a cluster separated from other
infection points. Another cluster captures more mild infection responses, including four out of six
relapse time points. Colors indicate z-score normalized expression values. (B) Volcano plots of
differentially expressed host genes in the BM at acute primary infection, post-peak, and relapse
compared to pre-infection. The y axis is the negative logarithm base 10 of the P-value. The x axis
is the log2 difference in expression values between pre-infection and the infection point of a

given plot. The red dotted horizontal line represents FDR = 0.05. Thus, the right arm of dots
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above the threshold line corresponds to genes significantly upregulated compared to pre-
infection; the left arm of dots above the threshold line corresponds to downregulated genes. Red
and blue dots for all three plots represent genes upregulated or downregulated (respectively) at
acute primary infection, visualizing the fact that few genes differentially expressed at primary
infection are differentially expressed during post-peak and relapse, with many genes not even
trending in the same direction between the two infection points. (C) Venn diagram showing the

overlap of differentially expressed genes at acute primary infection, post-peak and relapses.
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Figure 3. Type I and Type II interferon transcriptional signatures are enriched in the bone
marrow during acute malaria. (A) Pathways enriched with upregulated genes using GSEA.
Pathways associated with interferons are highlighted in red. Bars indicate the negative logarithm
base 10 of the p-value of the enrichment for a given gene set. (B)Pathways enriched with
upregulated genes using MetaCore. Pathways associated with interferons are highlighted in red.
(C)Pathways enriched with downregulated genes using GSEA. (D)Pathways enriched with
downregulated genes using MetaCore. (E)Clustered heatmap of transcriptional profiles of Type I

IFN signature genes. Colors indicate z-score normalized expression values. (F)Clustered heatmap
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of transcriptional profiles of Type II IFN signature genes. (G) ifny BM expression levels. (H)

IFNa serum concentrations. (I) IFNy serum concentrations.
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Figure 4. Intermediate and non-classical monocytes in the bone marrow are correlated with gene

modules that may negatively impact the erythroid lineage. (A) Correlation of gene modules with

cell population measurements and clinical traits based on WGNCA analysis of the BM

transcriptome. Rows contain different transcriptional modules identified by WGCNA, with the
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color in a given column indicating the degree of correlation of that module with cell population or
clinical trait measurements. The top number in each entry is the Spearman correlation coefficient
for any correlation with p < 0.05, and the bottom number is the p-value significance of the
correlation coefficient. The last column indicates the number of genes in each module. (B-E)
Significantly enriched pathways in the turquoise, blue, brown, and yellow modules based on
analysis using MSigDB. Bars indicate the negative logarithm base 10 of the p-value of the

enrichment for a given gene set.
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Figure 5. Systemic cytokines are positively associated with transcriptional modules that are
negatively associated with erythroid progenitors but positively correlated with intermediate and
non-classical monocytes. The correlation of gene modules with cell population measurements and
cytokine concentrations based on WGNCA analysis of the BM transcriptome is shown. Cytokine
measurements were performed using a multiplex assay with plasma collected after isolation of
bone marrow mononuclear cells collected for RNA-Seq analysis. Rows contain different
transcriptional modules identified by WGCNA, with the color in a given column indicating the
degree of correlation of that module with cell population or cytokine measurements. The top
number in each entry is the Spearman correlation coefficient for any correlation with p < 0.05,
and the bottom number is the p-value significance of the correlation coefficient. The last column

indicates the number of genes in each module.
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Figure 6. Disruption of GATA1 and GATA?2 in erythroid progenitor cells may contribute to the
decrease in erythroid progenitors and inefficient erythropoietic output during acute malaria. (A)
Transcription factor analysis identified eight transcription factors (NES>3) associated with the
cluster of genes positively correlated with reticulocyte levels. The line plot indicates the NES
score, while the bar plot indicates the number of genes in the set containing a binding site for
each transcription factor. (B) Frequency of erythroid progenitors in the bone marrow during
different infection periods as determined by flow cytometry. There is a small but statistically
significant decrease at acute primary infection. (C and D) Transcriptional expression levels of
GATAI and GATA2 in BM. Expression of GATA1 was upregulated at post-peak, but not at
acute primary infection, while GATA?2 levels were not significantly changed. (E) Heatmap of
gene expression levels of the GATA1 and GATA2 transcriptional regulatory network; samples
are in chronological order, while genes are hierarchically clustered. Most pathway members were
downregulated at acute primary infection and upregulated at the post-peak infection point. (F)

Gene expression of GATA1/2 targets was downregulated at acute primary and upregulated at
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post-peak compared to pre-infection. Gene measurements were averaged across animals for each
infection point, and paired t-tests were used to assess statistical significance (* significant at p

<0.01).
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Additional File 1. Overview of the BM transcriptome prior to SNM transformation. (A)
Clustered heatmap of the BM transcriptome before animal effects were removed. Four samples of
acute primary infection form a cluster separated from other infection points. Other infection
points do not form unique or separated clusters, with many of the most closely related samples
coming from the same animals, suggesting that individual effects may confound the ability to
identify the effect of infection points on gene expression profiles. Colors indicate z-score
normalized expression values. (B) Variance Component Analysis showing that individual animal
effects originally explain 26.7% of the gene expression variance, while infection points explain
22.4% of the gene expression variance. (C) After removing individual effects by SNM, infection

points explain 42.3% of the gene expression variance.
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Additional File 2. Gene ontology processes that are altered in the bone marrow during
acute P. cynomolgi infections of rhesus macaques.

Genes .
FDR Genes in
ID GO Process pValue B&H Ifr:grth Annotation
1 | GO:0006396 | RNA processing 6.20E-14 | 437E-10 | 119 914
2 | GO:0006397 | mRNA processing 2.16E-10 | 7.60E-07 69 480
3 | GO:0016071 | mRNA metabolic 3.25E-10 | 7.62E-07 86 665
process
4 | GO:0006986 | response to unfolded 1.21E-09 | 2.13E-06 35 174
protein
5 | GO:0035966 | response to 1.56E-09 | 2.19E-06 36 184
topologically incorrect
protein
6 | GO:0034341 | response to interferon- | 3.02E-09 | 3.55E-06 33 163
gamma
GO:0008380 | RNA splicing 5.79E-09 | 5.82E-06 58 403
GO:0070647 | protein modification 3.07E-08 | 2.71E-05 111 1026
by small protein
conjugation or removal
9 | GO:0030968 | endoplasmic reticulum | 4.62E-08 | 2.84E-05 27 130
unfolded protein
response
10 | GO:0044403 | symbiosis, 4.82E-08 | 2.84E-05 92 808
encompassing
mutualism through
parasitism
11 | GO:0044419 | interspecies interaction | 4.82E-08 | 2.84E-05 92 808
between organisms
12 | GO:0034976 | response to 4.84E-08 | 2.84E-05 42 265
endoplasmic reticulum
stress
13 | GO:0071346 | cellular response to 6.15E-08 | 3.15E-05 28 140
interferon-gamma
14 | GO:0060333 | interferon-gamma- 6.26E-08 | 3.15E-05 21 85
mediated signaling
pathway
15 | GO:0035967 | cellular response to 7.21E-08 | 3.35E-05 28 141
topologically incorrect
protein
16 | GO:0034620 | cellular response to 7.62E-08 | 3.35E-05 27 133
unfolded protein
17 | GO:0080134 | regulation of response | 8.25E-08 | 3.42E-05 154 1585
to stress
18 | GO:0032446 | protein modification 3.34E-07 | 1.24E-04 97 903
by small protein
conjugation
19 | GO:0009615 | response to virus 3.34E-07 | 1.24E-04 56 430
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20 | GO:0071345 | cellular response to 1.30E-06 | 4.44E-04 79 713
cytokine stimulus

21 | GO:0044764 | multi-organism 1.32E-06 | 4.44E-04 84 773
cellular process

22 | GO:0034097 | response to cytokine 1.60E-06 | 5.13E-04 88 825

23 | GO:0006952 | defense response 1.85E-06 | 5.66E-04 | 153 1655

24 | GO:0000377 | RNA splicing, via 2.55E-06 | 7.18E-04 42 306
transesterification
reactions with bulged
adenosine as
nucleophile

25 | GO:0000398 | mRNA splicing, via 2.55E-06 | 7.18E-04 42 306
spliceosome

26 | GO:0044248 | cellular catabolic 2.94E-06 | 7.96E-04 | 165 1828
process

27 | GO:0051707 | response to other 3.28E-06 | 8.25E-04 100 988
organism

28 | GO:0043207 | response to external 3.28E-06 | 8.25E-04 100 988
biotic stimulus

29 | GO:0046165 | alcohol biosynthetic 3.49E-06 | 8.36E-04 27 160
process

30 | GO:0000375 | RNA splicing, via 3.56E-06 | 8.36E-04 42 310
transesterification
reactions

31 | GO:0016567 | protein ubiquitination 3.68E-06 | 8.36E-04 83 781

32 | GO:0009607 | response to biotic 3.97E-06 | 8.74E-04 | 103 1030
stimulus

33 | GO:0016032 | viral process 4.12E-06 | 8.79E-04 81 759

34 | GO:1902582 | single-organism 4.40E-06 | 9.12E-04 | 166 1854
intracellular transport

35 | GO:0032606 | type I interferon 6.08E-06 | 1.22E-03 22 119
production

36 | GO:0019221 | cytokine-mediated 6.40E-06 | 1.25E-03 63 553
signaling pathway

37 | GO:0034340 | response to type I 7.01E-06 | 1.33E-03 18 86

interferon
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Additional File 3. Complete list of gene sets that are upregulated in the bone marrow
during acute P. cynomolgi infections of rhesus macaques using the GSEA database.

Gene Set Name Description FDR

g-value

REACTOME IMMUNE SY | Genes involved in Immune 6.99E-38

STEM System '

REACTOME_CYTOKINE_ Genes involved in Cytokine

SIGNALING IN IMMUNE Signaling in Immune system 1.50E-23

SYSTEM

REACTOME_INTERFERO | Genes involved in Interferon 9.29E-19

N_SIGNALING Signaling )

REACTOME ADAPTIVE 1 | Genes involved in Adaptive 1.27E-14

MMUNE SYSTEM Immune System )

REACTOME_METABOLIS | Genes involved in

M_OF LIPIDS AND LIPO | Metabolism of lipids and 3.20E-12

PROTEINS lipoproteins

REACTOME UNFOLDED | Genes involved in Unfolded 1.02E-11

PROTEIN RESPONSE Protein Response '

REACTOME_GENERIC_T Genes involved in Generic

RANSCRIPTION_PATHWA . 1.83E-11

v - Transcription Pathway

REACTOME METABOLIS | Genes involved in 351E-11

M OF PROTEINS Metabolism of proteins '

REACTOME INNATE IM | Genes involved in Innate 6.17E-11

MUNE SYSTEM Immune System '

REACTOME NFKB ACTI | Genes involved in NF-kB

VATION _THROUGH_FAD | activation through

D RIP1 PATHWAY MEDI | FADD/RIP-1 pathway 7.36E-11

ATED BY_ CASPASE 8 A | mediated by caspase-8 and -

ND10 10

REACTOME_CLASS_L MH Genes involved in Class 1

¢_MEDIATED_ANTIGEN_ MHC mediated antigen 9.30E-11

PROCESSING PRESENTA : . '

TION - processing & presentation

REACTOME_INTERFERO Genes involved in Interferon

N _ALPHA BETA SIGNAL . . 2.17E-10

ING - - alpha/beta signaling

REACTOME CHOLESTER | Genes involved in 2.95E-10

OL BIOSYNTHESIS Cholesterol biosynthesis )

REACTOME_ASPARAGIN Genes involved in Asparagine

E_N_LINKED_GLYCOSYL | ‘o oot cosylation 8.05E-10

ATION

REACTOME MRNA PRO | Genes involved in mRNA 8 05E-10

CESSING Processing )

KEGG_NOD_LIKE_RECEP NOD-like receptor signaling

TOR_SIGNALING PATHW 1.34E-09

AY pathway
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REACTOME RIG I MDAS5
MEDIATED INDUCTION

Genes involved in RIG-

"OF IFN_ALPHA BETA P I/%\/IIII?)I?E1 1mlf§1[?t§; 1;131uc;10n 1.35E-09
ATHWAYS ° priarbeta pathiways
REACTOME_INTERFERO | Genes involved in Interferon 1.53E-09
N _GAMMA SIGNALING gamma signaling )
KEGG_CYTOSOLIC DNA | Cytosolic DNA-sensing 3.31E-09
SENSING PATHWAY pathway '
REACTOME DIABETES P | Genes involved in Diabetes 595E-09
ATHWAYS pathways )
KEGG_T_CELL_RECEPTO T cell receptor signaling

R_SIGNALING PATHWA 7.68E-09
v - pathway

KEGG_RIG_I_LIKE_RECE RIG-I-like receptor signaling

PTOR_SIGNALING PATH 7.82E-09
WAY pathway

REACTOME_ACTIVATIO | Genes involved in Activation

N_OF CHAPERONE GEN | of Chaperone Genes by 3.88E-08
ES BY XBPIS XBP1(S)

REACTOME_ANTIVIRAL | Genes involved in Antiviral
MECHANISM BY IFN ST | mechanism by IFN- 3.04E-07
IMULATED GENES stimulated genes

REACTOME SIGNALING | Genes involved in Signaling 3 51E-07
BY ILS by Interleukins )
REACTOME POST TRAN | Genes involved in Post-

SLATIONAL PROTEIN M | translational protein 3.58E-07
ODIFICATION modification

REACTOME_PROCESSIN Genes involved in Processing
G_OF_CAPPED_INTRON_ of Capped Intron-Containing 4.43E-07
CONTAINING_PRE MRN '

A - - Pre-mRNA

REACTOME NUCLEOTID Genes involved in

E_BINDING_DOMAIN._LE Nucleotide-binding domain
UCINE_RICH_REPEAT_C leucine rich repeat containil’lg 4.50E-07
ONTAINING RECEPTOR . . )
NLR_SIGNALING PATHW | 'eccptor (NLR) signaling

AYS - pathways

KEGG SPLICEOSOME Spliceosome 6.47E-07
REACTOME TRAF6 MED . .

