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ABSTRACT

Plasmodium falciparum malaria impacts 100,000+ pregnancies annually, leading
to pregnancy loss, preterm delivery, and infant low birth weight attributed to placental
malaria (PM). PM is initiated by parasitized erythrocyte binding, precipitating
pathogenesis via dysregulated maternal inflammatory and coagulation responses. In
Chapter 2, | hypothesized that these pathogenic processes are interconnected and that
reducing one pathway will alleviate the other, improving pregnancy outcomes. My
approach tests this hypothesis genetically and therapeutically using a mouse model that
simulates human PM. Previous work showed that ablation of the inflammatory mediator,
tumor necrosis factor (TNF), improves pregnancy outcomes in the mouse model; my
work with infected TNF null mutant (TNF”") mice corroborates that finding. Transcript
analysis of infected TNF’-mouse embryos reveals reduced expression of a critical
molecular link between coagulation and inflammation, protease-activated receptor 2
(F2rl1). Simultaneously, endothelial protein C receptor (Procr) transcripts are elevated,
suggesting suppressed coagulation. Prior studies in tissue factor deficient and

anticoagulant treated infected wild-type mice showed improved pregnancy outcomes; my



studies indicate that anticoagulant treatment may operate by targeting related pathways,
since embryonic transcripts for Ifng, Tnf, 1110, 111b, and Ccl2 are significantly
downregulated. Plasma cytokine concentration corroborated the transcript data; IFNy and
IL-10 were significantly decreased by anticoagulant treatment. Antioxidant transcripts
such as Nfe2l2 (Nrf2), Sod1, and Sod3 are also considerably reduced, and Procr transcript
expression mirrored results obtained in TNF” studies. In Chapter 3, | hypothesized that
therapeutic targeting of malaria-induced oxidative stress would improve pregnancy
outcomes. Deferoxamine treatment, directed at heme/iron-induced oxidative stress,
reduced parasitemia and successfully improved pregnancy outcomes. Other treatments
directed toward lipid peroxides that promote the cell death modality, ferroptosis, and
mitochondrial oxidative stress, were unsuccessful at improving pregnancy outcomes.
Finally, Chapter 4 presents recently published work describing a novel murine model of
malaria-induced preterm delivery. The research presented in this dissertation advances
our understanding of the relationships between two pathogenic responses to PM and
describes the limitations of antioxidant therapy in improving pregnancy outcomes in a
murine model. These data hold clues that may inform future investigations of therapeutic

interventions that can circumvent adverse pregnancy outcomes due to malaria infection.
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CHAPTER 1
INTRODUCTION & LITERATURE REVIEW
Introduction
Malaria is a global parasitic disease caused by several human-infective

Plasmodial species, with Plasmodium falciparum causing the most severe disease. Young
children, immunocompromised individuals, and pregnant women are especially prone to
severe organ-specific manifestations of P. falciparum infection, such as cerebral and
placental malaria (PM). PM is characterized by parasitized red blood cell adherence in
the placenta, which triggers robust maternal inflammatory responses, immune cell
infiltration, massive fibrin deposition and dysregulated hemostasis, and hemozoin
accumulation in the placenta. These characteristics are associated with poor maternal-
fetal health outcomes, including maternal anemia, preterm delivery, infant low birth
weight, and pregnancy loss. Despite a growing body of research on severe malaria
pathogenesis and antimalarial drug development, malaria remains a leading cause of
morbidity and mortality worldwide, especially in susceptible populations. Thus, efforts to
continue advancing our knowledge of how maternal responses meant to protect against
PM can exacerbate disease and be detrimental to maternal-fetal health are imperative. By
identifying more host-directed therapeutic strategies that shift the maternal inflammatory

and coagulation responses from pathogenic to protective, we will be better equipped to



protect women and children from the poor consequences of PM and circumvent the
emerging challenge of parasite resistance antimalarial drugs.

Rodent models of malaria have been instrumental to our current understanding of
PM, but more work is required to address the remaining gaps in knowledge. Thus,
continued work with these models is essential to make progress on identifying new
modalities to combat the severe consequences of malaria infection during pregnancy. To
recapitulate the pathogenic features of PM-induced pregnancy loss, which include
enhanced maternal inflammatory and hypercoagulative states, Dr. Julie Moore’s research
group has developed a mouse model of malaria infection during pregnancy using the
murine-infective Plasmodial species, Plasmodium chaubaudi chaubaudi AS (PccAS) and
the standard laboratory C57BL/6J (B6) mouse. This model has advanced our
understanding of how maternal inflammation and coagulation contribute to pregnancy
compromise and provided evidence that targeting oxidative stress responses in the
placenta may represent a therapeutic approach to preventing PM-associated poor
pregnancy outcomes. Thus, my research seeks to define the crosstalk between
inflammation, coagulation, and oxidative stress responses within this murine model of

PM. The following specific aims outline my approach to achieving this goal.

Specific Aims

AIM 1: Describe the connections between tumor necrosis factor-driven
inflammation, coagulation, and placental oxidative stress. In this research, the activity
of the major pro-inflammatory cytokine, tumor necrosis factor (TNF), was used as a

proxy for malaria-induced maternal inflammation. In mouse and human studies, malaria-



induced TNF production has consistently been associated with poor pregnancy outcomes
[1-7]. Malaria-associated hemostatic dysfunction has also been well-documented in cases
of severe disease [8-11]. Given the well-characterized relationship between inflammation
and coagulation (the inflammation-coagulation cycle) in other disease systems [8,12-15],
my work sought to investigate the relationship between TNF-driven inflammation and
tissue factor (TF) mediated coagulation during maternal malaria infection. Using a
murine model, my goal was to elucidate the extent to which the relationship between
inflammation and coagulation drives pregnancy outcomes. My first hypothesis for this
aim is that TNF-driven inflammation influences coagulation in a manner that worsens
pregnancy outcomes. Additional studies of the pathophysiology of pregnancy loss in
mice and humans with PM have highlighted the potential for oxidative stress as a driver
of poor pregnancy outcomes [16-19]. Recently published data from Dr. Moore’s
laboratory identifies placental oxidative stress as a therapeutic target for PM [18]; thus,
my second hypothesis is that placental oxidative stress contributes to adverse pregnancy

outcomes in PM due to dysregulated inflammation and coagulation.

AIM 2: Investigate the role of maternal tissue factor in promoting inflammation and
malaria-induced pregnancy loss. In this work, elevated TF expression was used as the
first indicator of malaria-induced activation of the coagulation process. Given TF’s
central role in the inflammation-coagulation cycle [14,20,21], disruption of malaria-
induced TF expression might impact TNF-driven inflammatory responses in PM. Recent
work from Dr. Moore’s group has demonstrated that TF is a potent driver of

midgestational pregnancy loss; however, TF’s impact on inflammatory responses in this



model has not been characterized. | sought to address this gap in knowledge by
investigating the hypothesis that reducing TF expression in malaria-infected pregnant
animals will reduce the expression of inflammatory mediators and be associated with

improved pregnancy outcomes.

Literature Review

Despite concerted efforts to reduce the global malaria burden, the World Health
Organization estimates that 241 million cases of malaria occurred in 2020, resulting in
approximately 627,000 deaths [22]. Malaria is a parasitic disease caused by five human-
infectious Plasmodial species: Plasmodium falciparum, P. vivax, P. ovale, P. malariae,
and P. knowlesi, which until recently was thought to only infect long-tailed and pig-tailed
macaques [23,24]. Historically, P. falciparum was considered the most dangerous human
malaria parasite; however, P. vivax is becoming increasingly more recognized as a
significant contributor to malaria morbidity in endemic regions [25].

Malaria infection is broadly categorized into two states, uncomplicated and
complicated or severe malaria, reflecting the wide variety of symptoms associated with
the disease. Uncomplicated malaria is commonly described as intermittent febrile illness
accompanied by “flu-like” symptoms such as chills, sweats, body aches, nausea, and
vomiting. According to the Centers for Disease Control and Prevention (CDC),
uncomplicated malarial episodes can be further categorized into three stages that last
about 6-10 hours. Stage one is called the cold stage, where the infected individual
experiences bouts of cold sweats and shivers. The second stage is the hot stage,

characterized by fever, headaches, and vomiting. The final stage is the sweating stage,



where body temperature returns to normal. For infections with P. falciparum, P. vivax,
and P. ovale, these symptoms are repeated every two days, every three days for P.
malariae, and every 24 hours for P. knowlesi infection. Complicated malaria is mainly
associated with P. falciparum infection. It is linked to the development of organ-specific
syndromes attributed to the sequestration of parasitized red blood cells within the
vasculature of various organs [26]. Specifically, pregnant women experience a
manifestation of complicated disease known as placental malaria due to the adherence of

mature parasite forms within the placenta [27].