IATED NFKB ACTIVATI | Senes involved in TRAF6 7.65E-07
ON - mediated NF-kB activation

BIOCARTA _MAPK PATH | MAPKinase Signaling 9 45E-07
WAY Pathway )
REACTOME NODI1 2 SIG | Genes involved in NOD1/2 9.91E-07
NALING PATHWAY Signaling Pathway )
KEGG_TOLL_LIKE _RECE Toll-like receptor signaling

PTOR_SIGNALING PATH 9.91E-07

WAY

pathway
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KEGG_PHOSPHATIDYLIN

Phosphatidylinositol

OSITOL SIGNALING _SYS | . . 1.28E-06
- - signaling system
TEM
REACTOME NEGATIVE | Genes involved in Negative
REGULATORS _OF RIG I | regulators of RIG-I/MDAS5 1.28E-06
MDAS5 SIGNALING signaling
KEGG_INOSITOL PHOSP | Inositol phosphate 2 08E-06
HATE METABOLISM metabolism )
REACTOME_ANTIGEN_P Genes involved in Antigen
ROCESSING_UBIQUITINA rocessing: Ubiquitination & 2.08E-06
TION_PROTEASOME DE f, g Lbiquitin '
GRADATION roteasome degradation
%gg@STEROID—BIOSYN Steroid biosynthesis 2.57E-06
PID_FAS PATHWAY FAS (CD953) signaling 7.96E-06
- = pathway

REACTOME RNA POL II | Genes involved in RNA 8 32E-06

TRANSCRIPTION Polymerase II Transcription '
REACTOME BIOSYNTHE Genes involved in
SIS_OF_THE_N_GLYCAN_ Biosynthesis of the N-glycan
PRECURSOR_DOLICHOL._ precursor (dolichol lipid-
LIPID LINKED OLIGOSA linked oli haride, LLO) 9.94E-06
CCHARIDE_LLO_AND_TR | [T1¢¢ 0 1805acChatice,
ANSFER TO A NASCENT and tr.ansfer to a nascent

PROTEIN protein
REACTOME PHOSPHOLIP | Genes involved in 1.27E-05
ID METABOLISM Phospholipid metabolism '

TCR signaling in na&#xef;ve
PID TCR PATHWAY CD4+ T cells 1.52E-05
PID IL2 IPATHWAY IL2-mediated signaling 2.12E-05
- - events

REACTOME_FATTY_ACI Genes involved in Fatty acid
D_TRIACYLGLYCEROL triacylglycerol, and ketone ’ 2.27E-05
AND KETONE BODY ME body me taboli;m '
TABOLISM
REACTOME_CLEAVAGE_ Genes involved in Cleavage
OF_GROWING_TRANSCRI of Growing Transcript in the 2.58E-05
PT_IN THE TERMINATIO Termination Region '
N_REGION g
KEGG_CHEMOKINE SIG | Chemokine signaling 2 73E-05
NALING PATHWAY pathway '
REACTOME_TRANSCRIP | Genes involved in 2 73E-05
TION Transcription )
PID EPO PATHWAY EPO signaling pathway 3.16E-05
I}?fgj(“}l%_l\? EISHMANIA_INF Leishmania infection 3.22E-05
If&%%?fﬁsv?g _SIGNA Jak-STAT signaling pathway 3.22E-05
REACTOME MRNA 3 EN | Genes involved in mRNA 3'- 3 78E-05

D PROCESSING

end processing
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REACTOME SIGNALLING

Genes involved in Signalling

TO_ERKS to ERKs 4.67E-05

PID IL23 PATHWAY IL23-mediated signaling 5.59E-05
- - events
§T—P3 8_MAPK_PATHWA p38 MAPK Pathway 5.59E-05
KEGG_NEUROTROPHIN | Neurotrophin signaling 5 59F-05
SIGNALING PATHWAY pathway '
REACTOME MRNA SPLI | Genes involved in mRNA
- - . 6.93E-05
CING Splicing
REACTOME MEMBRANE | Genes involved in Membrane 7 15E-05
~ TRAFFICKING Trafficking )
PID IFNG PATHWAY IFN-gamma pathway 9.68E-05
BIOCARTA VEGF PATH | VEGF, Hypoxia, and 9 68E-05
WAY Angiogenesis )
ST TUMOR NECROSIS F | Tumor Necrosis Factor 9.68E-05
ACTOR PATHWAY Pathway. )
KEGG_AMYOTROPHIC L Amvotrophic lateral scl .
ATERAL SCLEROSIS AL yotrophic fateral scierosis 9.68E-05
3 - - (ALS)
TCR signaling in na&#xef;ve

PID _CD8 TCR_PATHWAY CDS8+ T cells 9.68E-05
KEGG_EPITHELIAL CELL
_SIGNALING _IN _HELICO | Epithelial cell signaling in 1.09E-04
BACTER _PYLORI INFECT | Helicobacter pylori infection '
ION
REACTOME TRANSPORT | Genes involved in Transport
_OF MATURE TRANSCRI | of Mature Transcript to 1.10E-04
PT TO CYTOPLASM Cytoplasm
REACTOME_TRAF6_MED . .
IATED IRF7 ACTIVATIO | Senes involved in TRAFG 1.18E-04
N - - mediated IRF7 activation
REACTOME _TRNA AMIN | Genes involved in tRNA 1. 27E-04
OACYLATION Aminoacylation '
KEGG UBIQUITIN MEDI | Ubiquitin mediated 1.35E-04
ATED PROTEOLYSIS proteolysis '
REACTOME_ANTIGEN_P Genes involved in Antigen
RESENTATION_FOLDING Presentation: Folding
_ASSEMBLY_AND_PEPTI ‘ L 1.49E-04
DE LOADING OF CLASS assembly and peptide loading

I MHC - = of class | MHC
KEGG APOPTOSIS Apoptosis 1.72E-04
KEGG_CYTOKINE CYTO Cvtokine-cvioki ¢
KINE RECEPTOR INTER | ~Y'OXINE-CyIORIne receptot 1.74E-04
ACTION - Interaction
REACTOME MITOCHON | Genes involved in 1 83E-04
DRIAL PROTEIN IMPORT | Mitochondrial Protein Import )
KEGG_RNA_DEGRADATI RNA degradation 2.07E-04

ON
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BIOCARTA DEATH PAT

Induction of apoptosis

through DR3 and DR4/5 2.07E-04
HWAY Death Receptors
BIOCARTA_KERATINOC . . L
YTE PATHWAY Keratinocyte Differentiation 2.27E-04
PID TNF PATHWAY TNF receptor signaling 2.27E-04
- - pathway
BIOCARTA RANKL PAT .
HWAY Bone Remodelling 2.30E-04
REACTOME TRAF3 DEPE | Genes involved in TRAF3-
NDENT IRF_ACTIVATIO | dependent IRF activation 2.30E-04
N PATHWAY pathway
]\3VIS$ARTA_NFKB_PATH NF-kB Signaling Pathway 2.30E-04
PID NFKAPPAB CANONI | Canonical NF-kappaB 2 30E-04
CAL PATHWAY pathway '
SIG_CD40PATHWAYMAP | Genes related to CD40 2.33E-04
- signaling
REACTOME ANTIGEN P Genes involved in Anfigen
ROCESSING CROSS PRE | Ches IMVOWe e 2.35E-04
SENTATION processing-Cross presentation
REACTOME ER PHAGOS | Genes involved in ER- 2 49F-04
OME PATHWAY Phagosome pathway )
PID IL6 7 PATHWAY IL6-mediated signaling 2.42E-04
- == events
HIV-1 Nef: Negative effector
PID HIV_NEF PATHWAY of Fas and TNF-alpha 2.72E-04
NFkB activation by
iI;)CARTA—NTHI—PATHW Nontypeable Hemophilus 2.79E-04
influenzae
KEGG TERPENOID BAC | Terpenoid backbone 3.04E-04
KBONE BIOSYNTHESIS biosynthesis )
BIOCARTA_STRESS PAT .
HWAY TNF/Stress Related Signaling 3.52E-04
PID BCR 5PATHWAY BCR signaling pathway 3.82E-04
Acetylation and
BIOCARTA_RELA_PATH Deacetylation of RelA in The 4.19E-04
WAY
Nucleus
PID_IL27_PATHWAY gizt'smed‘ated signaling 4.30E-04
REACTOME_NGF_SIGNA . .
LLNG VIA TRRA Fron | Somsimabed il
THE_PLASMA_MEMBRA | S€M "8V om e '
NE - plasma membrane
BIOCARTA IL2RB PATH | IL-2 Receptor Beta Chain in 4 39F-04
WAY T cell Activation '
KEGG ADIPOCYTOKINE | Adipocytokine signaling 4.61E-04

SIGNALING PATHWAY

pathway
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Signaling events mediated by

PID KIT PATHWAY Stem cell factor receptor (c- 4.61E-04
Kit)
REACTOME SIGNALLING | Genes involved in Signalling 5 17E-04
_TO _RAS to RAS )
BIOCARTA 41BB PATHW | The 4-1BB-dependent
. 5.34E-04
AY 1mmune response
BIOCARTA IL10 PATHW | IL-10 Anti-inflammatory 5 34F-04
AY Signaling Pathway '
REACTOME RIP_MEDIAT | Genes involved in RIP-
ED NFKB ACTIVATION | mediated NFkB activation via 7.18E-04
VIA DAI DAI
REACTOME_GLYCOLYSI Genes involved in Glycolysis 7.57E-04

S
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Additional File 4. Complete list of pathways that are upregulated in the bone marrow
during acute P. cynomolgi infections of rhesus macaques using the Metacore database.

" Maps Genesin | Genes In FDR
Pathway Data p-value
1 Immune response HSP60 and HSP70/ TLR 54 13 6.81E-05
signaling pathway
2 Immune response_IFN alpha/beta signaling 24 9 6.81E-05
pathway
3 Development PEDF signaling 49 12 7.99E-05
4 | PDE4 regulation of cyto/chemokine expression 50 12 7.99E-05
in inflammatory skin diseases
5 Immune response Antiviral actions of 52 12 1.01E-04
Interferons
6 SLE genetic marker-specific pathways in 84 15 1.19E-04
antigen-presenting cells (APC)
7 Signal transduction PTMs (ubiquitination and 39 10 2.22E-04
phosphorylation) in TNF-alpha-induced NF-kB
signaling
8 Signal transduction NF-kB activation 51 11 3.79E-04
pathways
9 Apoptosis and survival Anti-apoptotic 27 8 5.75E-04
TNFs/NF-kB/IAP pathway
10 Immune response Platelet activating factor/ 55 11 6.09E-04
PTAFR pathway signaling
11 Immune response Innate immune response to 28 8 6.09E-04
RNA viral infection
12 Signal transduction PTMs in IL-17-induced 46 10 6.09E-04
CIKS-independent signaling pathways
13 Immune response IFN gamma signaling 56 11 6.09E-04
pathway
14 Immune response Role of PKR in stress- 57 11 6.77E-04
induced antiviral cell response
15 Chemotaxis_CCRI1 signaling 48 10 7.75E-04
16 Immune response_IL-3 signaling via 93 14 8.12E-04
JAK/STAT, p38, INK and NF-kB
17 Signal transduction _Soluble CXCL16 49 10 8.29E-04
signaling
18 Immune response IL-10 signaling pathway 62 11 1.17E-03
19 Immune response IL-27 signaling pathway 24 7 1.17E-03
20 TLRs-mediated IFN-alpha production by 53 10 1.45E-03
plasmacytoid dendritic cells in SLE
21 Development_Cross-talk between VEGF and 26 7 1.88E-03
Angiopoietin 1 signaling pathways
22 Immune response IL-9 signaling pathway 36 8 2.24E-03
23 Immune response Role of HMGBI in 27 7 2.24E-03

dendritic cell maturation and migration
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24 Immune response_IL-5 signaling via 57 10 2.32E-03
JAK/STAT
25 Immune response Antigen presentation by 28 7 2.65E-03
MHC class I
26 Immune response_ TLRS, TLR7, TLR8 and 48 9 2.87E-03
TLR9 signaling pathways
27 Development EGFR signaling pathway 71 11 2.95E-03
28 Development G-CSF signaling 49 9 3.15E-03
29 Development c-Kit ligand signaling pathway 61 10 3.48E-03
during hemopoiesis
30 Development IGF-1 receptor signaling 52 9 4.74E-03
31 Immune response IL-12 signaling pathway 23 6 5.40E-03
32 Immune response CD40 signaling 65 10 5.43E-03
33 Apoptosis and survival TNFR1 signaling 43 8 5.85E-03
pathway
34 | Apoptosis and survival Endoplasmic reticulum 55 9 6.32E-03
stress response pathway
35 Immune response_Fc epsilon RI pathway 55 9 6.32E-03
36 Immune response IL-1 signaling pathway 44 8 6.33E-03
37 Immune response Inflammasome in 34 7 6.62E-03
inflammatory response
38 Immune response_CD28 signaling 56 9 6.62E-03
39 Immune response IL-4 signaling pathway 94 12 6.62E-03
40 Immune response TLR2 and TLR4 signaling 57 9 6.96E-03
pathways
41 Development_Growth hormone signaling via 35 7 6.96E-03
STATs and PLC/IP3
42 DeltaF508-CFTR traffic / ER-to-Golgi in CF 17 5 6.96E-03
43 wtCFTR traffic / ER-to-Golgi (normal) 17 5 6.96E-03
44 Immune response Naive CD4+ T cell 46 8 6.96E-03
differentiation
45 Immune response_Inhibitory action of 46 8 6.96E-03
Lipoxins on pro-inflammatory TNF-alpha
signaling
46 Development_Prolactin receptor signaling 58 9 7.25E-03
47 | Immune response Oncostatin M signaling via 18 5 8.81E-03
JAK-Stat in mouse cells
48 | Transcription Role of Akt in hypoxia induced 27 6 8.81E-03
HIF1 activation
49 Immune response IL-18 signaling 60 9 8.81E-03
50 Immune response Bacterial infections in 49 8 9.46E-03
normal airways
51 Signal transduction mTORC1 downstream 61 9 9.46E-03
signaling
52 Substance P-mediated inflammation and pain 38 7 9.46E-03
in Sickle cell disease
53 SLE genetic marker-specific pathways in T 101 12 9.46E-03

cells
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54 Development Role of CNTF and LIF in 28 6 9.77E-03
regulation of oligodendrocyte development
55 Signal transduction mTORCI1 upstream 62 9 1.00E-02
signaling
56 | Immune response Lectin induced complement 50 8 1.00E-02
pathway
57 Development ERBB-family signaling 39 7 1.02E-02
58 Translation Regulation of EIF2 activity 39 7 1.02E-02
59 Cholesterol Biosynthesis 103 12 1.02E-02
60 1L-6 signaling in multiple myeloma 51 8 1.07E-02
61 | Apoptosis and survival NGF activation of NF- 40 7 1.12E-02
kB
62 Transcription_Sirtuin6 regulation and 64 9 1.12E-02
functions
63 | Immune response_Oncostatin M signaling via 20 5 1.12E-02
JAK-Stat in human cells
64 Main growth factor signaling cascades in 41 7 1.26E-02
multiple myeloma cells
65 Immune response Classical complement 53 8 1.26E-02
pathway
66 Immune response T cell receptor signaling 53 8 1.26E-02
pathway
67 Translation Insulin regulation of translation 42 7 1.37E-02
68 | B cell signaling in hematological malignancies 80 10 1.37E-02
69 Development FGFR signaling pathway 54 8 1.37E-02
70 Development VEGF signaling and activation 43 7 1.54E-02
71 Development Angiotensin signaling via 32 6 1.54E-02
STATSs
72 Development Thrombopoetin signaling via 22 5 1.54E-02
JAK-STAT pathway
73 | Cell cycle Role of 14-3-3 proteins in cell cycle 22 5 1.54E-02
regulation
74 Apoptosis and survival FAS signaling 44 7 1.68E-02
cascades
75 | Development Cytokine-mediated regulation of 57 8 1.78E-02
megakaryopoiesis
76 Cytoskeleton remodeling FAK signaling 57 8 1.78E-02
77 | Development VEGEF signaling via VEGFR2 - 84 10 1.78E-02
generic cascades
78 | Immune response TNF-R2 signaling pathways 45 7 1.82E-02
79 Apoptosis and survival Caspase cascade 34 6 1.88E-02
80 Chemotaxis CXCR4 signaling pathway 34 6 1.88E-02
81 Immune response IL-22 signaling pathway 34 6 1.88E-02
82 Immune response_ CXCR4 signaling via 34 6 1.88E-02
second messenger
83 | Immune response MIF-induced cell adhesion, 46 7 1.94E-02
migration and angiogenesis
84 Immune response T regulatory cell-mediated 72 9 1.94E-02

modulation of antigen-presenting cell functions
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85 SLE genetic marker-specific pathways in B 101 11 1.98E-02
cells

86 | CFTR folding and maturation (normal and CF) 24 5 1.98E-02

87 Development EPO-induced Jak-STAT 35 6 2.02E-02
pathway

88 NALP3 inflammasome activation in age- 35 6 2.02E-02

related macular degeneration (AMD)
89 Development Angiopoietin - Tie2 signaling 35 6 2.02E-02
90 Apoptosis and survival Role of nuclear PI3K 25 5 2.24E-02
in NGF/ TrkA signaling
91 | Development Leptin signaling via JAK/STAT 25 5 2.24E-02
and MAPK cascades
92 Immune response Histamine H1 receptor 48 7 2.24E-02
signaling in immune response

93 Immune response HMGB1/TLR signaling 36 6 2.24E-02
pathway

94 Chemotaxis Leukocyte chemotaxis 75 9 2.31E-02

95 Immune response BCR pathway 62 8 2.44E-02

96 | PDEA4 regulation of cyto/chemokine expression 49 7 2.44E-02

in arthritis
97 HCV-dependent regulation of membrane 27 5 3.01E-02
receptors signaling in HCC
98 Inflammatory factors-induced expression of 51 7 3.01E-02
mucins in normal and asthmatic epithelium
99 Development Role of IL-8 in angiogenesis 65 8 3.04E-02
100 Immune response_Th17, Th22 and Th9 cell 39 6 3.04E-02
differentiation
101 Immune response TSLP signalling 39 6 3.04E-02
102 | Role of tumor microenvironment in plexiform 39 6 3.04E-02
neurofibroma formation in neurofibromatosis
type 1

103 Apoptosis and survival APRIL and BAFF 39 6 3.04E-02
signaling

104 | Immune response HMGBI release from the 39 6 3.04E-02

cell
105 Immune response TCR and CD28 co- 40 6 3.34E-02
stimulation in activation of NF-kB
106 | Apoptosis and survival Role of PKR in stress- 53 7 3.34E-02
induced apoptosis
107 Translation Regulation of EIF4F activity 53 7 3.34E-02
108 | Immune response Inhibitory PD-1 signaling in 53 7 3.34E-02
T cells

109 | Immune response HMGB1/RAGE signaling 53 7 3.34E-02
pathway

110 Signal transduction Additional pathways of 53 7 3.34E-02

NF-kB activation (in the cytoplasm)
111 Schema: Initiation of T cell recruitment in 18 4 3.36E-02
allergic contact dermatitis
112 | Immune response_CD137 signaling in immune 29 5 3.54E-02

cell
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113 TLR2-induced platelet activation 41 6 3.54E-02
114 | Signal transduction PTMs (phosphorylation) 41 6 3.54E-02
in TNF-alpha-induced NF-kB signaling
115 Th17 cells in CF 54 7 3.54E-02
116 Translation Non-genomic (rapid) action of 42 6 3.88E-02
Androgen Receptor
117 Apoptosis and survival Anti-apoptotic 42 6 3.88E-02
TNFs/NF-kB/Bcl-2 pathway
118 Signal transduction JNK pathway 42 6 3.88E-02
119 DNA damage Brcal as a transcription 30 5 3.88E-02
regulator
120 Signal transduction_Additional pathways of 30 5 3.88E-02
NF-kB activation (in the nucleus)
121 Inter-cellular relations in COPD (general 30 5 3.88E-02
schema)
122 Chemotaxis CCL2-induced chemotaxis 56 7 4.09E-02
123 Immune response IL-7 signaling in B 43 6 4.10E-02
lymphocytes
124 | Signal transduction PTMs in BAFF-induced 43 6 4.10E-02
canonical NF-kB signaling
125 Signal transduction AKT signaling 43 6 4.10E-02
126 | Regulation of Tissue factor signaling in cancer 43 6 4.10E-02
127 | Apoptosis and survival Role of IAP-proteins 31 5 4.20E-02
in apoptosis
128 | Signal transduction PTMs in IL-23 signaling 31 5 4.20E-02
pathway
129 | Alternative complement cascade disruption in 31 5 4.20E-02
age-related macular degeneration
130 Immune response TLR3 and TLR4 induced 20 4 4.27E-02
TICAM 1-specific signaling pathway
131 Immune response_ PGE2 in immune and 44 6 4.35E-02
neuroendocrine system interactions
132 Development FIt3 signaling 44 6 4.35E-02
133 | Nociception Expression and role of Nociceptin 44 6 4.35E-02
in immune system
134 | Immune response IL-6 signaling pathway via 72 8 4.36E-02
JAK/STAT
135 | DNA damage ATM/ATR regulation of G1/S 32 5 4.54E-02
checkpoint
136 | Development PDGF signaling via STATs and 32 5 4.54E-02
NF-kB
137 Signal transduction_ PTMs in IL-17-induced 32 5 4.54E-02
CIKS-dependent MAPK signaling pathways
138 | Immune response TREMI signaling pathway 59 7 4.77E-02
139 Immune response Immunological synapse 59 7 4.77E-02
formation
140 | Cell adhesion_Integrin inside-out signaling in 74 8 4.91E-02

T cells
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Additional File 5. Complete list of gene sets that are downregulated in the bone
marrow during acute P. cynomolgi infections of rhesus macaques using the GSEA

database.
Gene Set Name Description FDR
g-value
REACTOME_METABOLISM_OF LIPIDS AND ﬁi‘:jﬁ;ﬁgv()efdlim. < and 4.03E-03
LIPOPROTEINS . . pias an
- lipoproteins
KEGG_ASTHMA Asthma 2.85E-02
Ensemble of genes 2.85E-02

NABA CORE _MATRISOME

encoding core
extracellular matrix
including ECM
glycoproteins, collagens
and proteoglycans




140

Additional File 6. Complete list of pathways that are downregulated in the bone
marrow during acute P. cynomolgi infections of rhesus macaques using

the Metacore database.

4 Maps Genes in Genes FDR

Pathway | in Data | p-value

Role of ZNF202 in regulation of expression of 21 3 1.81E-02

genes involved in atherosclerosis

Blood coagulation Blood coagulation 39 3 5.87E-02

Development_Oligodendrocyte differentiation 51 3 6.80E-02

from adult stem cells

Cell adhesion ECM remodeling 52 3 6.80E-02

Immune response IL-5 signaling via JAK/STAT | 57 3 7.09E-02
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Additional File 7. Flow cytometry gating strategy to monitor cellular subset in the bone marrow

of rhesus macaques with malaria. A representative gating strategy for determining the frequency

of various immune cell subsets in bone marrow aspirate collected from rhesus macaques during

P. cynomolgi infection. This representative plot is from a pre-infection time-point.
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Additional File 8. Characterization of the cellular subsets constituting the erythroid progenitor

cell population. (A) FACS profiles corresponding to (B). (B) Cells consistent with the cell surface

phenotype of erythroid progenitors were identified based on CD34 and CD71a surface staining.
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Additional File 9. Changes in monocyte subsets in the bone marrow during an initial blood-stage
P. cynomolgi infection. The percentage of classical (CD14+CD16-), intermediate
(CD14+CD16+%), and non-classical (CD14-CD16+) monocytes out of the monocyte compartment

are shown before infection, during the acute primary infection, and after the peak of infection.



Differentially Expressed Genes in
EPO Pathway

SH2B3

NFKB1

MAPK14

CBL

SHC1

STAT1

PLCG1

SOCS3

Pre-Infection
Pre-Infection
Pre-Infection
Pre-Infection
Post-Peak
Post-Peak
Post-Peak
Post-Peak

Primary Infection
Primary Infection
Primary Infection
Primary Infection

Additional File 10. Transcriptional profiles of genes in the EPO pathway before, during, and
immediately after acute malaria. The genes in the erythropoietin pathway identified as
differentially expressed in the bone marrow RNA-Seq data set are shown. Samples are

hierarchically clustered. Colors indicate z-score normalized expression values.
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Additional File 11. List of genes identified as significantly positively correlated with the

frequency of the erythroid progenitor population in the BM.

HostGene Correlation Coefficient
EPN2 9.44E-01
TOX2 9.37E-01
CEP63 9.23E-01

FAHD1 9.23E-01

FAM210B 9.16E-01
AP5S1 9.02E-01

ARL2BP 8.95E-01
CRI1L 8.95E-01

RNF152 8.95E-01
GCLC 8.88E-01
TMCC2 8.88E-01
FBXO7 8.81E-01
FECH 8.81E-01
GPSM2 8.81E-01
MPST 8.81E-01
RBBP8 8.81E-01
RBM38 8.81E-01
SLC4Al 8.81E-01
ZER1 8.81E-01
ITSN1 8.74E-01
NET1 8.74E-01
PRR5S 8.74E-01
ADDI1 8.67E-01
C5orf4 8.67E-01
CENPB 8.67E-01
FN3K 8.67E-01
RASGRP3 8.67E-01
SLFN14 8.67E-01
NDC80 8.60E-01
BSG 8.53E-01
GDEIl 8.53E-01