Plasmodium life cycle

Malaria parasites are transmitted to humans through the bite of female Anopheles
sp. mosquitos. As an infected mosquito takes a blood meal, it injects parasitic forms
known as sporozoites into the skin, where they enter the bloodstream and migrate to the
liver to invade hepatocytes and begin the exo-erythrocytic stage of the life cycle [28].
The exo-erythrocytic stage is associated with asymptomatic infection and persists for
about 7-16 days. At this stage, parasites undergo asexual replication before inducing the
destruction of hepatocytes to facilitate the release of thousands of merozoites into the
bloodstream. Once in the blood, merozoites begin the erythrocytic cycle by infecting red
blood cells (RBCs). They undergo asexual transformation from the ring stage to
trophozoite and then mature into schizonts. As the parasite undergoes these
morphological changes, it metabolizes hemoglobin and produces an insoluble crystalline
byproduct known as hemozoin (Hz). Once schizogony is obtained, new daughter

merozoites burst out of the RBC, leading to the direct destruction of the host cell and



giving rise to the clinical symptoms of the disease. The erythrocytic stage lasts
approximately 48 hours in P. falciparum infection, corresponding directly with the two-
day recurrence of clinical symptoms in patients [29]. Upon egress, a maximum of
roughly 36 merozoites per RBC [30] are released into the blood, where the majority
continue the erythrocytic cycle by infecting fresh RBCs, while a subset differentiates into
the parasite’s sexual forms known as gametocytes. Immature male and female
gametocytes sequester in the bone marrow [31], where they undergo maturation for
approximately ten days before re-entering the peripheral circulation to await transmission
to a mosquito. When a mosquito consumes a blood meal, ingested gametocytes undergo
sexual development in the mosquito’s midgut and eventually develop into sporozoites
that migrate to the mosquitos’ salivary glands and await subsequent transmission to a
human host [28,29]. This sexual stage development within the mosquito can take up to

three weeks and depends on the temperature of the mosquito’s environment [32].

Placental malaria

Of the Plasmodial species known to reliably infect humans, P. falciparum is
notorious for causing the most severe clinical symptoms, especially in sub-Saharan
Africa, where it is widely abundant. The likelihood of severe manifestations of P.
falciparum malaria is often dictated by transmission stability in endemic regions, prior
immune exposure of the infected individual, and the availability of effective
antimalarials. Immunocompromised individuals are especially prone to severe malaria,
including children under age five, infants, HIV/AIDS patients, and pregnant women [33].

Generally, immunocompetent individuals living in regions of stable malaria transmission



develop partial immunity to severe disease over time [34]. However, primigravid women
exposed to malaria are at an exceptionally high risk of developing the organ-specific
disease syndrome known as placental malaria (PM) [33,34]. PM is characterized by the
sequestration of infected red blood cells (iRBCs) in the intervillous space (IVS) of the
placenta [35] and adherence to the syncytiotrophoblast [36], which is the terminally
differentiated multi-nucleated epithelial cell that lines the IVS and regulates gas and
nutrient exchange between the mother and developing fetus. Massive maternal
inflammatory cell infiltration associated with robust proinflammatory cytokine release
into the placenta is another common characteristic of PM [37,38]. These maternal
responses are associated with increased syncytial knotting and fibrin deposition, basal
membrane thickening, and placental insufficiency, which causes intrauterine growth
restriction (IUGR) [33,38]. PM is also characterized by hemozoin (Hz) deposition in
fibrin and accumulation in maternal immune cells in the placenta [38,39]. The clinical
consequences of PM include poor maternal-fetal health outcomes through severe
maternal anemia, pregnancy loss, preterm delivery, and infant low birth weight, which is
associated with IUGR and neonatal mortality [33].

The characteristic cytoadherence of iRBCs to the syncytiotrophoblast in PM is
mediated by a low sulfated glycosaminoglycan receptor abundantly expressed on the
placenta, known as chondroitin sulfate A (CSA) [40-42]. CSA acts as a receptor for the
parasite-derived ligand expressed by iRBCs known as VAR2CSA. VAR2CSA belongs to
the P. falciparum erythrocyte membrane protein (PfEMP1) family of high molecular
weight proteins encoded by a diverse group of approximately 60 var genes [43].

Specifically, VAR2CSA is expressed on electron-dense protrusions termed “knobs” that



are abundant on the iRBC surface during the trophozoite and schizont stages [43]. In
areas of high malaria transmission, pregnant women are three times more likely to
experience complicated malaria and mortality due to infection than their non-pregnant
counterparts [44]. This elevated susceptibility is particularly evident in first-time mothers,
whose immune systems lack prior exposure to VAR2CSA expressing parasites, which
cannot establish infection in non-pregnant hosts [45,46]. Over successive pregnancies,
women with high antenatal exposure to malaria develop antibodies specific for
VAR2CSA variants. These antibodies are associated with a reduced risk of developing
PM, more asymptomatic infections, and better control of parasite burden [34,45-48].
Antigenic diversity VAR2CSA has been identified as an essential immune escape
mechanism and mediator of poor pregnancy outcomes, even in multigravida women [49].
Due to VAR2CSA'’s high binding affinity for placental CSA [40], VAR2CSA-expressing
parasites are exclusively isolated from pregnant women, avoiding clearance by the spleen
and sequestering within the placenta, facilitating chronic infection [49]. In contrast,
parasites isolated from non-pregnant individuals have a high affinity for other host-
derived molecules that aid in their evasion of splenic clearance. One such molecule is
CD36, which is abundantly expressed on the vascular endothelium of many tissues and is
associated with uncomplicated malaria [50]. Intracellular adhesion molecule 1 (ICAM-1)
and hyaluronic acid are two other targets for iRBC adherence in non-pregnant individuals
[51,52]. Intriguingly, women living in areas of unstable malaria transmission are equally

susceptible to PM development and its adverse outcomes regardless of gravidity [46,53].



Current interventions for placental malaria

Although the WHO reports a significant decrease in global malaria incidence over
the past decade, more than 33 million women live at risk of malaria infection during
pregnancy [22]. Malaria elimination programs have been established since the mid-
1950s; however, successful eradication has only been achieved in some countries, leaving
sub-Saharan Africa and southeast Asia with the highest malaria burdens. In fact,
approximately 96% of malaria cases reported worldwide in 2021 occurred in the WHO
African Region [22]. Several challenges have stalled the progress of malaria eradication,
including drug and insecticide resistance, asymptomatic infections and their contribution
to continual parasite transmission, poverty and conflict in endemic regions, unpredictable
funding, and disruptions due to the COVID-19 pandemic [22,54]. However, malaria
infection in pregnant women represents a unique challenge to disease eradication, as
pregnant women experience higher parasite burdens and more asymptomatic infections in
general, making them a reservoir for parasite transmission [55,56]. Additionally,
mosquitos are reportedly more attracted to pregnant women than to their non-pregnant
counterparts [57,58].

The WHO has established healthcare guidelines for protecting pregnant women
from the adverse consequences of infection. Among the most widely used interventions is
the administration of intermittent preventative treatment using antimalarial drugs
sulfadoxine and pyrimethamine (IPTp-SP). IPTp-SP is a prophylactic treatment that
reduces maternal and fetal anemia, spikes in maternal parasitemia episodes, the birth of
LBW infants, and lowers the risk of neonatal mortality [59]. It is recommended for

pregnant women living in high to moderate malaria transmission areas during routine



antenatal care visits. According to WHO guidelines, pregnant women should begin
receiving IPTp-SP treatment early in their second trimester and receive at least three
doses throughout their pregnancy. IPTp-SP has had a protective effect on maternal-fetal
health outcomes during infection; however, suboptimal treatment coverage has limited
the reach of this intervention, with only 32% of eligible women receiving three doses of
the treatment in 2020 [22].