LDOCIL 8.53E-01

MXI1 8.53E-01

PSMD9 8.53E-01
TSKU 8.53E-01
TUBB2B 8.53E-01
WDTCI1 8.53E-01
FOXO03 8.46E-01
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MAPILC3B2 8.46E-01
MFSDI12 8.46E-01
SSBP3 8.46E-01
STK24 8.46E-01
TMODI 8.46E-01
ZNF324 8.46E-01
CDKN2C 8.39E-01
DCK 8.39E-01
FOXO04 8.39E-01
FZDI1 8.39E-01
LAMA3 8.39E-01
RFC3 8.39E-01
SPECCI 8.39E-01
TRAK2 8.39E-01
ACSL6 8.32E-01
ARRDC2 8.32E-01
FKBPS 8.32E-01
ISCAI 8.32E-01
LY6G6D 8.32E-01
PIPSK 1B 8.32E-01
SLC25A39 8.32E-01
AGFG2 8.25E-01
BCL2LI1 8.25E-01
GTPBPI 8.25E-01
NEDDA4L 8.25E-01
NEK2 8.25E-01
NUDT4 8.25E-01
RUNXITI 8.25E-01
SLC2A1 8.25E-01
SLC45A3 8.25E-01
TFDP2 8.25E-01
WIF1 8.25E-01
ABLI 8.18E-01
ARHGAP23 8.18E-01
CAl 8.18E-01
CCDC167 8.18E-01
DARC 8.18E-01
GUCDI 8.18E-01
HEMGN 8.18E-01
PIGQ 8.18E-01
BPGM 8.11E-01
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Cl170rf58 8.11E-01
EIF2AK1 8.11E-01
HDHD3 8.11E-01
HNRNPUL1 8.11E-01
PARP16 8.11E-01
PGA4 8.11E-01
RHBDDI1 8.11E-01
SIRT2 8.11E-01
TMEM129 8.11E-01
ACPI 8.04E-01
ACSM3 8.04E-01
BEND7 8.04E-01
E2F2 8.04E-01
EPOR 8.04E-01
GFOD2 8.04E-01
ICAMA4 8.04E-01
KIAA0101 8.04E-01
PHOSPHO1 8.04E-01
SLC22A16 8.04E-01
SNCA 8.04E-01
SNX15 8.04E-01
SOX6 8.04E-01
TST 8.04E-01
WIPI1 8.04E-01
ZNF526 8.04E-01
APIM1 7.97E-01
ARL4A 7.97E-01
ASH2L 7.97E-01
DNAI2 7.97E-01
EPHB4 7.97E-01
FAM214B 7.97E-01
FSCNI1 7.97E-01
HEY1 7.97E-01
NOSIP 7.97E-01
RNF182 7.97E-01
TMPRSS9 7.97E-01
TSPO2 7.97E-01
ZNF212 7.97E-01
C170rf99 7.90E-01
C7orf50 7.90E-01
CRAT 7.90E-01
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DENND2A 7.90E-01
8-Mar 7.90E-01
MOSPD1 7.90E-01
PINK1 7.90E-01
SELENBP1 7.90E-01
STRADB 7.90E-01
UBXNI11 7.90E-01
UROS 7.90E-01
BRPF3 7.83E-01
CLEC16A 7.83E-01
F8A1l 7.83E-01
FGB 7.83E-01
GPKOW 7.83E-01
JOSD2 7.83E-01
NAT6 7.83E-01
NMNATS3 7.83E-01
SLC16A1 7.83E-01
SLC44A2 7.83E-01
BNIP3L 7.76E-01
GIDS 7.76E-01
HEY2 7.76E-01
IGFBP4 7.76E-01
KANK2 7.76E-01
NT5M 7.76E-01
NUPL2 7.76E-01
REPS2 7.76E-01
SMOX 7.76E-01
SORBS2 7.76E-01
ASF1B 7.69E-01
COL4A6 7.69E-01
FAMS7A 7.69E-01
FIS1 7.69E-01
IBAS7 7.69E-01
KEAPI 7.69E-01
MAEA 7.69E-01
PLCD3 7.69E-01
PMVK 7.69E-01
RPS6KALI 7.69E-01
SKA3 7.69E-01
STESIA2 7.69E-01
UBALDI 7.69E-01
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DSP 7.62E-01
FZR1 7.62E-01
GMPR 7.62E-01
MRP63 7.62E-01
NBLI 7.62E-01
PLXNAI1 7.62E-01
RMNDS5B 7.62E-01
SLC25A11 7.62E-01
SPTA1 7.62E-01
TAB3 7.62E-01
TTC23L 7.62E-01
ZSCAN16 7.62E-01
C5o0rf30 7.55E-01
CDKN3 7.55E-01
CTSD 7.55E-01
DET1 7.55E-01
FAMI117A 7.55E-01
GPC4 7.55E-01
GPX1 7.55E-01
ISCA2 7.55E-01
LRRC20 7.55E-01
NDEI1 7.55E-01
PLEK2 7.55E-01
RFESD 7.55E-01
SLCI14A1 7.55E-01
XYLT2 7.55E-01
AQP1 7.48E-01
C170rf103 7.48E-01
GLTPDI1 7.48E-01
HBQI1 7.48E-01
HIPK1 7.48E-01
HMGB3 7.48E-01
NFIX 7.48E-01
PC 7.48E-01
SLC25A38 7.48E-01
SRI 7.48E-01
CLPX 7.41E-01
CTSE 7.41E-01
HBM 7.41E-01
NOSTRIN 7.41E-01
NOTCH3 7.41E-01
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PCMTI 7.41E-01
PPAPDC3 7.41E-01
PVRLI 7.41E-01
SFXN5 7.41E-01
UBXN6 7.41E-01
VEZT 7.41E-01
ZFPMI1 7.41E-01
ACTN4 7.34E-01
AGTPBPI 7.34E-01
ARHGEF12 7.34E-01
BACE2 7.34E-01
C70rf73 7.34E-01
CDCA4 7.34E-01
MOB2 7.34E-01
MPC1 7.34E-01
NARF 7.34E-01
NASP 7.34E-01
PAQRY 7.34E-01
PIK3R2 7.34E-01
PRKABI 7.34E-01
TRIM59 7.34E-01
TTLLI1 7.34E-01
CCDC135 7.27E-01
CDC34 7.27E-01
FLT4 7.27E-01
HYAL3 7.27E-01
MAP2K3 7.27E-01
MFHASI 7.27E-01
MRPLS55 7.27E-01
PUF60 7.27E-01
RTF1 7.27E-01
SLC22A4 7.27E-01
TCNI1 7.27E-01
ZFAND3 7.27E-01
ABCB10 7.20E-01
ABCB6 7.20E-01
ALOX15 7.20E-01
ANAPCI11 7.20E-01
CYB5R3 7.20E-01
DCAF6 7.20E-01
FAR2 7.20E-01
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GSK3A 7.20E-01
IFIT1B 7.20E-01
KLHL21 7.20E-01
MGATS 7.20E-01
MXRAS 7.20E-01
NCEH1 7.20E-01
PRDX2 7.20E-01
RGCC 7.20E-01
RMDN2 7.20E-01
STRA13 7.20E-01
ZCCHC24 7.20E-01
ZNF165 7.20E-01
ANKRD6 7.13E-01
ATG2A 7.13E-01
CAT 7.13E-01
DHRS3 7.13E-01
HDGFRP3 7.13E-01
HSPG2 7.13E-01
KATS 7.13E-01
LGR4 7.13E-01
PLVAP 7.13E-01
RNF123 7.13E-01
TALDO1 7.13E-01
TIGDS 7.13E-01
TSC22D4 7.13E-01
TSN 7.13E-01
CCDC124 7.06E-01
CCDC71 7.06E-01
CDC42EP4 7.06E-01
ELACI1 7.06E-01
FEMI1A 7.06E-01
FRMDA4A 7.06E-01
GLRXS 7.06E-01
LIGI 7.06E-01
MEST 7.06E-01
NUP54 7.06E-01
PLSI 7.06E-01
PYGB 7.06E-01
REEP4 7.06E-01
SEMA3F 7.06E-01
SLC25A10 7.06E-01
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TUBB4B 7.06E-01
AK9 6.99E-01
ALAD 6.99E-01
ANKH 6.99E-01
BTBDS8 6.99E-01
CHMP4B 6.99E-01
CXXC5 6.99E-01
GSTCD 6.99E-01
MPP2 6.99E-01
NIDI 6.99E-01
NUF2 6.99E-01
RABL6 6.99E-01
RANBPI10 6.99E-01
RBX1 6.99E-01
RSC1A1 6.99E-01
ALAS2 6.92E-01
CDHS5 6.92E-01
EPB42 6.92E-01
FZD5 6.92E-01
GLIPR2 6.92E-01
LCMTI1 6.92E-01
MAP2K7 6.92E-01
MFSD2B 6.92E-01
PRELID2 6.92E-01
RAB40B 6.92E-01
WBP2 6.92E-01
ARF5 6.85E-01
ARHGAPA42 6.85E-01
ASCC2 6.85E-01
BLVRB 6.85E-01
CARHSP1 6.85E-01
CDKN2D 6.85E-01
DAAMI1 6.85E-01
DEPDC1B 6.85E-01
FAM127C 6.85E-01
FAMO98C 6.85E-01
FDXR 6.85E-01
MAMLDI1 6.85E-01
MED?22 6.85E-01
MZT1 6.85E-01
NPRI1 6.85E-01
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RNF103-CHMP3 6.85E-01
STK11 6.85E-01
STUBI 6.85E-01

ADIPOR1 6.78E-01
AP5BI1 6.78E-01
C9orf89 6.78E-01

CACFD1 6.78E-01

CCNF 6.78E-01
COLA4A5 6.78E-01
DDAI 6.78E-01
EFHALI 6.78E-01
EFNB2 6.78E-01
FSTL1 6.78E-01
LCAS 6.78E-01
LYRMO9 6.78E-01
SGOL2 6.78E-01
SH3D19 6.78E-01
SLC2A8 6.78E-01

SLC44A4 6.78E-01

UBE2G2 6.78E-01
ACADS 6.71E-01

BABAMI1 6.71E-01

FAM9&B 6.71E-01
FLRTI 6.71E-01

FOXRED2 6.71E-01
HIRIP3 6.71E-01

HIST1H2BI 6.71E-01
KIF15 6.71E-01
KIF22 6.71E-01

MAP4KS 6.71E-01
MXRA7 6.71E-01
PDZDS 6.71E-01
PSKH1 6.71E-01
PTGR1 6.71E-01
PTGS1 6.71E-01
RPE65 6.71E-01
SPHK?2 6.71E-01

SPTB 6.71E-01

STOMLI1 6.71E-01

B3GNT2 6.64E-01

CXCL12 6.64E-01
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ENDOG 6.64E-01
IFRD2 6.64E-01
KIF18A 6.64E-01
LRRC42 6.64E-01
LRRCS8A 6.64E-01
MED29 6.64E-01
PPMIA 6.64E-01
RABGAPIL 6.64E-01
REEP6 6.64E-01
SERPINE2 6.64E-01
TESC 6.64E-01
TUBGCP2 6.64E-01
ZNF777 6.64E-01
ZNRF3 6.64E-01
ADD2 6.57E-01
C19orf24 6.57E-01
C9orf78 6.57E-01
EGFL7 6.57E-01
KIF4A 6.57E-01
LEPROT 6.57E-01
LGALSL 6.57E-01
MED25 6.57E-01
MPC2 6.57E-01
PAGRI1 6.57E-01
PLCL2 6.57E-01
PSMF1 6.57E-01
RPS6KA2 6.57E-01
SCUBE1 6.57E-01
SORBS1 6.57E-01
TBC1D22A 6.57E-01
TMEM201 6.57E-01
TUBA4A 6.57E-01
VWAI 6.57E-01
ZDHHCI12 6.57E-01
ZNF417 6.57E-01
ZNF423 6.57E-01
ARHGEF37 6.50E-01
ATP5D 6.50E-01
BLVRA 6.50E-01
C5orf42 6.50E-01
CCNDBPI 6.50E-01




155

EFCABG6 6.50E-01
FXN 6.50E-01
MICAL3 6.50E-01
PAK4 6.50E-01
PCIF1 6.50E-01
PHC2 6.50E-01
R3HDM4 6.50E-01
SFR1 6.50E-01
SMIM1 6.50E-01
TMEMS56 6.50E-01
Cl60rf86 6.43E-01
CBRI1 6.43E-01
COL14A1 6.43E-01
DCAF11 6.43E-01
EMC9 6.43E-01
FUOM 6.43E-01
KIAA1586 6.43E-01
MMRN2 6.43E-01
MYOID 6.43E-01
PPP1R13L 6.43E-01
PRPF18 6.43E-01
PTS 6.43E-01
RAB25 6.43E-01
SEC22C 6.43E-01
TFRC 6.43E-01
WDRS1 6.43E-01
ZNF17 6.43E-01
ALOX5 6.36E-01
AP2A1 6.36E-01
ARLG6IP6 6.36E-01
ASF1A 6.36E-01
ATG4D 6.36E-01
C2orfl5 6.36E-01
COPE 6.36E-01
HIC2 6.36E-01
IMID4 6.36E-01
PIR 6.36E-01
PKIA 6.36E-01
RABI11B 6.36E-01
S100A16 6.36E-01
SMTN 6.36E-01
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ST6GALNAC4 6.36E-01
TEK 6.36E-01
TINF2 6.36E-01
XRCC1 6.36E-01
A4GALT 6.29E-01
ERMAP 6.29E-01
GLYCTK 6.29E-01
HARBI1 6.29E-01
KIF23 6.29E-01
LMNA 6.29E-01
MLST8 6.29E-01
MOBI1B 6.29E-01
PPAP2B 6.29E-01
PPPIR15A 6.29E-01
RNF26 6.29E-01
SLC6A9 6.29E-01
SRPX 6.29E-01
STK40 6.29E-01
TMEM203 6.29E-01
WLS 6.29E-01
YPEL4 6.29E-01
ANKLE]1 6.22E-01
ARMC7 6.22E-01
BAG6 6.22E-01
BCOR 6.22E-01
Cl10orf12 6.22E-01
CDh101 6.22E-01
CDK19 6.22E-01
COX8A 6.22E-01
CRIM1 6.22E-01
CYBS5R1 6.22E-01
DCAF12 6.22E-01
DGCR2 6.22E-01
DNAJC4 6.22E-01
ENDOV 6.22E-01
EPHB6 6.22E-01
FAMI31A 6.22E-01
GRINA 6.22E-01
KIAA1143 6.22E-01
PKMYTI1 6.22E-01
PLK1 6.22E-01
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TOR2A 6.22E-01
TPRA1 6.22E-01
TTC39A 6.22E-01
TTPAL 6.22E-01
ACER3 6.15E-01
ANK1 6.15E-01
ARHGAPI19 6.15E-01
ATPIF1 6.15E-01
C19orf47 6.15E-01
CMIP 6.15E-01
EMP2 6.15E-01
GSTO1 6.15E-01
LBR 6.15E-01
MANI1B1 6.15E-01
MYL4 6.15E-01
NUDTS 6.15E-01
PEX19 6.15E-01
POP7 6.15E-01
RFX2 6.15E-01
RPTOR 6.15E-01
SUZ12 6.15E-01
TAL1 6.15E-01
TMEM?242 6.15E-01
TSPAN33 6.15E-01
TTC30B 6.15E-01
UBALD2 6.15E-01
B4GALT2 6.08E-01
C2lorf33 6.08E-01
CC2D1A 6.08E-01
GRN 6.08E-01
IGFBP3 6.08E-01
KIAA1715 6.08E-01
RHCE 6.08E-01
TP53I11 6.08E-01
ZSCAN?2 6.08E-01
ABT1 6.01E-01
BAD 6.01E-01
BCL7B 6.01E-01
BOLA1 6.01E-01
CAAPI1 6.01E-01
GABI1 6.01E-01
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GMDS 6.01E-01
INPP5K 6.01E-01
ITGB3BP 6.01E-01
LRP10 6.01E-01
MAFI1 6.01E-01
MPHOSPH6 6.01E-01
NDUFAF3 6.01E-01
PARPBP 6.01E-01
PRMT6 6.01E-01
PRPF31 6.01E-01
SF3A2 6.01E-01
SLC43A1 6.01E-01
TRAPPC6A 6.01E-01
UBL7 6.01E-01
VAMP4 6.01E-01
WDRI18 6.01E-01
ZFAT 6.01E-01
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Introductory Paragraph