Another essential tool to protect pregnant women in malaria-endemic regions is
the insecticide-treated bed net (ITN). ITNs have been important for malaria control
efforts because of their cost-effective and relatively long-lasting (up to three years)
insecticidal effect in high-transmission areas. However, despite these positive attributes,
recent studies suggest that ITNs may be losing efficacy due to changes in mosquito
behaviors and emerging mosquito resistance to the main insecticidal compound used in
ITNs known as pyrethroids [60-62]. Alternatively, some publications emphasize
increasing the use and durability of bednets instead of their insecticidal efficacy as a
strategy that will establish long-term prevention of malaria transmission [63,64]. Another
study argues that mosquito resistance to insecticides is not related to increased malaria
incidence when bednets are consistently and appropriately used [65].

Widespread multi-drug resistance and decreased sensitivity of P. falciparum to
frontline antimalarials have been reported worldwide [22,66]. Growing parasite
resistance to sulfadoxine-pyrimethamine also raises concerns about the future
effectiveness of IPTp-SP treatment [67—70]. Additionally, insecticide resistance is a
growing primary concern in malaria-endemic regions, as mosquito resistance to many

insecticides has already been reported [62,71,72]. This pattern of resistance is particularly
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concerning as cases of mosquito migration from endemic to nonendemic regions have
been reported [73,74].

The lack of an effective malaria vaccine approved for use in pregnant women
undermines global malaria control and eradication efforts. Although two vaccine
candidates for pregnant women have demonstrated promising safety and immunogenic
profiles, they did not elicit cross-reactivity against a wide range of VAR2CSA variants
[75-77]. Unsuccessful vaccine design attempts can be partly attributed to the antigenic
diversity of the gene that encodes VAR2CSA across different parasite isolates. This
feature facilitates immune evasion of the parasite and makes it challenging to develop a
vaccine that induces broadly protective immunity prior to infection during pregnancy.

More broadly, antigenic variation of the surface proteins expressed by iRBCs
poses a similar challenge for vaccine design in other vulnerable groups. Of the
approximately 60 available var genes in the parasite’s genome, only one gene is actively
translated into protein during the intraerythrocytic cycle, and it is this variant that is
eventually expressed on the iRBC surface [43,78]. Due to epigenetic modifications [79-
81], the activity of a variety of genetic elements [82,83], and other signals that remain
unknown [84], daughter merozoites, upon re-invasion of a new RBC, can express a var
gene that is antigenically distinct from the var gene previously expressed in their parent
parasite [43,79]. Thus, studies that identify reliable ways to circumvent the parasite’s
immune escape strategies will improve vaccine design efforts and may boost the
longevity of the recently approved malaria vaccine, RTS,S (Mosquirix), which is

currently intended for use in children only.
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Mouse models of malaria during pregnancy

For decades, murine models of PM have been used as an inexpensive, convenient,
genetically-tractable, and informative tool to draw parallels between pathogenesis and
poor pregnancy outcomes associated with human disease. Given the ethical and logistical
limitations of studying malaria infection in pregnant women, murine models provide the
added benefit of having shorter gestational periods, comparable placental function and
structure [85], and shared pathology and pregnancy outcomes to humans malaria [86].
Plasmodium berghei and P. chabaudi are murine-infective Plasmodial species commonly
used to study pregnant and nonpregnant animals with various immune statuses. Although
there is no perfect mouse model of human malaria, different combinations of mouse
strains with different parasite isolates recapitulate various aspects of human disease and
can give useful insights into how P. falciparum malaria causes disease and pregnancy
demise [87].

P. berghei is a lethal malaria parasite because infection in pregnant and non-
pregnant mice is fatal without antimalarial drug treatment [86,87]. Additionally, infection
studies done in naive pregnant mice must be initiated at mid-late gestation (embryonic
day (E) 10.5 through 13.5) to avoid maternal mortality*. Neres et al. characterized many
similarities between mouse and human PM through the use of BALB/c mice infected
with 106 P. berghei ANKA (PbA)-iRBCs intravenously between E11-13 [88]. The course
of infection in these mice typically mimics complications consistent with human malaria

infection during pregnancy, including IUGR, the birth of LBW pups, and postnatal

! Published nomenclature to describe gestational age in murine models of PM vary between gestational day
(GD) and embryonic day (E). All gestational time points in this document will be referred to with E for
consistency.
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growth impairment. Additionally, mononuclear cell infiltration of placental tissues and
accumulation of iRBCs in the intervillous space are also commonly shared characteristics
between humans and P. berghei-induced malaria [88]. In these studies, gestational age
was determined through the detection of a vaginal plug in females mated with males
overnight. Day zero of gestation and successful pregnancy were confirmed 10 and 13
days post-plug, based on steady weight gain. Within this model, pregnancy status
severely exacerbated the course of infection, with infected pregnant (IP) mice
experiencing more significant parasite burdens, reduced maternal survival, placental
dysfunction and inflammation, and signs of intrauterine growth restriction and fetal loss
relative to uninfected pregnant (UP) controls. Placentas from IP mice shared common
characteristics with placentas from infected humans, including the accumulation of
iIRBCs and Hz, basal membrane thickening, fibrinoid necrosis, and inflammatory cell
infiltration of the tissue [88]. Additionally, ex-vivo adhesion assays provided evidence
that PbA-infected RBCs can bind to CSA in mouse placentas, consistent with the
VAR2CSA binding phenotype of P. falciparum. Thus, PbA adhesion through CSA may
be involved in the placental pathology and iRBC accumulation described in IP mouse
placentas [88,89]. However, a major drawback of this model includes the high dosage of
iRBCs that must be delivered to produce the abovementioned phenotypes. A 10° dosage
could make it more likely that the host's defensive response to infection has insufficient
time to develop, potentially making it more difficult to discern between natural and
artificial host-parasite interactions, which may be generalizable across murine
Plasmodium species [90]. An additional drawback to this model is the mode of infection.

Natural malaria infection is initiated with sporozoites delivered through a mosquito bite
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that proceed to the exo-erythrocytic cycle before RBC invasion; however, these critical
stages of the lifecycle are bypassed entirely when iRBCs are introduced directly into the
bloodstream.

Alternatively, Van Zon et al. and several others have studied P. berghei infection
during pregnancy after pre-exposure to the same parasite, by immunizing mice prior to
mating [91,92]. They infected virgin mice and subsequently treated them with
immunosuppressive drugs to circumvent the guaranteed fatality associated with P.
berghei infections. This approach provided a model for malaria infection in women who
had been previously exposed to malaria before pregnancy, a feature that is common
amongst women living in regions of stable malaria transmission. They found that non-
pregnant mice with preexisting immunity to P. berghei experienced partial immunity to
reinfection, with no clinical symptoms and low-level parasitemia observed. On the other
hand, when these mice were mated, a considerable proportion developed pregnancy-
associated recrudescence, which they attributed to pregnancy-related depression of the
immune system. Intriguingly, other studies demonstrated that the severity of the clinical
symptoms associated with pregnancy-induced recrudescence was parity dependent and
directly correlated with the level of circulating pregnancy-specific 1gG antibodies that
recognized variant surface proteins selectively expressed on iRBCs [93,94]. Moreover,
pregnancy-specific antibodies accumulated over subsequent pregnancies and protected
mice from poor birth outcomes. Although this model is attractive for its incorporation of
preexisting immunity to malaria prior to pregnancy, one major drawback is that it only
considers outcomes associated with recrudescence from a primary infection but not the

outcomes related to re-infection in early or late gestation. Another drawback to this
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model is that mice were only exposed to the parasite once before pregnancy, which does
not reflect the frequency of malaria exposure that women in highly endemic regions
experience prior to their first pregnancies.