Relapses are responsible for a significant portion of blood-stage Plasmodium vivax
infections and provide repeated opportunities for transmission and clinical attacks. Without
understanding the factors that influence relapse infection biology, effective elimination strategies
for P. vivax and other relapsing malaria parasites will be a distant goal. Studying relapses using
patient samples is challenging because distinguishing relapses from new or recrudescing infection
is difficult. Here, the Plasmodium cynomolgi - Macaca mulatta nonhuman primate model of
relapsing malaria is used to overcome these limitations. We show that relapses are asymptomatic
and self-resolving. This clinical, but non-sterilizing immunity, is associated with a robust humoral
immune response that is characterized by an increase in parasite-specific IgG in addition to
expansion of unswitched and switched memory B-cells. Interestingly, reinfection with the same
strain of P. cynomolgi resulted in an asymptomatic infection that self-resolved like a relapse with
similar humoral immune responses. Contrastingly, challenge with a heterologous strain resulted
in similar parasite burden and clinical presentation as the initial infection. Critically, these
experiments suggest that most symptomatic vivax malaria cases may be due to exposures to new

parasite variants and not relapses or homologous reinfections in endemic areas.
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Main Text

Plasmodium vivax is the predominant malaria parasite outside of sub-Saharan Africa,
causes significant morbidity each year, and poses unique challenges to malaria eradication [1-3].
Undoubtedly, the most formidable obstacle posed by P. vivax is its ability to form hypnozoites,
dormant forms of the parasite that reside in the liver [4]. Hypnozoites can activate and cause
repeat blood-stage infections, known as relapses [5, 6]. While relapses are thought to be
responsible for the majority of P. vivax blood-stage infections, it remains unclear if they are
responsible for significant illness, or if new infections with genetically similar or distinct parasites
are responsible for most disease in endemic areas [7-9]. Here, we utilized the P. cynomolgi —
Macaca mulatta (rhesus macaque) model of vivax malaria to evaluate the propensity of relapses,
homologous reinfections, and heterologous infections to cause disease and understand the
associated host immune responses.

Six rhesus macaques were infected with P. cynomolgi M/B strain sporozoites and
monitored for 100 days. Parasitemia and complete blood counts were analyzed daily to evaluate
each animal clinically and to determine when criteria for blood collections were met to evaluate
ongoing immune responses (Fig. 1A). Relapses did not cause anemia, thrombocytopenia, or fever
(Fig 1D; Supplementary Fig 1). In agreement with the clinical presentation, cytokine responses
were significantly subdued during a relapse in comparison to the initial infection (Fig. 1E). The
lack of inflammation and illness was likely due to a significant reduction in parasitemia in
comparison with the initial infection (Figs. 1B-C). Together, as noted in our previous study, these
data showed that relapses did not result in illness, likely through the establishment of immunity
after a primary infection [10].

We hypothesized that B-cell and antibody responses were responsible for suppressing
parasitemia and ameliorating disease during relapses. To test this hypothesis, the total and
parasite-specific IgM and IgG kinetics were measured during initial infections and relapses. Total

IgM was significantly increased during the initial infection, and parasite-specific [gM was
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significantly increased during acute infection, albeit at low levels (Fig. 2A; Supplementary Figure
2A). The minimal increase in parasite-specific [gM during acute infection was due to the ability
of the detectable [gM to recognize proteins from both uninfected and infected erythrocytes
(Supplementary Fig. 3). This result suggested that IgM directed against RBC proteins may inhibit
parasite growth during an initial infection. Indeed, auto-antibodies during malaria have been
previously reported, but their role in parasite control has remained unclear [11-14]. In contrast,
parasite-specific IgG was significantly increased after the peak of parasitemia even though it did
not appear to reduce parasitemia (Fig. 2B). However during a relapse, parasite-specific IgG was
rapidly produced in much higher quantities than the initial infection and peaked whenever a
relapse was resolving (Fig. 2B). Together, these results suggested that relapse parasitemias were
suppressed by a parasite-specific IgG response.

The lack of increase in total IgM and increased IgG response against the parasite during a
relapse versus a naive infection suggested that a memory B-cell response was responsible for
suppressing parasite growth and preventing disease during relapses. To further evaluate this
hypothesis, we developed, optimized, and validated a flow cytometry assay for monitoring B-cell
subsets in the peripheral blood of macaques based on an immunophenotyping strategy commonly
used in humans (Supplementary Fig. 4; [15]). Specifically, we optimized the panels to monitor
the frequency and absolute numbers of four B-cell subsets based on surface expression of IgD
and CD27 (Supplementary Fig. 4). To ensure that this strategy was comparable between humans
and macaques, the strategy was validated by surface immunoglobulin staining for IgG and IgM
(Supplementary Fig. 4). As expected, IgG surface staining was not observed in naive
(Igh+CD27-) and unswitched memory (IgD+CD27+) B-cell populations but was present in the
double negative (IgD-CD27-) and switched memory (IgD-CD27+) populations (Supplementary
Fig.4). Surface IgM was present in all subsets as previously reported in humans, albeit at low

frequencies in the switched memory compartment (Supplementary Fig 4; [15]).
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Unswitched and switched memory B-cells significantly increased during relapses, and the
expansion of these subsets was associated with the resolution of parasitemia (Fig 2D). The
switched memory B-cells that expanded were IgG+ in agreement with the parasite-specific IgG
responses (Fig 2F). Notably, we did not observe an increase in the absolute number of double
negative or naive B-cells during relapses, suggesting that these subsets were not involved in the
response (Supplementary Fig. 5A). The antibody and cellular B-cell responses supported a model
where humoral immunity was established after an initial infection and persisted to reduce
parasitemia, and thus illness, through the production of parasite-specific IgG via a memory B-cell
response during a relapse.

After studying relapses in the cohort, a radical cure regimen consisting of artemether and
primaquine was administered to each animal to eliminate blood and liver-stage parasites,
including hypnozoites [10, 16]. Approximately 60 days after radical cure, five out of six of the
animals were re-challenged with P. cynomolgi M/B strain sporozoites to determine if a
reinfection would cause illness; one animal was removed from the cohort for reasons unrelated to
malaria. A homologous reinfection did not induce anemia, thrombocytopenia, or fever, and in
fact, hematological values, parasite load, and inflammatory responses were virtually
indistinguishable from relapses (Figs 3A-E; Supplementary Fig. 7). Importantly, there was no
evidence that this protection was directed against the liver or sporozoite stages of the parasite
since the days to patency of the blood-stage infections were similar between the initial and
homologous reinfections (Supplementary Fig. 6). These experiments demonstrated that, as with
the relapses, homologous reinfections did not result in clinical illness.

Next, we evaluated if the humoral immunity was responsible for the protection observed
during a homologous reinfection, as shown for the relapses. Indeed, the total and parasite-specific
IgM and IgG kinetics were indistinguishable between the two infections (Figs 3F-G). The
cellular B-cell response was similar to relapses, and was predominated by an expansion of [gG+

switched memory B-cells (Figs 3H-J). Notably, switched memory B-cells did not expand during a
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homologous reinfection although the reason underlying this result is unclear (Fig 3H). These
results demonstrate humoral immunity provided protection against illness during the homologous
reinfections, comparable to relapses.

We then hypothesized that an infection with a different strain of P. cynomolgi would
result in disease. To test this hypothesis, all but one animal was administered radical cure as
described above and re-challenged with P. cynomolgi Ceylon strain sporozoites approximately 30
days later (Fig. 4B). One animal was removed from the study after challenge due to a treatment
failure (Fig 4B). The heterologous challenge resulted in restored parasite burden, anemia,
thrombocytopenia, and inflammatory cytokine responses similar to the initial infections (Figs.
4A-E; Supplementary Fig. 8). Additionally, the B-cell kinetics were similar to the initial
infections (Fig. 4F; Supplementary Fig. 5C).

The antibody responses during the heterologous infections were similar to the initial
infection except for the lack of an increase in parasite-specific IgM (Fig 4G). A significant
increase in total or parasite-specific IgM was not detected during the heterologous infection (Fig.
4G). Parasite-specific IgG peaked after the peak of infection and was capable of recognizing both
P. cynomolgi strains (Fig. 4H). However, these antibodies were ineffective at neutralizing P.
cynomolgi Ceylon based on parasitemia kinetics (Figs. 4B-C). These data indicate that the
established humoral immunity was strain-specific.

Overall, these results do not support that all P. vivax relapses are responsible for
significant disease. Instead, our study supports the view that new parasite variants are responsible
for clinical vivax malaria in endemic areas, at least in temperate climates where relapses are
routinely observed 30 — 60 days after an initial infection, for example in Papua New Guinea [17].
Recent investigations have highlighted that P. vivax is extremely genetically diverse at a
population level, and individuals in areas in high endemicity are likely infected with genetically
distinct parasites frequently [18-21]. Future studies should aim to evaluate how the clonality and

frequency of relapses influence the humoral immune response and development of disease,
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especially since it is thought that most relapses are composed of multiple strains of the parasite
[17, 20, 22]. Notably, relapses with diverse parasites may result in clinical illness, and such
aspects can be methodically explored using the established NHP malaria model system presented
here. Overall, this study awakens the study of Plasmodium relapse immunobiology in
longitudinal infections using NHP models and stresses the potential of such research in informing

P. vivax epidemiology and control efforts.
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Methods

Animal use. Nonhuman primate cohort infections were carried out at the Yerkes National
Primate Research Center (YNPRC) at Emory University, an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) international-certified institution.
Sporozoites were generated for each infection using additional rhesus monkeys at the Centers for
Disease Control and Prevention (CDC). All procedures including blood collections, infections
with malaria parasites, clinical interventions, etc. were reviewed and approved by Emory
University’s and/or CDC’s Institutional Animal Care and Use Committees. During the
experimental procedures at YNPRC, the animals were housed socially in pairs in compliance with
Animal Welfare Act regulations as well as the Guide for the Care and Use of Laboratory
Animals. All male animals were used for experiments to eliminate the contributing factor of the
loss of blood during the female menstrual cycle to the degree of anemia observed in any of the
individuals.

Sample collections. Blood and bone marrow aspirates were collected in EDTA at pre-defined
time points as indicated in the experimental schematics in Figures 1A, 3A, and 4A. Parasitemia
and hematological parameters were evaluated daily by light microscopy and complete blood
counts (CBC) analysis, respectively. For the daily parasitemia and CBC assays, blood was
collected into a pediatric capillary tube using a standardized ear-prick procedure as previously
reported in Joyner et al. (...). Pilot studies indicated that the ear pricks yielded similar CBC
readings, parasitemias, and reticulocyte counts as venous blood draws. Plasma was collected from
each time point prior to isolation of PBMCs for flow cytometry analysis as described below.

Bone marrow samples were not utilized for the experiments presented here.

Parasite enumeration. Daily parasitemia was determined as reported in Joyner et al. 2016 [10].
Briefly, thick and thin blood film preparations from capillary or venous blood were prepared and
allowed to dry. Thin films were fixed with 100% methanol, and thick films left unfixed. The thick

and thin films were then stained using a Wright’s-Gurr stain. For thick film preparations,
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parasites were enumerated by determining the number of parasites that were observed within 500-
2000 white blood cells (WBCs) depending on the parasite density. The number of parasites per
the number of WBCs was then calculated and multiplied with the leukocyte count as determined
by the CBC to yield parasites per microliter. For days where parasitemia was too high to
enumerate using thick blood films, the thin blood film was used; this was typically when
parasitemia was greater than 1%. The number of parasites out of 1000 — 2000 RBCs were
determined and the percent parasitemia calculated by dividing the number of parasites counted by
the number of total RBCs counted and multiplying by 100. The percentage of infected RBCs was
then multiplied against the RBC concentration as determined by the CBC analysis to determine
parasites/ul. Parasitemia was determined by two expert microscopists independently through the
course of each infection. If discrepancies were observed between the two readers, a third,
independent microscopist counted the slides. The two most similar values were then averaged to
determine the parasitemia at any point during the infection.

Complete blood count analysis. Complete blood counts were performed prior to infections and
daily after inoculation using capillary and/or venous blood. If values from the CBC were
considered abnormal (e.g. low platelet counts or observation of nucleated RBCs), the values
obtained by the hematology analyzer were either confirmed or adjusted based on a manual
differential or manual platelet count. For manual differentials, the phenotype (e.g. monocyte,
neutrophil, nucleated RBC, etc.) was determined, and the percentage of each subset calculated. If
there was a discrepancy with the CBC based on the differential, the percentage of monocytes,
lymphocytes, and granulocytes was adjusted to ensure accuracy. If nucleated RBCs were present,
the number of nucleated RBCs was determined and subtracted from the leukocyte count and
added to the RBC count.

Multiplex cytokine analysis. A custom, nonhuman primate multiplex cytokine assay was
designed and purchased from eBioscience/Affymetrix, which is now a part of Theromofisher.

These kits were performed according to the manufacturer’s suggested protocol except for one
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modification. Instead of diluting plasma 1:1 with sample dilution buffer as the protocol suggests,
the samples were not diluted prior to running the assay. This was altered after initial experiments
demonstrated that many analytes were not within the dynamic range of the standard curves if
additional dilutions were performed. Samples were fully randomized prior to performing the
multiplex kit to minimize plate- and well-specific effects. All multiplex data was analyzed using
the ProcartaPlex Analyst software available through Thermofisher. Concentrations of cytokines
in the plasma were determined and used for downstream analyses.