An example of how different host-parasite combinations can recreate very
specific aspects of human disease in mouse models was published by Rodrigues-Duarte
et al., who performed experiments in mid-late gestation using P. berghei isolates
ANKAApm4, NK65, and K173 in C57BL/6 mice [89]. Each strain induced pathological
features relevant to human PM, such as elevated parasite burden in pregnant versus non-
pregnant hosts, basal membrane thickening, fibrinoid necrosis, thrombosis in the
placenta, and overall placental disorganization. ANKAApm4 was associated with a robust
innate immune response through elevated gene expression of key inflammatory mediators
such as tumor necrosis factor (TNF), monocyte chemoattractant protein 1 (MCP-1), or
CCL2, and macrophage inflammatory protein 1-a (MIP1-a) also known as CCL3. K173
parasites displayed increased growth kinetics but induced fewer inflammatory responses
in the placenta. NK65 showed growth kinetics similar to ANKAApm4 and had a less
reactive inflammatory response like K173, but resulted in the most severe pregnancy
outcomes, including LBW pups, dysfunctional placenta, and a higher incidence of fetal
loss. These differences in disease characteristics during pregnancy based on parasite
isolates used in the mouse model allow researchers to focus on specific aspects of PM
pathogenesis and their impact on pregnancy outcomes. One drawback to this model is
that a high parasite inocula must be used to produce these distinct phenotypes.

As stated before, Plasmodium chabaudi is also commonly used in mice to study

malaria-induced pregnancy outcomes [95]. An important feature of P. chabaudi is that
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infection in rodents using this strain recapitulates several characteristics of P. falciparum
infection in semi-immune individuals. P. chabaudi, like P. falciparum, preferentially
infects erythrocytes [96], while P. berghei infects reticulocytes similar to P. vivax
[97,98]. Additionally, P. chabaudi causes non-lethal infection in wildtype C57BL/6 mice
[99], similar to what is observed in P. falciparum infection. Using two isolates of P.
chabaudi known as P. chabaudi chabaudi CB (PccCB) and P. chabaudi chabaudi AS
(PccAS), Sharma et al. developed a mouse model of heterologous reinfection and
recrudescence in malaria-experienced dams [100]. The authors demonstrated that PccCB,
the more virulent of the two isolates, causes severe anemia and recrudescent infection in
C57BL/6 mice. For recrudescence studies, the authors infected mice intravenously with
2000 PccCB sporozoites and then mated them 35 days post-infection. They found that
pregnant mice experienced parasite recrudescence by E14 but did not suffer adverse
pregnancy outcomes or succumb to infection. Additionally, their offspring did not
experience obvious birth defects or altered susceptibility to malaria infection.
Alternatively, heterologous infection (HI) initiated with PccAS infection followed by
PccCB infection during midgestation produces a robust pro-inflammatory response and
severe pregnancy outcomes, including impaired pup post-natal growth and altered
susceptibility to malaria. For these HI studies, the authors reported that mice infected
intravenously with 2000 PccAS sporozoites, mated 35 days post-infection, and then
inoculated with 10° PccCB iRBCs on E10 could be categorized into two distinct groups
based on parasite density throughout the course of infection. Mice that experienced high
parasite burdens (HI"9") had an average parasitemia of about 18% and experienced

negative pregnancy outcomes, such as stillbirth and neonatal death. HI"'9" dams also
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experienced elevated inflammatory cytokine levels of TNF, MCP-1, interleukin 12 (IL-
12), and interleukin 10 (IL-10), characteristics not observed in mice that experienced
low-density parasite burden after re-infection (HI'"®). The majority of HI"9" dams did not
produce viable offspring, however of those that did successfully deliver, their offspring
had persistently lower birth weights and increased susceptibility to malaria infection
compared to offspring delivered by HI'®" dams. Interestingly, the authors found that pups
born to HI dams, regardless of parasite density, had significantly lower parasite burdens
and did not experience spontaneous recrudescent infection 25-30 days post infection
compared to pups born from malaria-naive dams. Overall, the authors have characterized
a rodent model of malaria infection that involves immune exposure to different parasite
isolates and attempts to recapitulate the experience of women living in endemic regions,
who have multiple malaria episodes in their lifetime and experience parasite
recrudescence and reinfection during midgestation. One drawback of this model is that
while it attempts to mimic natural infection by injecting sporozoites during the primary
infection, the secondary infection must be done using iRBCs to induce the HI phenotype,
which does not reflect how humans are naturally re-infected.

The abovementioned rodent models of malaria infection during pregnancy were
conducted in mid-late gestation. To study the impact of malaria infection on pregnancy
outcomes in early gestation, a novel mouse model was developed in the laboratory of
Julie M. Moore [5,101,102]. In this model, C57BL/6J mice are intravenously injected
with 10® PccAS-infected RBCs on EOQ.5, defined as the day a vaginal plug is observed
following mating. To avoid stress-induced implantation failure, mice are rested until

E6.5, when daily weight, hematocrit, and parasitemia measurements are obtained. Similar
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to previously mentioned models, infected pregnant (IP) mice experienced higher
parasitemia and anemia than infected non-pregnant (INP) controls and universally lost
their pregnancies between E10.5-12.5. Mice sacrificed on E10.5 often have open cervices
with active expulsion of embryos, and by E12.5, no viable embryos are found [101]. The
course of infection in IP mice is characterized by peak peripheral parasitemia
(approximately 22%) by E10.5-11.5 and low hematocrits indicative of maternal anemia at
the same timepoint. INP mice experienced less accelerated disease kinetics, with a lower
peak parasitemia (approximately 19%) observed at E11.5 and slower development of
anemia. By E16.5, IP and INP mice resolved the infection with less than 2% parasitemia
and no significant difference in survival between groups. Body weight measurements
were used to determine the pregnancy progression and severity of morbidity in all groups
of mice. The authors observed that both IP and UP mice gained weight steadily during
the initial stages of pregnancy; however, only IP mice began to lose weight as
parasitemia developed, indicative of malaria-induced morbidity and fetal resorption.
When IP mice are compared to UP controls, pregnancy loss is significantly higher, with
100% dead embryos at E12.5 in IP dams compared to approximately 3% embryo loss in
UP dams at the same timepoint. In mice undergoing abortion, placental parasitemia was
more than 40% higher than in the peripheral parasitemia at E10.5 and E11.5 and
significant accumulation of iRBCs in the maternal sinusoids was observed. Some
drawbacks of this model are that it does not produce significant inflammatory cell
infiltrate into the intervillous space of the placenta and it is not known if the IRBC
accumulation observed is mediated by CSA binding. Moreover, infection is initiated in

the blood stage, which bypasses the exoerythrocytic stage of the life cycle, which can
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potentially impact host-parasite interactions. Finally, infection in this model is iniaited in
virgin mice with no preexisting immunity to malaria infection during pregnancy. This
characteristic of the model only simulates infection in a small subset of individuals (those
who live in regions of low or unstable malaria transmission). However, this is the first
model that allows for the study of malaria infection in early gestation and is not
accompanied by maternal death as seen with P. berghei infection. Therefore, this model
attempts to mimic human malaria infection during pregnancy, where immunologically
naive primigravid mothers experience malaria-induced adverse pregnancy outcomes early
in gestation that are associated with severe maternal morbidity but not with maternal

death.

Inflammation in PM pathogenesis

For decades, the exact mechanisms involved in PM pathogenesis have been
intensely studied but remain incompletely understood. So far, scientists have learned that
a balance is required between protective malaria-induced inflammation and an
exaggerated inflammatory response associated with intervillositis, the birth of LBW
infants, and preterm labor [37,103,104]. While healthy placentae display a bias towards
type 2 cytokine expression [105], including IL-10, 4, 6, and 13, several type 1
proinflammatory cytokines such as TNF, IL-2, and interferon-gamma (IFNy) are elevated
systemically in mothers suffering from spontaneous pregnancy loss and pre-eclampsia
[106,107]. In malaria-infected women who develop severe malaria, elevated type 1
proinflammatory cytokines such as TNF, IFNy, and IL-1p in the peripheral blood are

associated with placental pathology and poor birth outcomes [2,104]. At the placental
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level in both mice and humans, upregulation of cytokines and chemokines secreted by
infiltrating maternal immune cells include TNF, IFN-y, MCP-1, MIP-1a, and soluble
CD163, a marker for monocyte and macrophage activation [10,108-110]. This
characteristic infiltration of mononuclear cells into the intervillous space of infected
placentae is also associated with the secretion of soluble TNF receptors [111,112] and
increased RNA expression of inflammation-associated genes. The most notable are
chemokine genes for CCL-1, MCP-1, MIP-1a, and CXCL8 [108,113]. However, it is
important to note that there is some disagreement about which cytokines and chemokines
are significantly elevated in infected pregnant women in the field [4,108,114,115] and
which can reliably predict poor pregnancy outcomes [2,4,109,116], which may be
attributable to differences in data collection and analysis methods, sample sizes, and
intrinsic differences between study populations (i.e., genetic background, malaria
endemicity, etc.).