Total 1IgG and IgM ELISAs. Total IgM and IgG plasma concentrations were evaluated using a
commercially-available kit designed for nonhuman primates. The manufacturer’s suggested
protocol was followed. The optimal dilutions of plasma were 1:80,000 and 1:40,000 for IgG and
IgM, respectively. Samples were fully randomized prior to performing the ELISA to minimize
plate and well-specific effects.

In vitro maturation and isolation of P. cynomolgi schizonts. Rhesus macaques were inoculated
with cryopreserved, blood-stage P. cynomolgi parasites of each strain to generate schizonts for
lysate preps described below. Briefly, a vial of cryopreserved, blood-stage parasites were
removed from the liquid nitrogen and quickly thawed in a 37°C water bath. After thawing,
concentrations of different salines were added to slowly change the osmotic pressure to prevent
the RBCs from lysing. The number of ring-stage parasites were then enumerated using light
microscopy as described above and inoculated intravenously into a rhesus macaque. The
infections were followed daily for each monkey until parasitemia reached 3-10% ring-stage
parasites. At this time, blood containing predominantly rings was collected in sodium heparin,
washed, and depleted of leukocytes and platelets by passing over a glass bead column and
through a Plasmodipur filter. The parasites were then matured ex vivo to 3-8 nucleated schizonts
under blood-gas conditions (5%:5%:90%;02:C0O2:N2) in RPMI supplemented with L-glutamine,
supplemented with 0.25% sodium bicarbonate, 50 pg/ml hypoxanthine, 7.2 mg/ml HEPES, 2

mg/ml glucose, and 10 — 20 % Human AB+ serum. When mature, the schizonts were isolated by
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a 1.093 g/ml Percoll density gradient. The parasite layer was then isolated and washed 4 times in
sterile RPMI, aliquoted, and stored in vapor phase liquid nitrogen until needed.

Infected and uninfected RBC lysate preparation. Aliquots of parasite or uninfected RBC
pellets were removed from liquid nitrogen storage, thawed quickly in a 37°C water bath and
placed back into the liquid nitrogen tank for ten minutes. This procedure was repeated three more
times. After the final thaw, 1 volume of PBS was added followed by vigorous vortexing for 1-2
minutes. The aliquot was then centrifuged at 3,000 % g for 10 minutes at 4°C. The supernatant
was then removed and placed into another sterile tube and the pellet discarded. This process was
repeated three more times. After the final centrifugation, the protein concentration was
determined using a Pierce BCA assay according to the manufacturer’s protocols. The lysates were
then diluted to optimal concentrations for ELISAs in PBS, aliquoted, and stored at -80°C until
needed.

Parasite-specific antibody ELISAs. Corning® high-binding microtiter plates were coated with
schizont lysate or uninfected RBC lysate diluted in ELISA coating buffer (Abcam) to 5 ug/ml.
The plate was incubated overnight at 4°C followed by washing four times with PBS containing
0.05% Tween-20 (PBS-T). After the final wash, the plate was blotted dry and blocked serum-free
Sea Block (Abcam) for two hours at RT followed by four washes in PBS-T. Plasma samples from
the different infection points were diluted 1:100 in 33% serum-free Sea Block and then added to
each well. The plate was then incubated at RT for 2 h followed by washing four times with PBS-
T. After blotting dry, horseradish-peroxidase (HRP) conjugated anti-IgG (Jackson
Immunoresearch) or HRP-conjugated anti-IgM (Jackson Immunoresearch) diluted 1:40,000 or
1:20,000 in 33% Sea Block in PBS, respectively, were added to each well and incubated for 1 h at
RT in the dark. After incubating, the plate was washed four times with PBS-T and 100 pl of
High Sensitivity TMB Substrate (Abcam) was added to each well and allowed to develop for 3-5
minutes. One hundred microliters of Stop Solution (Abcam) was then added to stop the reaction.

The absorbance of each well was then measured at 450 nm, and iRBC or uRBC-specific antibody
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concentrations were calculated based on a 4-PL standard curve using purified IgG or [gM
calibrators from Abcam’s Monkey Total IgG and IgM ELISA kits mentioned above.
Concentration of specific IgG and IgM was used for downstream analyses.

PBMC isolation. Plasma was isolated prior to performing the PBMC isolation by centrifuging
the blood samples at 400 x g followed by pipetting off the plasma. After removing the plasma,
the blood pellet was resuspended in two times the original volume of blood that was received to
perform the manufacturer’s suggested protocol. This modification of the procedure did not appear
to alter the viability or yield of PBMCs. After each isolation, each monkey’s PBMCs were
washed two times in sterile PBS followed by enumeration on a Countess II fluorescent cell
counter. The viability of the PBMCs was simultaneously assessed by Trypan Blue exclusion
assay. PBMC viability was always > 90%.

Flow cytometry. 5x10° - 2x10° PBMCs were aliquoted into flow cytometry tubes for staining
with fluorescently conjugated antibodies. The variation in number of PBMCs used for each
staining procedure was due to leukopenia that developed during the acute, symptomatic
infections. After aliquoting into individual FACS tubes, cells were washed once more in PBS
prior to re-suspending in antibody cocktails comprised of the antibodies indicated in Tables 1-4,
which was dependent on the infection.

All staining procedures were two-step. For surface IgG staining, the IgG was prepared in a
separate cocktail and added first, followed by a 30-minute incubation, washing PBS by
centrifugation at 400 x g, and then resuspending in a cocktail that contained the other antibodies
in the panels.

For intracellular staining, cells were initially surface-stained with the cocktail followed by
incubation in eBioscience FoxP3 fix perm buffer overnight at 4°C for intracellular markers. After
fixing overnight, the cells were washed according to the manufacturer’s procedure and then
incubated for 45 minutes at 4°C with antibodies against intracellular markers. After incubating,

the cells were washed twice in the fix/perm buffer provided by the kit and resuspended in 100 -
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200 ul of PBS depending upon cell yield. All samples were acquired on an LSR-II flow
cytometer using standardized acquisition templates and rainbow calibration particles. New
compensation samples were run for each separate acquisition. Data was analyzed in Cytobank
before exporting statistics for statistical assessment.

Determining absolute cell counts with flow cytometry data. Absolute numbers for each B-cell
subset was determined by calculating the percentage of each subset out of the mononuclear cells
in the sample and multiplying the percentage against the mononuclear cells per microliter value
obtained from the CBC analysis at each time point. The mononuclear cells/pul value was obtained
by adding the lymphocyte/ul value to the monocyte/ul value.

Statistical analyses. All statistical analyses were performed using a linear mixed-effect model
with Tukey-Kramer HSD post-hoc analysis. For the statistical model, each animal was treated as
a random effect with time points nested within infection and set as fixed effects. All data were
transformed as necessary to ensure the best model fit. Typically, the best model fits were obtained
with a logo, log, or arcsin transformation. Data management and release. All data went
through rigorous validation protocols and are publicly deposited in different public repositories
depending on the data type. Flow cytometry, multiplex cytokine assay, and ELISA data have
been submitted to ImmPort for public release. All clinical data associated with the experiment

have been publicly release on PlasmoDB.
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Figure 1. Malaria relapses do not cause disease and are self-resolving in macaques infected with
P. cynomolgi. (a) Experimental schematic for studying relapse pathogenesis and immunology in
rhesus macaques infected with P. cynomolgi B strain (b) Parasitemia kinetics over a 100-day P.
cynomolgi B strain infection in rhesus macaques. Each row represents a different individual as
indicated by the unique five letter identifier on the graph. Colored bars indicate when sample
collections were performed during initial infections (orange) or relapses (green) to assess host
responses. These collections correspond from left to right with the idealized experimental
schematic in panel a (c) Mean parasitemia area under the curve during initial infections and
relapses for the animals indicated in panel b. Error Bars = SEM (d) Mean hemoglobin levels,
reticulocyte numbers, platelet concentrations, and temperature prior to infection (pink diamonds),
during the initial infections (orange circles) and during relapses (green triangles). Gray bars are
the mean of all data points shown. Error Bars = SEM (e) Cytokine responses at different points
during initial and relapse infections. Cytokine values were z-scored normalized prior to

visualization by the heatmap. Higher z-scores are indicated in yellow whereas lower values are
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blue. Statistical significance was assessed by a linear mixed effect model using a Tukey-Kramer
HSD post-hoc analysis when relevant. Asterisks indicate p-value < 0.05 in comparison to the

malaria naive condition unless otherwise noted.
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Figure 2. Parasitemia during P. cynomolgi relapses is suppressed by a memory B-cell response
via the production of parasite-specific IgG antibodies. (a) Fold increase in parasite-specific IgM
antibodies as measured by ELISA. All values were normalized to pre-infection values. Pink
diamonds = naive condition, orange circles = initial infection, and green triangles = relapse

infections. Gray bars indicate the mean of the data points shown; Error Bars = SEM.
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Experiments were repeated two times. (b) Fold increase in parasite-specific IgG antibodies as
measured by ELISA. All values were normalized to pre-infection values. Pink diamonds = naive
condition, orange circles = initial infection, and green triangles = relapse infections. Gray bars
indicate the mean of the data points shown; Error Bars = SEM. Experiments were repeated two
times. (c) The frequencies of four peripheral blood B-cell subsets in rhesus macaques as
determined by flow cytometry prior to infection, after the peak of parasitemia during the initial
infection (Post Peak), and during the resolution of a relapse (Relapse Resolution). The far left
panel indicates the B-cell subset in each quadrant based on the gating strategy in Supplementary
Figure 4. Red numbers in each quadrants indicate the percentage of each subset out of
CD19+CD20+ B-cells at the indicated infection point. (d) Absolute numbers of switched and
unswitched memory B-cells at each infection point. Pink diamonds = naive condition, orange
circles = initial infection, and green triangles = relapse infections. Gray bars indicate the mean of
the data points shown; Error Bars = SEM. (e) The percentage of KI67+ switched and unswitched
memory B-cells at during initial infections and relapses. Pink diamonds = naive condition, orange
circles = initial infection, and green triangles = relapse infections. Gray bars indicate the mean of
the data points shown; Error Bars = SEM. SM= Switched memory; USM = unswitched memory.
(f) The absolute number of IgG+, IgM+, and IgG-IgM- switched memory B-cells during initial
infections and relapses. Pink diamonds = naive condition, orange circles = initial infection, and
green triangles = relapse infections. Gray bars indicate the mean of the data points shown; Error
Bars = SEM. SM= Switched memory. For all panels, statistical significance was assessed by a
linear mixed effect model using a Tukey-Kramer HSD post-hoc analysis. Asterisks indicate a p-

value < 0.05.
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Figure 3. Homologous reinfections, like relapses, are controlled through a robust humoral
immune response that ameliorates disease. (a) Experimental schematic for homologous
reinfections of rhesus macaques with P. cynomolgi B strain sporozoites 60 days after radical cure
(b) Parasitemia kinetics during a homologous reinfection. Blue bars indicate when samples to
assess host responses were taken in relation to parasitemia. Notably, the anticipated pre-peak time
point was not captured from the idealized infection schematic in panel a (c) Mean parasitemia
area under the curve during initial infections, relapses, and homologous reinfections for the
animals indicated in panel b. Error Bars = SEM (d) Mean hemoglobin levels, reticulocyte
numbers, platelet concentrations, and temperature prior to infection (pink diamonds), during
relapses (green triangles), and during homologous reinfections (blue squares). Gray bars are the
mean of all data points shown; Error Bars = SEM (e) Cytokine responses prior to malaria, during
relapses, and during homologous reinfections. Cytokine values were z-scored normalized prior to
visualization by the heatmap. Higher z-scores are indicated in yellow whereas lower values are
blue. (f) Fold increase in parasite-specific IgM antibodies as measured by ELISA. All values were
normalized to pre-infection values. Pink diamonds = naive condition, green triangles = relapses,
blue squares = homologous reinfections. Gray bars indicate the mean of the data points shown;
error bars = SEM. Experiments were repeated two times. (g) Fold increase in parasite-specific
IgG antibodies as measured by ELISA. All values were normalized to pre-infection values. Pink
diamonds = naive condition, green triangles = relapses, blue squares = homologous reinfections.
Gray bars indicate the mean of the data points shown; error bars = SEM. Experiments were
repeated two times. (h) Absolute numbers of switched and unswitched memory B-cells at each
infection point. Pink diamonds = naive condition, green triangles = relapse infections, blue
squares = homologous reinfections. Gray bars indicate the mean of the data points shown; error
bars = SEM. (i) The percentage of KI67+ switched and unswitched memory B-cells at during
relapses and homologous reinfections. Pink diamonds = naive condition, orange circles = initial

infection, and green triangles = relapse infections. Gray bars indicate the mean of the data points
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shown; error bars = SEM. SM= Switched memory; USM = unswitched memory (j) The absolute
number of [gG+, [gM+, and IgG-IgM- switched memory B-cells during initial infections and
relapses. Pink diamonds = naive condition, orange circles = initial infection, and green triangles =
relapse infections. Gray bars indicate the mean of the data points shown; error bars = SEM. SM=
Switched memory. For all panels, statistical significance was assessed by a linear mixed effect
model using a Tukey-Kramer HSD post-hoc analysis. Asterisks indicated p < 0.05 between the

infection points indicated.
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Figure 4. Heterologous infections result in illness and similar antibody responses as an initial
infection. (a) Experimental schematic for heterologous infections of rhesus macaques with P.
cynomolgi Ceylon strain sporozoites 30 days after radical cure (b) Parasitemia kinetics during

heterologous infections. Purple bars indicate when samples to assess host responses were taken in
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relation to parasitemia (c) Mean parasitemia area under the curve during initial infections,
relapses, homologous reinfections, and heterologous infections for the animals indicated in panel
b. Error Bars = SEM (d) Mean hemoglobin levels, reticulocyte numbers, platelet concentrations,
and temperature prior to the heterologous challenge and during infection. Gray bars are the mean
of all data points shown; Error Bars = SEM (e) Cytokine responses prior to and during
heterologous infections. Cytokine values were z-scored normalized prior to visualization by the
heatmap. Higher z-scores are indicated in yellow whereas lower values are blue. (f) Absolute
numbers of switched and unswitched memory B-cells prior to during heterologous reinfections.
Gray bars indicate the mean of the data points shown; Error Bars = SEM (g) Fold increase in
parasite-specific IgM antibodies as measured by ELISA when normalized to pre-heterologous
infection values. Gray bars indicate the mean of the data points shown; Error Bars = SEM.
Experiments were repeated two times. (h) Fold increase in parasite-specific IgG antibodies as
measured by ELISA when normalized to pre-heterologous infection values. Gray bars indicate
the mean of the data points shown; Error Bars = SEM. Experiment was repeated two times. For
all panels, statistical significance was assessed by a linear mixed-effect model using a Tukey-
Kramer HSD post-hoc analysis. Asterisks indicated p < 0.05 between the infection points

indicated.
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Supplementary Figure 1. Hemoglobin, platelet, and reticulocyte kinetics with parasitemia
during an initial and relapse P. cynomolgi infection. Daily hemoglobin levels (a), reticulocyte
counts (b), and platelet numbers (c) during initial and relapse infections with P. cynomolgi B
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Supplementary Figure 2. Total IgM and IgG kinetics during initial infections, relapses,
homologous reinfections, and heterologous infection in rhesus macaques infected with P.
cynomolgi. (a-c) Total IgM concentrations during initial infections (a), relapses (a), homologous
reinfections (b), and heterologous infections (¢). (d-f) Total IgG concentrations during initial
infections (d), relapses (d), homologous reinfections (¢), and heterologous infections (f). For all
panels, different infection stages are indicated by a symbol and color. Pink diamonds = malaria
naive, orange circles = infection points during initial infections, green triangles = infection points
during relapses, blue squares = infection points during homologous reinfections, purple rectangles