Additionally, infection with human immunodeficiency virus (HIV), a common
virus in malaria-endemic regions, can impact the cytokine/chemokine responses during
malaria infections. Intervillous blood mononuclear cells (IVBMC) from women with
active PM and HIV infection demonstrated enhanced TNF and IFN-y expression upon
stimulation with hemozoin in vitro [117]. However, in the absence of HIV infection,
IVBMC:s secrete significantly less TNF and IFN-y, even in the presence of substantial
hemozoin, contributing to the body of evidence that co-infection with these two diseases
increases the risk of severe malaria disease, which may be driven by exaggerated

proinflammatory responses in pregnant women.
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Serum levels of IL-10, a major anti-inflammatory type 2 cytokine, are reportedly
elevated in many cases of malaria infection during pregnancy [10,109,114,116,118,119].
Low levels of IL-10 have been attributed to severe disease in humans [120,121], and in
rodent models, IL-10 is sufficient to reduce clinical signs of severe malaria and maintain
proper Th1/Th2 balance during infection [122,123]. Treatment of IL-10 deficient mice
with antibodies to neutralize TNF function further confirmed the role of IL-10 in
counteracting the negative impact of excessive proinflammatory cytokine levels in
malaria-induced pathology [123]. However, in some rodent models, plasma levels of IL-
10 do not seem to protect mice from malaria-induced pregnancy loss [102].

To better understand the role of inflammation in malaria pathogenesis, researchers
have drawn parallels between malaria and other inflammatory diseases such as sepsis
[124-126]. Sepsis, characterized as an excessive immune response to an infection, shares
several systemic inflammatory mediators with malaria, including TNF, IL-1, INF-y, IL-
10, and others [126]. Additionally, there is evidence that thrombocytopenia,
coagulopathy, and increased expression of endothelial adhesion molecules such as
ICAM-1 (intracellular adhesion molecule 1) and VCAM-1 (vascular cell adhesion protein
1) are shared between malaria and sepsis [126], supporting the potential that both
diseases develop through similar mechanisms. Research on sepsis in the late 1980s
identified TNF as an essential mediator of severe disease [127,128], and anti-TNF
antibody treatment in animal models of sepsis showed improved clinical outcomes
[129,130]. Given those preclinical results, attempts were made to neutralize TNF activity
in patients experiencing septic shock, and subsequently, anti-TNF treatment was also

given to malaria patients. For septic shock patients, treatment exacerbated the disease
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[131], suggesting TNF activity is required for proper immune control of these diseases
and plays a multifaceted role in both protection and pathology. On the other hand, one
study reported reduced fever after anti-TNF treatment in patients with cerebral malaria
[132], perhaps supporting the therapeutic potential of TNF-directed therapy during severe
malaria. TNF has also been shown to induce the activity of other inflammatory
chemokines such as MIP-1a, the first chemokine associated with malaria infection and is
elevated in malaria-infected placentas [126], and IFN-y, which also plays a dual role in
protection and pathology during malaria infection [133].

Further studies on TNF and its pathogenic role in the development of
preeclampsia in pregnant women provides clues for its potential function in PM
pathogenesis. Preeclampsia is a pregnancy complication characterized by high blood
pressure and proteinuria and impacts approximately 8% of pregnancies worldwide [134].
Birth outcomes of preeclampsia are similar to PM and include preterm birth, placental
insufficiency, and fetal growth restriction [135]. Levels of TNF have been reported to be
elevated in preeclamptic compared to normative pregnancies and have been linked to
perinatal morbidity and mortality [136]. Additionally, TNF has been named one of the
major proinflammatory cytokines responsible for endothelial cell activation and
dysfunction, a predominant characteristic of preeclampsia [137] and severe malaria
pathogenesis [137,138]. Other aspects of preeclampsia, such as reduced placental

perfusion and oxidative stress, are associated with PM [135].
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Coagulation in PM pathogenesis

The role of coagulopathy in malaria pathogenesis is incompletely understood [9].
Some human studies seeking to understand the role of coagulation in disease outcomes
report minimal evidence of disseminated intravascular coagulation (DIC), characterized
as an inappropriate and hyper blood clotting response in most P. falciparum-infected
patients [139,140]. Moreover, many studies in both malaria and sepsis argue that some
level of activated coagulation plays a significant role in disease pathogenesis, even if DIC
is not detected [141,142]. On the other hand, many studies have demonstrated that indeed
activation of the coagulation cascade is implicated in severe malaria disease [10,143—
145]. Tissue factor (TF), the potent mediator of the extrinsic coagulation pathway [146],
has also been implicated in driving coagulopathy in malaria [147].

Coagulation, also known as blood clotting, is a biological process of repairing
endothelial injury due to mechanical or inflammatory damage [148]. This process is
divided into two pathways, the intrinsic and extrinsic pathways. The intrinsic pathway,
also known as the “contact activation” pathway, is initiated through the interaction of a
negatively charged surface, such as those found on collagen or activated platelets, with a
clotting factor in the blood called Factor XII (FXII), leading to its activation. Upon
activation, FXII catalyzes the sequential proteolytic cleavage of Factor XI (FXI), Factor
IX (FX1), Factor X111 (FXIII), and Factor X (FX), which represents the point at which the
intrinsic and extrinsic pathways converge. On the other hand, the extrinsic pathway is
initiated upon endothelial injury when subendothelial TF is exposed to the blood and its
clotting factors. When TF comes into contact with the blood, it immediately forms a

complex with Factor VII (FVII), converting it to its active form, FVIla. Together, the
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FVIla-TF complex cleaves FX, generating its active form FXa, which then interacts with
Factor V (FV) to convert it to its active form, FVVa. FVa then catalyzes the conversion of
prothrombin to thrombin, which catalyzes the conversion of fibrinogen to fibrin. Fibrin
molecules are the building blocks of a blood clot, and they become stabilized and
crosslinked through the activity of activated factor X1l (FXIIla), whose activity is also
catalyzed by thrombin [148].

Under normal hemostatic conditions, inactive forms of the abovementioned
clotting factors are circulating in the blood, allowing the coagulation cascade to progress
rapidly upon activation through positive feedback amplification. This rapid response
prevents excessive bleeding and facilitates proper wound healing. This process is tightly
regulated by several anti-coagulant mechanisms that provide negative feedback at various
points in the coagulation cascade [149,150]. For instance, thrombin binds to a nearby cell
surface receptor known as thrombomodulin upon activation. The thrombin-
thrombomodulin complex inhibits thrombin’s ability to interact with FV and then
activates a potent anti-coagulant molecule known as protein C. Activated protein C
(APC) then interacts with the endothelial protein C receptors (EPCRs), which are highly
expressed on blood vessels and within the placenta [151]. APC is generated on the
endothelial cell surface via the activation of protein C by the thrombin-thrombomodulin
complex; APC bound to EPCR cleaves and inactivates coagulation factors Va and Vlla,
diminishing thrombin generation. The EPCR has been implicated as a contributor to
malaria disease severity by acting as a receptor for PfEMP-mediated iRBC adhesion to
the endothelium [152,153]. This receptor-mediated sequestration directly contributes to

the development of severe malaria by disrupting proper anti-coagulant and cytoprotective
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functions of APC and describes a link between dysregulated hemostasis and malaria
pathogenesis [152].

Another naturally occurring class of anticoagulant molecules is known as
heparins, which are produced by mast cells that have migrated to the injury site [154].
They are known to activate another anti-coagulant molecule known as antithrombin 111,
which is responsible for binding to thrombin and inhibiting its activity [154]. Heparins
can be purified from various animals, including bovine and porcine sources, and used to
treat thrombotic disorders and other diseases characterized by hypercoagulation. One
such example is low molecular weight heparin (LMWH), which is used to inhibit FXa
and thrombin activity. LMWH has a relatively long half-life, high bioavailability, and is
safe to use in pregnancy, although its use can have side effects such as heparin-induced
thrombocytopenia [155,156]. The tissue factor pathway inhibitor (TFPI) is another anti-
coagulant molecule that acts on FVIla to prevent the TF-FVIla complex from catalyzing
the cleavage of FX to FXa [157].

In malaria, fibrin accumulation in the placenta is a universal histopathological
feature [27,38]. Work produced by Avery et al. further revealed evidence of active
coagulation and impaired fibrinolysis in the placentas of women with PM through the
assessment of other coagulation-related biomarkers, including fibrin [10]. For instance,
PM-positive women showed signs of elevated D-dimers and fibrin, markers of active
coagulation, and elevated plasminogen activator inhibitor 1 (PAI-1), an indicator of
fibrinolysis suppression. They also observed that PM-positive women with microscopic
and submicroscopic infections displayed high fibrin deposition within the placenta and

high PAI-1 levels, providing evidence for dysregulated fibrinolysis. The authors also
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evaluated the birth weights of babies from PM positive compared to PM negative
mothers to assess the potential impact of malaria-induced impaired homeostasis on
pregnancy outcomes. They found that women with both microscopic and submicroscopic
infections and increased fibrin deposition in the placenta had children with significantly
lower birth weight compared to PM-negative mothers. These results could suggest that
dysregulated fibrinolysis and inappropriate coagulation activation could contribute to P.
falciparum-induced poor pregnancy outcomes.

Further in vivo experiments in the PccAS mouse model of malaria infection in
early gestation revealed markers of dysregulated fibrinolysis and hypercoagulation,
through upregulation of TF and PAI-1 in infected pregnant mice [10]. To address the role
of hypercoagulation on pregnancy loss within the PccAS model, mice were treated with
either research grade LMWH or enoxaparin [10], which is a Food and Drug
Administration (FDA) approved drug in the LMWH family, that is used to treat
thrombotic disorders during pregnancy. In these experiments, infected pregnant (IP) mice
were treated twice daily with anticoagulant treatment from gestational day E6.5 to E12.5,
administered via neck scruff. Infection kinetics did not differ between IP-untreated and
IP-treated mice, regardless of treatment. All three groups of IP mice had similar
parasitemia and hematocrit values throughout the course of infection; however, only the
IP-LMWH treated group continued to gain weight through peak parasitemia at E10.5-
11.5, which was comparable to uninfected pregnant (UP) controls. Remarkably, embryo
survival at midgestation (E12.5) in IP-LMWH treated mice was significantly higher (61%
embryo survival) than survival in the IP-untreated group (3% embryo survival), with only

3 out of 11 LMWH treated mice showing signs of abortion. Enoxaparin-treated IP mice
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experienced steady weight gain until E10.5; however, they experienced poor embryo
viability at E12.5 (14% embryo survival), which was not significantly different from
embryo survival in the IP-untreated group. Notably, despite improved midgestational
pregnancy outcome in IP mice treated with LMWH, embryo survival still did not achieve
the level of viability observed in UP mice (97% embryo survival). Overall, these results
suggest that hypercoagulation plays a significant role in pregnancy loss at midgestation in
the PccAS model of PM since anticoagulant treatment can dampen its contribution to
pregnancy compromise, albeit not completely.

Due to the hematological nature of malaria infection, activation of the coagulation
cascade is also associated with thrombocytopenia. Thrombocytopenia, described as an
abnormally low platelet count, is a common occurrence in both P. falciparum and P.
vivax infection [158]. Unlike severe anemia, thrombocytopenia has not been identified as
a factor involved in malaria-associated mortality; however, it is commonly used to
rapidly diagnose malaria infection in febrile patients living in endemic areas. Activated
platelets play an important role in malaria pathogenesis through platelet-mediated
clumping, endothelial cell activation, and inflammation, which are strongly associated
with severe malaria outcomes [159-162]. In cases of cerebral malaria, the severity of
thrombocytopenia corresponds with the degree of clumping observed in vitro, and
clumping is mediated by the adhesive molecules found on the surface of platelets, CD36,

and P-selectin [163].

The inflammation-coagulation cycle and PM pathogenesis
Studies in sepsis, malaria, and other inflammatory diseases have provided

evidence for the intricate balance between inflammation and coagulation known as the
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“inflammation-coagulation cycle” [8,9,14,164-166]. A family of seven-transmembrane
G-protein coupled receptors called protease-activated receptors (PARS) has already been
identified as a biological link between inflammation and coagulation [13,165-168]. There
are four members of the PAR family (PAR1-4), and they are all activated through
proteolytic cleavage of their extracellular N-terminal domain by coagulation serine
proteases such as thrombin, trypsin, and the factor FXa/FVIla/TF complex. This
proteolytic cleavage reveals a tethered ligand that activates the extracellular receptor,
triggering conformational changes and downstream signaling[167,169,170]. Activated
PAR receptors signal through G proteins like Gi (CAMP inhibitory), G12/13 (Rho and Ras
signaling), and Gq (calcium signaling) [171] and play essential roles in regulating
hemostasis, thrombosis, inflammation, and cancer progression [13,167,172]. PAR
activation is an irreversible process that results in immediate internalization and
degradation of the receptor to avoid an exaggerated response [168,171]. PARs are
expressed on the surfaces of endothelial and immune cells, platelets, neurons, astrocytes,
and epithelial cells, including the trophoblast, where they regulate hemostasis and
thrombosis [172,173]. Of note, some significant differences exist between human and
mouse PAR-1, PAR-3, and PAR-4 expression and function, especially on platelets, that
must be considered during study design and experimentation of PAR signaling
[170,174,175].

Differential downstream outcomes via activation of the same PAR by different
agonists are termed “biased activation” [175]. PAR1, 3, and 4 are activated by thrombin,
whereas PARL1 can also be activated by FXa, plasmin, APC, neutrophilic enzymes, and

other molecules [167]. Trypsin is a potent activator of PAR2, but PAR2 can also be
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activated by PARL after it is cleaved [174]. Similarly, PAR1 and 3 can co-activate PAR4
after their cleavage by thrombin [167]. A study shows that in human endothelial cells,
PARL activation via thrombin favors induction of endothelial barrier permeability and
pro-inflammatory responses [171]. In contrast, APC, an anticoagulant protease, promotes
endothelial barrier stabilization and anti-inflammatory responses through PAR1 signaling
[176]. Other ligands, such as matrix metalloproteinases, which play important roles in
endothelial function [177] and neutrophil proteases released during inflammation [178],
contribute to biased activation of PARs that leads to differential gene expression when
compared to thrombin-activated signaling [176]. In pregnancy, PAR 1 and 2 mRNA
levels are increased in the conceptuses of malaria-infected mice [7] and are implicated in
the disease pathogenesis of preeclampsia [179,180]. Although PAR activation can drive
the expression of proinflammatory cytokines by endothelial cells [166], it is still unclear
how PAR signaling functions as a molecular link between malaria-induced inflammatory

responses and coagulopathy in placental tissues.

Oxidative stress in PM pathogenesis

Recently, Sarr et al. published evidence for the contribution of oxidative stress to
pregnancy compromise within the PccAS model of PM [18]. Oxidative stress is generally
characterized as an overabundance of free radicals in an environment compared to the
antioxidant defenses available to neutralize them [181,182]. While oxidative stress is
known to be associated with the regular physiological changes related to pregnancy
[183], it has also been implicated in contributing to poor pregnancy outcomes such as the

initiation of preterm labor [184], early pregnancy loss, and pre-eclampsia [185-188].
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Recent studies conducted in women living in Cameroon, demonstrated that the lipid
peroxide product of oxidative stress responses called malondialdehyde (MDA) could be
used as a biomarker for malaria severity during pregnancy [16]. Further studies confirm
the potential for oxidative stress in PM by evaluating lipid peroxidation product 4-
hydroxynonenal (HNE), in the placenta of PccAS-infected mice [17-19].

The production of free radicals associated with oxidative stress is a natural
product of oxidative phosphorylation and energy generation by living cells. Without
antioxidant defenses, free radicals can induce damage to cellular components such as
proteins, lipids, and DNA and ultimately lead to cell death. Antioxidant defenses include
free radical scavengers that are always present in low levels within a cell to donate
electrons to free radicals and reduce their reactivity. There are three main classes of free
radical species: reactive oxygen species (ROS), reactive nitrogen species (NOS), and
reactive chlorine species [181]. My research seeks to interrogate the potential
contribution of ROS to pregnancy compromise within the PccAS model of PM.