= infection points during heterologous reinfections. Statistical significance was assessed using a
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linear mixed model with Tukey-Kramer post-hoc analysis. * = p < 0.05. Gray bars are the mean

of the displayed data points; error bars = SEM.
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Supplementary Figure 3. IgM reactivity with uninfected and infected RBC lysates during initial
infections and relapses. The mean concentration of IgM that reacts with uninfected and infected

RBC during initial infections and relapses as measured by ELISA. Error bars = SEM.
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Supplementary Figure 4. Gating strategy and IgG/IgM surface profiles of four B-cell subsets in
the peripheral blood of rhesus macaques. A representative flow cytometry plot for monitoring
peripheral rhesus macaque B-cell subsets is shown. Histograms indicated different surface IgM
and IgG profiles of the four different subsets being monitored. USM = Unswitched Memory, DN

= Double-Negative, SM = Switched Memory.
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Supplementary Figure 5. Double-negative and naive B-cell kinetics during an initial and relapse
P. cynomolgi M/B strain infection. Absolute numbers of Naive and DN B-cells are shown during
initial inffections (a), relapses (a), homologous reinfections (b), and heterologous infections (c).
Different infection stages are indicated by a symbol and color. Pink diamonds = malaria naive,
orange circles = infection points during initial infections, green triangles = infection points during
relapses, blue squares = infection points during homologous reinfections, purple rectangles =
infection points during heterologous reinfections. Statistical significance was assessed using a
linear mixed model with Tukey-Kramer post-hoc analysis. Gray bars indicated the mean of the

shown data points. Error bars = SEM.
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cynomolgi B strain are shown. The five letter code on the left-hand side of each graph indicates a

different individual. k = multiple number by 1,000.
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Table 1. B-cell phenotyping panel utilized for evaluating B-cell subset kinetics and surface
immunoglobulin expression during initial and relapse infections.

Antibody Fluorophore Clone Company
LiveDead Fixable n/a n/a Life Technologies
Yellow

CDh14 BV605 MSE2 Biolegend

CD3 BV605 SP-34-2 BD

CD20 BV650 2H7 Biolegend

IgM Alexa488 2020-30 Southern Biotech
CD138 PerCP-Cy5.5 M115 BD

Igbh PE 2030-02 Southern Biotech
CD21 PE-CF594 B-LY4 BD

CD27 PE-Cy7 M-T271 Biolegend

IgG Alexa647 4700-31 Southern Biotech
CD19 APC-Alexa700 J3-119 Beckman Coulter
CD45 APC-Cy7 D058-1283 BD

PD1 BV421 EHI12.1 BD
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Table 2. B-cell phenotyping panel utilized for evaluating B-cell subset kinetics and
intracellular markers during initial and relapse infections.

Antibody Fluorophore Clone Company
LiveDead Fixable n/a n/a Life Technologies
Yellow

CD14 BV605 MSE2 Biolegend

CD3 BV605 SP-34-2 BD

CD20 BV650 2H7 Biolegend

CD38 FITC AT-1 Stem Cell Technologies
CD138 PerCP-Cy5.5 M115 BD

IgD PE 2030-02 Southern Biotech
CD21 PE-CF%4 B-LY4 BD

CD27 PE-Cy7 M-T271 BD

CD19 APC-Alexa700 J3-119 Beckman Coulter
CD45 APC-Cy7 D058-1283 BD

Kl167 BV421 B56 BD

Caspase-3 Alexa647 C92-605 BD
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Table 3. B-cell phenotyping panel utilized for evaluating B-cell subset kinetics and surface
immunoglobulin expression during homologous reinfections and heterologous infections.

Antibody Fluorophore Clone Company
LiveDead Fixable n/a n/a Life Technologies
Yellow

CD14 Pac Blue MS5E2 BD

CD20 BV650 2H7 Biolegend

IgM Alexa488 2020-30 Southern Biotech
CD3 PerCP-Cy5.5 SP-34-2 BD

IgD PE 2030-02 Southern Biotech
CD21 PE-CF594 B-LY4 BD

CD27 PE-Cy7 M-T271 Biolegend

CD19 APC-Alexa700 J3-119 Beckman Coulter
CD45 APC-Cy7 D058-1283 BD

IgG Alexa647 4700-31 Southern Biotech
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Table 4. B-cell phenotyping panel utilized for evaluating B-cell subset kinetics and
intracellular markers during homologous reinfections and heterologous infections.

Antibody Fluorophore Clone Company

LiveDead Fixable n/a n/a Life Technologies

Yellow

CD14 BV605 MSE2 Biolegend

CD20 BV650 2H7 Biolegend

CD38 FITC AT-1 Stem Cell
Technologies

CD3 PerCp-Cy5.5 SP-34-2 BD

IgDh PE 2030-02 Southern Biotech

CD21 PE-CF594 B-LY4 BD

CD27 PE-Cy7 M-T271 BD

CD19 APC-Alexa700 J3-119 Beckman Coulter

CD45 APC-Cy7 D058-1283 BD

K167 BV421 B56 BD

Caspase-3 Alexa647 C92-605 BD
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Discussion

The Plasmodium cynomolgi — rhesus macaque model is an excellent animal model for vivax

malaria

The rhesus macaque — Plasmodium cynomolgi model of vivax malaria has historically been
utilized to circumvent the challenges of working with P. vivax directly. The main goals of these
studies have been to utilize the model for hypnozoite drug discovery, basic parasite biology, and
testing malaria vaccine candidates [1-5]. It is unclear why this model was never developed in-depth
for immunological or pathogenesis-related experiments, given its ability to recapitulate key aspects
of P. vivax infections like relapses [6-8]. The scarcity of information on the host response during
infection has likely played a role, however, and such characterizations, albeit largely descriptive,
are critical before targeted, hypothesis-driven experiment can be performed. The studies presented
in this dissertation have provided the most comprehensive characterization of the host response
during P. cynomolgi infection of rhesus macaques and provide to date and provide clear evidence

of the relevance of this model for P. vivax research.

An initial focus of the studies carried out in this dissertation was to characterize clinical
aspects of disease caused by P. cynomolgi and, thus, P. vivax. This led to a main focus on the
development of anemia in the rhesus — P. cynomolgi model to compare and contrast these dynamics
with malarial anemia caused by P. vivax infections in patients [9]. In Chapters 2 and 35, daily
hematological measurements composed of complete blood count analysis, reticulocyte
enumeration, etc., were determined and described. Similar to studies on P. vivax in humans, the
data indicated that insufficient erythropoiesis occurs during acute infection and coincides with the
initial decline in hemoglobin levels [10]. After the acute phase of the infection, bone marrow
function is restored. Despite the restoration of compensatory erythropoiesis by the bone marrow,
hemoglobin levels continue to decrease. Indeed, malaria chemotherapy patients infected with P.

vivax had similar hemoglobin kinetics during infection as was observed here, suggesting that
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similar pathophysiological mechanisms are involved between the two species [11]. Future studies
should aim to investigate the processes that contribute to anemia after bone marrow function is
restored since it is clear that RBCs lost to parasitism are not able to account for the continuing

decrease in hemoglobin levels in this model or in individuals infected with P. vivax [11].

The development of thrombocytopenia was also examined for comparison of pathogenesis
with this model and vivax malaria in humans. Similar to previous reports with P. vivax,
thrombocytopenia, defined as a platelet count of < 150,000 per microliter of blood, developed in
all animals during the acute infection of an initial or heterologous infection. Interestingly,
thrombocytopenia did not seem to correlate with disease severity since all animals developed this
condition irrespective of their clinical presentation described in Chapter 3. Thus, it does not appear
that thrombocytopenia is predictive of the development of severe disease, but it may be useful to
consider in tandem with other clinical criteria such as anemia. A similar conclusion has been
reached based on patient outcomes in individuals infected with P. falciparum [12]. One of the most
intriguing findings, and relatively novel discoveries related to thrombocytopenia to emerge here is
that platelet levels increase whenever compensatory erythropoiesis is restored after an acute
infection. This results suggests that platelet production may be compromised and contribute to the
overall decrease in platelet numbers in addition to other reported mechanisms such as platelet
phagocytosis [13]. Due to the cross-sectional nature of most P. vivax pathogenesis studies, to our
knowledge, this phenomenon has not been noted previously. Indeed, dysplastic megakaryocytes
have been reported in the marrow of individuals who have succumbed to P. vivax infection,
suggesting that megakaryocyte function may be compromised during vivax malaria, as observed

here [10, 14].

The first comprehensive histopathological study on a rhesus macaque that succumbed to
cynomolgi malaria was performed here and reported in Chapter 2. Previous studies have mentioned

that macaques infected with P. cynomolgi can succumb to infection, but no formal assessment of
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the tissues after such an event had been published. Thus, the need to sacrifice this animal due to
clinical complications provided a unique opportunity to further demonstrate the relevance of this
model to vivax malaria in humans. The histopathology of the euthanized animal was strikingly
similar to autopsy studies of individuals that were infected with P. vivax at time of death [10, 14,
15]. For example, there were dysplastic megakaryocytes and expansion of the erythroid lineage in
the bone marrow as well as evidence of lung complications, which is common during P. vivax
infections [15-17]. Ultimately, the histopathology demonstrated that acute tubular necrosis was
responsible for the animal’s irreversible kidney failure, and these lesions have also been linked to

vivax malaria [18-20].

Overall, the studies and data presented in this dissertation provide the most comprehensive
characterization and validation of the P. cynomolgi — rhesus macaque model as a robust model of
P. vivax malaria to date, with in-depth inquiry into the host response during infection. Combining
the information related to pathogenesis obtained here with the previous literature on the similarities
between P. cynomolgi and P. vivax biology and genetics demonstrate the clear relevance of this
model for P. vivax research [6]. Future studies can benefit from the comprehensive data that has
been collected here and move research on vivax malaria pathogenesis and immunological research

forward.



200

Inflammation and disruption of GATAL/GATAZ2 transcriptional programs contribute to

inefficient erythropoiesis during acute cynomolgi malaria in macaques

One of the most common complications of vivax malaria is anemia, and severe malarial
anemia characterizes a large proportion of severe vivax malaria cases, especially in infants [21]. In
addition to severe disease, anemia caused by P. vivax also has negative socioeconomic impacts in
endemic areas such as cognitive impairment [22]. These factors make understanding the processes
underlying vivax malaria anemia imperative, but understanding the mechanisms that contribute to
the development of anemia has been difficult from cross-sectional studies relying on patient

samples and rodent models that have different erythropoietic processes than primates [23, 24].

The hematological data collected during the P. cynomolgi infections demonstrated that
there was significant overlap of the vivax malarial anemia in patients and cynomolgi malaria
anemia in macaques. One of the phenotypes that was of particular interest for further investigation
using this model was the evidence for inadequate erythropoiesis during acute infection despite
increased levels of erythropoietin. This phenomenon has been reported previously with P. vivax
infected individuals and thought to be a critical mediator of malarial anemia in patients [10]. Thus,
as reported in Chapter 3, RNA-Seq, flow cytometry, and multiplex cytokine assays were performed
on bone marrow aspirates collected longitudinally during the infection and a series of analyses
conducted to determine the changes in the bone marrow that may influence inefficient

erythropoiesis during acute malaria.

Acute malaria induced significant changes in the bone marrow transcriptome. These
changes were largely related to ongoing inflammatory responses that were largely dominated by a
Type I and Type Il interferon signature although other pathways such as IL-10 and IL-27 were also
enriched in the bone marrow at that time. Thus, it appeared that inflammation in the bone marrow
was potentially responsible for the lack of compensatory erythropoiesis, and indeed, inflammation

is known to cause anemia in a variety of other diseases [25]. Further experimentation suggested
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that IFNy was central to this process since other cytokines such as IFNa were not upregulated on
the protein levels. IFNy levels were inversely correlated with hemoglobin levels and the percentage
of erythroid progenitors in bone marrow, and this cytokine has also been demonstrated to inhibit
erythropoiesis in vitro and be involved in disruption of erythropoiesis in rodent malaria models [26-
28]. Therefore, it appeared that IFNy, which is required for parasite control, was also mediating the

disruption of erythropoiesis during acute malaria in macaques infected with P. cynomolgi.