Several types of ROS are naturally produced as products of oxygen metabolism
across mammalian cell types and cause cellular damage if produced in excess. The most
commonly referred to ROS include free radicals such as superoxide radicals (O2),
hydroxyl radicals (OH"), and non-radicals such as hydrogen peroxide (H20) [181]. The
free radical scavengers important for controlling ROS activity include superoxide
dismutase (SOD), catalase, and glutathione peroxidase. SODs are responsible for
converting Oz radicals into H20», which catalase detoxifies into water and oxygen.
Biologically, O2 is one of the most important free radicals because most other ROS can

be generated from reactions between it and other molecules. For instance, O2™ has a
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relatively short half-life and is moderately reactive; however, its interaction with H>O>
produces OH-, which is highly reactive. Several biological processes can produce Oy
radicals, but many are generated from the electron transport chain within the
mitochondria [189]. Other organelles, such as the endoplasmic reticulum and
peroxisomes, can also produce ROS [182]. In addition, the Fenton reaction results in the
synthesis of OH"radicals in the presence of free iron or copper, which are important
catalysts for generating ROS [190,191]. Oxidative damage within cells caused by an
overabundance of ROS includes lipid peroxidation, DNA hydroxylation, and cell death
[181].

Oxidative stress can also be intentionally produced by immune cells. After an
inflammatory response has been triggered at the sight of injury, rapidly responding
immune cells such as monocytes and macrophages will often release ROS into the
extracellular environment upon arrival [192]. This ROS “burst”, a common characteristic
of neutrophils, is designed to inflict damage on the invading pathogens but can also harm
the surrounding tissue [193]. In the case of inflammatory disease, where inflammation is
uncontrolled or chronic, a constant stage of tissue deterioration can be attributed to
oxidative stress [192]. It has been described that under inflammatory conditions,
oxidative stress can stimulate the activity of pattern recognition receptors on the surface
of the tissue, leading to the activation of multiple transcriptional regulators such as
nuclear factor- kB (NF- kB) [194]. Since NF-«B is one of the transcription factors
responsible for gene expression of proinflammatory cytokines, chemokines, receptors,
etc., activation by H>O> represents a potential link between oxidative stress and

inflammatory responses. In diseases characterized by endothelial activation and
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dysfunction, such as cardiovascular diseases, elevated ROS levels have been associated
with the onset of symptoms and severity [195]. Additionally, inadequate placental
perfusion driven by repeated hypoxia/reoxygenation in preeclamptic patients induces
excessive O production in the syncytiotrophoblast and cytotrophoblast [196].
Unsurprisingly, this increase in ROS is associated with elevated markers of lipid
peroxidation and protein damage in preeclamptic placentas [196]. In the context of
malaria, severe anemia has been implicated in the development of ischemia and
reperfusion syndrome, driven by changes in tissue oxygenation during severe infection
that contributes to tissue ROS production [197]. To date, no studies have directly
examined the potential relationships between inflammation, coagulation, and oxidative

stress in PM pathogenesis as an approach to discovering novel therapeutics.

Hemozoin’s immunomodulatory role in malaria

Nearly 95% of the protein found in red blood cells (RBCs) is hemoglobin [198].
Hemaoglobin is an iron-containing molecule responsible for transporting oxygen
throughout the body. After the invasion of red blood cells, the Plasmodium parasites
consume hemoglobin as a required part of their development [198,199]. Hemoglobin
degradation by the parasite supplies nutrients that it needs for growth; however, some
studies suggest that hemoglobin degradation protects the RBC from lysis, allowing the
parasite to strike a balance between its growing volume and the total volume of the RBC
[200]. Either way, hemoglobin degradation results in the release of free heme, which is
toxic to the parasite. As a result, the parasite has developed a heme detoxification strategy

to transform free heme into an inert, insoluble, crystalline product known as hemozoin
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(Hz). Hz is then released into the extracellular environment upon lysis of iRBCs, where it
is rapidly phagocytosed by nearby immune cells [199,201].

Whether hemozoin itself is immunomodulatory has been studied extensively
[202]. It has been shown that macrophages recognize and ingest both iRBCs and
hemozoin; however, some studies suggest that phagocytosis of these substances hurts
macrophage, monocyte, and dendritic cell functionality [203—-207]. Macrophages and
monocytes that have ingested hemozoin cannot completely destroy the malarial pigment
[203], generate oxidative burst [208], or kill other digested pathogens [209]. However,
macrophages, monocytes, and dendritic cells are still capable of generating a pro-
inflammatory response after contact with iRBCs or hemozoin, by secreting cytokines like
TNF and IL-6 [210,211], reactive oxygen species[212], nitric oxide [213,214], MIP-1a
and MIP-1p [214]. It should be noted that there is some controversy about the ability of
monocytes to produce nitic oxide upon hemozoin and cytokine stimulation [215], and the
preparation of hemozoin itself can produce varying results in vitro [202,216].

It has also been demonstrated that natural hemozoin (nHz), which is thought to
more closely resemble hemozoin that might be found in vivo upon schizont rupture, is
typically bound to various host and parasite-derived substances such as proteins and
lipids [216]. One such substance is fibrinogen, the glycoprotein that is important for the
formation of stabilized fibrin clots, the final product of the coagulation cascade. A recent
report suggests that hemozoin’s ability to induce immune responses from phagocytes is at
least partially due to the stable attachment of fibrinogen to nHz [217]. One potential
mechanism for fibrinogen-bound hemozoin-mediated immune responses is through

interactions with pattern recognition receptors on the surface of innate immune cells,
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such as toll-like receptors (TLRs). Specifically, there have been reports of fibrinogen-
bound hemozoin interacting with TLR-4 to induce TNF secretion in monocytes [217].
Some reports show that heme, the subunit component of Hz, can activate TLR4
production of TNF from macrophages [218]. Coban et al. further assessed the role of
hemozoin-induced immune system activation through TLR9 signaling. They found that
nHz could activate dendritic cells to produce several proinflammatory cytokines in a
Myd88-dependent fashion [219].

During pregnancy, the trophoblast can participate in the innate immune response
by phagocytosing microbes and producing cytokines such as TNF [220,221]. In the
PccAS model of murine malaria infection during pregnancy, trophoblast giant cells can
phagocytose iRBCs and hemozoin [102]. Thus, the interaction between parasite-derived
products such as hemozoin and the placenta may influence malaria-induced outcomes
during pregnancy. Through a P. berghei NK65 infection model in pregnant C57BL/6,
Barboza et al. demonstrated that TLR 2, 4, and 9 are upregulated in the placenta after
infection [222]. They showed that placental pathology, increased TNF expression, and
reduced neonatal growth rate could be attributed to TLR4 expression and signaling [222].
Given that it is possible for Hz to be phagocytosed by the trophoblast and activate TLR
signaling, it may also be possible to induce programmed cell death responses under
particular circumstances.

In summary, malaria infection during pregnancy represents a significant global
public health challenge for malaria eradication efforts and maternal-fetal health in
endemic regions. Maternal responses to infection, such as inflammation, coagulation, and

oxidative stress, are protective responses that ultimately contribute to PM pathogenesis
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and pregnancy compromise by becoming exaggerated or uncontrolled. Thus, researchers
must identify therapeutic strategies that balance the protective properties of the maternal
physiological response to infection and their unwanted impact on pregnancy. Given what
is known so far about PM pathogenesis and its complexity, it seems unlikely that one
maternal response to infection — inflammation, coagulation, or oxidative stress — is solely
responsible for the adverse pregnancy outcomes associated with the disease. The nature
of the interplay between inflammation, coagulation, and oxidative stress responses has
not been thoroughly characterized, and direct evidence describing a synergistic
relationship between these processes in PM has not been reported. The work discussed in
the following chapters employs host-directed drug and genetic approaches to improve
pregnancy outcomes in murine models of PM, to elucidate the relationships between
pathogenic host responses to infection, and identify novel therapeutic interventions to

prevent malaria-induced pregnancy compromise.
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CHAPTER 2
CROSSTALK BETWEEN INFLAMMATION AND COAGULATION IN MALARIA-

INDUCED PREGNANCY LOSS?