Although a role for Type I IFNs for suppressing erythropoiesis was not clear from the
current studies, these molecules should not be discounted. One explanation for why Type I IFN
gene signatures were present, but we could not confirm this with transcriptional or protein data,
could be due to timing. Type I IFNs are tightly regulated on a transcriptional and translational level,
and thus, these molecules could initiate the suppression of erythropoiesis between days 12-16
during the blood-stage infection. Indeed, reticulocyte kinetics would suggest that some event occurs
during this period that suppresses the compensatory response of the bone marrow. Future studies
should acquire samples earlier to evaluate if these proteins can be identified in the plasma and/or if
they are involved, especially since these molecules can suppress erythropoiesis in response to

erythropoietin in vitro [29].

The leukocyte subsets that are responsible for disrupting the bone marrow during malaria
are poorly characterized; thus, these studies aimed to improve our understanding of what cell types
were involved in the inflammation in vivo by integrating flow cytometry and transcriptome data
collected from the same samples using Weighted Gene Coexpression Network Analysis (WGCNA)
[30]. Interestingly, the analysis demonstrated that intermediate and non-classical monocytes were
potentially involved in the disruption of erythropoiesis in the marrow during acute infection. The
involvement of monocytes in suppressing erythropoiesis in vitro via the production of

inflammatory cytokines after stimulation with infected RBCs has been reported previously [31,
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32]. However, there has been little information available on the subsets of monocytes that may

mediate such inhibition in vivo.

The identification of these monocyte subsets as potentially mediating this effect was
unexpected since these monocyte subsets are not classically “pro-inflammatory”. Perhaps, malaria
induces these subsets to produce cytokines that they have not classically been associated with.
Importantly, it should be noted that non-classical and intermediate monocytes are critical for the
control of parasitemia, and thus, it is interesting to speculate that these cells may control parasite
growth but contribute to anemia by producing cytokines that affect erythropoiesis [33, 34]. Future
studies should closely examine monocytes isolated from the blood and bone marrow of rhesus
macaques infected with P. cynomolgi to understand their propensity to produce cytokines locally

or systemically that may influence bone marrow suppression.

The molecular mechanisms that underlie the disruption of compensatory erythropoiesis
during malaria are poorly understood. It is clear from the study presented in Chapter 4 in addition
to studies in humans, NHPs and rodents that this is not due to the lack of erythropoietin production
[35-37]. Instead, it appears that the erythropoiesis is potentially suppressed in the marrow during
acute malaria, perhaps by ongoing local or systemic inflammatory responses. Using the
transcriptomics and flow cytometry data, this study identified that the function of two master
regulators of erythropoiesis, GATA1 and GATA?2, were potentially disrupted during acute malaria
[38, 39]. Interestingly, a previous study in rodent malaria models also arrived at a similar
conclusion although the transcriptional levels were downregulated in that study [40]. Here, the gene
expression of GATA1 and GATA2 was not changed during acute infection. Instead, the genes that
were regulated by these two proteins were downregulated during acute infection, which suggests
that the function of these proteins is modified during acute malaria. Indeed, previous studies have
demonstrated that some of the inflammatory molecules identified here that were correlated with

the decrease in erythroid progenitors can antagonize GATA1 [41]. The most notable example
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would be IFNy, which has been demonstrated to antagonize the function of GATA1, and was also

identified in our analysis as being a potential key mediator of inflammation in the marrow.

The study of the bone marrow in rhesus macaques infected with P. cynomolgi suggests that
monocyte-driven inflammation caused by IFNy is responsible for disrupting compensatory
erythropoiesis during acute malaria via disruption of GATA1/GATA?2 transcriptional networks.
Indeed, such findings are supported by studies utilizing rodent malaria models [28, 40]. Future
studies should isolate the erythroid progenitors directly and better understand the factors that may
be antagonizing GATA1/GATA?2 since these could serve as targets of new interventions to serve
as adjunctive therapies with malarial anemia. However if molecules such as Type I and Type II
IFNs are involved, it may be difficult to rectify the disruption using immunotherapies or small
molecules since both of these proteins are imperative for parasite control during malaria.
Nonetheless, this study provides a clear pathway forward with a validated model of P. vivax malaria

for studying the effects of malaria on the bone marrow and erythropoiesis.
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Heterologous infections, and not relapses, may be responsible for clinical disease in endemic

areas

Initially, based on the literature and rising concerns about relapses being the cause of
millions of cases of vivax malaria illness, it was anticipated that relapses would result in clinical
attacks in the rhesus infected with P. cynomolgi [42-44]. Surprisingly, the data in Chapters 2 and 5
clearly demonstrate that relapses do not necessarily result in illness, and in fact, the macaques
infected with P. cynomolgi were able to control and suppress relapse infections without
intervention. These results called into question if relapses are responsible for significant disease in

endemic areas.

Most of the studies that have concluded that relapses cause significant disease and
morbidity in P. vivax endemic areas have notable caveats when examined closely. Perhaps the most
crippling is a sampling bias to individuals that seek medical attention. This strategy for collecting
human samples, albeit more practical and less expensive than longitudinal sampling, has biased the
literature to studies on symptomatic relapses. Thus, current interpretation on relapse pathogenesis
must be assessed keeping this aspect in mind. The second caveat that is common is that much of
the current conclusions regarding relapses are based off of epidemiological and mathematical
modelling experiments of mass drug administration at a population level, or patient data [45, 46].
Although these studies are useful and undoubtedly informative for guiding future inquiry, they are
not based on empirical evidence and inherently require assumptions that may be incorrect, which
leads to the incorrect interpretation of available data. Overall, the relapse literature is biased to the
biology of symptomatic relapses, and also modelling results, while carefully designed validation

experiments have not been carried out.

The realization of the bias of the literature to symptomatic relapses and the evidence
presented in these studies led to the question, “If relapses are not causing significant disease in

endemic areas, then what is?” A longitudinal study was designed to assess this question in the
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context of three distinct infection scenarios, namely initial infections, relapses, homologous
reinfections, and heterologous infections. These experiments demonstrated that the lack of
symptomology during a relapse was reproducible in the rhesus — P. cynomolgi model. Furthermore,
there was also significant protection approximately 60 days after an animal was cured, suggesting
that the clinical protection was able to persist in the short-term. A heterologous infection resulted
in similar disease as an initial malaria infection in a naive individual demonstrating the strain-
specificity of the immunity that is suppressing the clinical attacks. Indeed, similar results for all of
these infection scenarios have been previously reported in P. vivax, and thus, this pointing to the

relevance and potential of the NHP animal model utilized here [47-50].

Combined with the historical malaria chemotherapy studies carried out with P. vivax, these
experiments supported a model where infections with new parasite variants were potentially
responsible for a larger portion of symptomatic P. vivax infections in endemic areas than previously
appreciated. Such results have major implications for vivax elimination strategies. Recent studies
have highlighted the significant biodiversity of P. vivax within an endemic area, and thus, it seems
reasonable that an individual may encounter genetically distinct parasites frequently [51, 52]. Such
evidence supports the findings from the experiments using this monkey model. Future studies
should focus on understanding the different genes and proteins within different parasite variants
that are critical for conferring strain-specific immunity. Such knowledge could pave the way for
determining approaches to induce strain-transcending immune responses, which is difficult to
achieve in both natural infection and vaccination scenarios. The rhesus — P. cynomolgi challenge
model is well-suited for such undertakings, especially given a variety of diverse P. cynomolgi

strains that have been characterized and stored for future research as cryopreserved stocks [53-55].

Although the data presented here suggests that relapses may not be as important for clinical
vivax malaria as previously thought, much remains to be explored in the field with regards to

relapse biology, clinical implications, pathogenesis and transmission. In particular, more work is
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needed to examine the many different situations that may augment the pathogenesis of malaria
relapses. Future endeavors using the rhesus - P. cynomolgi model could evaluate the effects of
primary infection length, drug prophylaxis or treatment, clonality of relapses, and relapse
periodicity on the pathogenesis of relapse infections. Indeed, there is suggestive evidence and
conjectures that these factors may play a role in influencing vivax malaria disease severity and
clinical presentations [8, 56]. Overall, the future is bright for understanding immunobiology and
pathogenesis of vivax malaria and relapse infections, and the studies in this body of work provide

a glimpse into the many different facets of relapse biology that remain incompletely understood.
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Memory B-cells mediate clinical protection during relapses and homologous reinfections
The immunology of malaria relapses is virtually unstudied beyond measuring parasite
burden [6, 57]. This gap in knowledge has been critical to fill since understanding the immune
responses during relapses could provide insight into pathogenesis and aid vaccine development to
limit and/or eliminate relapses. Such a vaccine would have major implications for vivax malaria
control and ultimately eradication [58]. The lack of knowledge related to the immune response
during relapses has been due to the difficulty of collecting ‘bona fide’ relapse samples from
endemic areas and not fully capitalizing on the rhesus — P. cynomolgi model of P. vivax infection.
In the studies carried out in Chapters 2 and 5, these challenges were overcome, and it became
apparent that the asymptomatic nature of relapses and homologous reinfections was due to a
significant reduction in parasite burden. Thus, a major focus of this work became to understand the
immune responses that may be critical for suppressing parasitemia and, thus, preventing the

development of disease.

Humoral immunity is critical for mediating anti-parasite and anti-disease immunity during
both P. falciparum and P. vivax infections [59-61]. In this work, the antibody and B-cell kinetics
during relapses and homologous reinfections demonstrated that a memory B-cell response was
responsible for conferring clinical immunity via the production of parasite-specific IgG.
Importantly, the parasite-specific IgG titers waned quickly, typically within 60 days after a blood-
stage infection, confirming that the immunity was predominantly mediated by a memory B-cell
response versus a long-lived serological response mediated by plasma cells in the bone marrow.
Similar results have been reported using samples collected from individuals that have been infected
with P. vivax although these studies have not been able to assess if the B-cell memory that persists

for up to 7 years was capable of conferring protection as demonstrated here [62].

The control of a relapse through a memory B-cell response after a single infection was not

necessarily expected since the ability of Plasmodium infections to induce B-cell mediated
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immunological memory has been controversial. Some investigations have concluded that such
memory can form after infection whereas others have concluded that B-cells become dysfunctional,
which prevents the establishment of effective B-cell memory [61-63]. In these studies, it was shown
that clinically protective B-cell memory responses can form after a single blood-stage infection and
can persist for up to 60 days. This is in direct contrast to previous literature that suggests the
formation of protective B-cell memory does not form. Future studies using the rhesus — P.
cynomolgi model should determine if this memory is able to persist longer than 60 days and assess
its ability to provide protection upon subsequent challenges. Such studies when combined with the
molecular analysis of antigen-specific B-cell subsets through the development of B-cell tetramers
for P. cynomolgi would provide an unprecedented opportunity to better understand the development

of humoral immunity against malaria parasites.

Although B-cell mediated immunological memory was formed and clinically protective,
the established humoral immunity was unable to protect against a challenge with a heterologous P.
cynomolgi strain. Indeed, strain-specific immunity has been previously noted for P. vivax infections
[47]. This finding was critical because it provided an immunological basis for why heterologous
infections resulted in disease whereas homologous relapses and reinfections did not. Future studies
using this challenge model should aim to better understand the mechanisms that influence the
strain-specificity of the immunity formed against malaria parasites, and this model is now poised
for such investigations. Indeed, better understanding the strain-specificity of immunity against

Plasmodium will be critical for malaria vaccines.

Future investigations should also evaluate the impact of a heterologous infection on the
pre-existing clinically immunity against another strain. In an area with high endemicity, it would
not be uncommon for individuals to routinely encounter the same or different parasite-variants, and
thus, understanding how the pre-existing immunity against one parasites variant is impacted after

being infected with a new variant is likely critical for understanding the development of strain-
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transcending immunity. The challenge model developed here coupled with the availability of an
multiple strains of P. cynomolgi make this model appropriate for addressing such questions in the
future [53, 54]. Undoubtedly, the B-cell methods developed here for phenotyping rhesus macaque
B-cells will also be useful when coupled with next generation sequencing technology to understand
the clonality of the response and how the memory B-cell response is matured over time with each
subsequent infection. Although the efforts outlined in this paper would support a model where a
memory B-cell response is matured to recognize parasite proteins of both strains, this question
remains to be directly addressed but would have significant impact on understanding the

development and maintenance of B-cell mediated immunity against Plasmodium.

Overall, these studies have demonstrated the importance of humoral immunity in providing
clinical immunity during relapses and homologous reinfections and have also provided an
immunological basis for observations made almost 80 years ago in individuals undergoing malaria
chemotherapy with P. vivax [64, 65]. Furthermore, these data emphasize that an effective
vaccination strategy to reduce morbidity against P. vivax would have to induce strain-transcending
humoral immunity, particularly when considering that most blood-stage infections multi-clonal.
Indeed, the evidence provided here suggests that achieving such goals is possible at least in places
where relapses and reinfections occur within 60 days. Future work should continue to dissect B-

cell responses using the developed rhesus macaque — P. cynomolgi challenge model system.
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Summary

The studies carried out in this dissertation have informed the current understanding of the
immunology and pathogenesis of acute and relapsing vivax malaria using the rhesus macaque — P.
cynomolgi model of P. vivax infection. The wealth of data generated here will help to guide future
hypothesis-driven studies and should allow for the utilization of this model with greater ease. This
comes with the benefit of all Standard Operating Procedures and data sets being released to the
public by the MaHPIC. This NHP model can help to address the many outstanding questions related
to relapses and malaria immunology to inform P. vivax epidemiology, vaccine development, drug
discovery, diagnostics, and control strategies to ultimately lead to improved control and elimination
programs. In conclusion, this body of work can serve as the foundation to continue to answer

burning questions at the forefront of P. vivax research.
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