2 Andrew AK, Poovassery JS, Gonzalvo KT, Bracken TC, Moore JM. To be submitted to Blood.
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Abstract

Plasmodium falciparum malaria in pregnancy contributes to poor birth outcomes
associated with placental malaria (PM), a syndrome partly characterized by dysregulated
inflammation and coagulation. This work tested the hypothesis that these pathogenic
processes synergize to drive poor pregnancy outcomes. We utilized an established murine
model of PM and a combination of both genetic and therapeutic manipulation of the
model to test our hypothesis. Plasmodium chabaudi infection in tumor necrosis factor
null (TNF’") and anticoagulant-treated wildtype C57BL6/J (B6) mice improve pregnancy
outcome relative to controls. Embryonic transcripts for a molecule essential for
anticoagulant responses, endothelial protein C receptor (Procr/EPCR), were significantly
upregulated in both TNF- and anticoagulant-treated mice. In contrast, transcripts for
markers of inflammation (Ifny, Tnf, 1110, 1114, and Ccl2) and the initiator molecule of
coagulation, tissue factor (F3/TF), were significantly downregulated in anticoagulant-
relative to sham-treated B6 mice. Moreover, transcripts for protease-activated receptors
(PARs) were downregulated in both TNF” and anticoagulant-treated B6 mice, suggesting
functional linkages between inflammation and coagulation (inflammation-coagulation
cycle) in this model. Plasma cytokine analysis corroborates this connection, as protein
levels for pro-inflammatory cytokines IFNy and TNF are reduced, and anti-inflammatory
cytokine IL-10 is increased in anticoagulant-treated mice relative to sham controls. In
sum, this work identifies a bidirectional connection between inflammation and
coagulation in PM, thereby contributing to our current understanding of how these

pathogenic responses may synergize and galvanize pregnancy compromise.
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Introduction

The bidirectional relationship between inflammation and coagulation (also known
as the inflammation-coagulation cycle) has been well described across several diseases
[8,14,164,165,223]. Tissue factor (TF) is central to the connection between inflammation
and coagulation because its expression initiates the activation of coagulation factors, that
promote inflammatory signaling through protease-activated receptors (PARS)
[21,168,224]. As a result, TF must be downregulated, anticoagulant and fibrinolytic
activity engaged, and PAR signaling diminished or altered to antagonize this effect. The
natural anticoagulant pathway, known as the protein C pathway, is critical in controlling
blood coagulation and inflammation. In particular, endothelial protein C receptor (EPCR)
activates protein C to promote its anticoagulant activity [150].

In women experiencing placental malaria (PM), excess inflammation and
dysregulated coagulation are associated with poor pregnancy outcomes [10,37,38,145],
representing a possible route for therapeutic intervention. Thus far, limited studies have
conducted randomized controlled trials to evaluate the effect of anti-inflammatory and
anti-coagulant therapy on disease outcomes in patients with severe malaria [225]. Anti-
tumor necrosis factor (TNF) antibody therapy given to patients with cerebral malaria
yielded mixed results, with some studies showing significant improvements in survival
and coma recovery time and decreased serum TNF levels [226,227]. In contrast, other
studies reported no improvements [228,229] or worsened outcomes [230]. Studies have
also been performed using anticoagulant treatment in patients with non-severe malaria.
Clinical outcomes such as duration of parasitemia, fever clearance, and length of

hospitalization did not improve; however, elevated levels of serum TNF and lactate

38



dehydrogenase decreased after heparin treatment [231]. Moreover, a related study
showed that Sevuparin, a heparan sulfate mimetic, can cause the de-sequestration of
parasitized red blood cells in patients with uncomplicated malaria [232].

In general, anti-inflammatory therapy is not recommended during pregnancy,
except in low doses and under certain circumstances. In 2020, the federal drug
administration (FDA) recommended that women avoid using nonsteroidal anti-
inflammatory drugs after 20 weeks of pregnancy due to concerns that they could lead to
reduced amniotic fluid [233]. In contrast, anticoagulant therapy has been safely used in
pregnant women [234]. FXa inhibitors such as low molecular weight heparin (LMWH),
Fondaparinux, and Dalteparin have been well-tolerated during pregnancy; however,
careful attention must be paid to parameters such as dosing, history of recurrent
pregnancy complications, autoimmunity, and thrombophilia to avoid adverse side effects
[234-236]. On the other hand, the ability of anticoagulants to prevent poor pregnancy
outcomes during malaria infection remains to be elucidated.

Our previously published work demonstrated an increase in TF expression in the
placenta of Plasmodium chabaudi chabaudi AS (PccAS)-infected C57BL6/J (B6) mice
on embryonic day (E) 9.5, one day before the onset of pregnancy loss [5]. Remarkably,
TNF ablation through treatment with a neutralizing anti-TNF antibody reduced TF
expression in the placenta to undetectable levels by E12.5, a time point corresponding to
total pregnancy failure in IgG control-treated mice [5]. Additionally, anti-TNF-treated B6
mice had approximately 88 percent embryo viability at E12.5, significantly improving
from the zero percent viability observed in IgG controls at the same time point [5].

Moreover, transcript expression for critical molecules in the coagulation pathway was
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significantly upregulated in the conceptuses of untreated infected mice. Moreover,
LMWH treatment dramatically improved pregnancy outcomes [10]. Given these findings,
| hypothesized that genetic removal of TNF will have a synergistic effect on coagulation,
and anticoagulant treatment will reduce inflammation, leading to improved pregnancy

outcomes during malaria infection.

Materials and Methods

Mice

C57BL/6J (B6), AJ, and TNFa-knockout (B6;129S-Tnftm1Gkl/J) mice were
purchased from the Jackson Laboratory (Bar Harbor, ME). Mice with floxed TF (F3f
and expressing Cre recombinase in vascular endothelial cells, called TFAEc (also known
as Tie2Cre+) and F3™ mice without Cre recombinase expression (also known as TF-
intact, Tie2Cre-) mice, were acquired from Nigel Mackman (University of North
Carolina, Chapel Hill, NC). NCI BALB/cAnNCr (BALB/c) were purchased from Charles
River (Frederick, MD). All mice were maintained by brother-sister mating for a
maximum of ten generations (with the exception of Tie2Cre mice), partly in the
University of Georgia (UGA) Coverdell Vivarium and partly in the University of Florida
(UF) Veterinary Metabolic Building. All experiments and mouse handling followed
guidelines and regulations set forth by the University of Georgia and the University of
Florida Animal Care and Use (IACUC) Committees. All animals were maintained as
Helicobacter-free to avoid any impact of Helicobacter infection on pregnancy success
[237] and were routinely screened to confirm the absence of murine norovirus infection.

Animals were supplied food (PicoLab® Rodent Diet 20: 5030, when housed at UGA,;
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Teklad Global 18% Protein Extruded Rodent Diet, irradiated, #2918, when housed at UF)
and water ad libitum. Mice were adjusted to a 12-hour light/12-hour dark cycle and
housed in 65-75 °F and 40-60% humidity conditions. All animal procedures reported in
this study were reviewed and approved by the IACUC at UGA, protocol number A2018
02-016-Y1-A0; IACUC at UF, protocol number 201810169. Mice were anesthetized with
2.5% Tribromoethanol or isoflurane inhalation before sacrifice, and all efforts were made

to minimize suffering.

Parasites and infection monitoring

The following reagent was obtained through BEI Resource Repository, NIAID,
NIH: Plasmodium chabaudi chabaudi, Strain AS, MR4-741, contributed by David
Walliker. Parasites were maintained as frozen stock according to supplier guidelines and
passaged in A/J or BALB/c mice for the purposes of infecting experimental B6 mice.
Peripheral parasitemia was assessed by flow cytometry with a method adapted from work
published by Jimenez-Diaz et al. [238]. A 2ul blood sample was collected by tail clip
[239], diluted in 98ul 0.9% NaCl and stained with 0.25ul SYTO-16 Green Fluorescent
Nucleic Acid Stain (ThermoFisher Scientific, catalog # S7578) within 4 hours of
collection. Stained samples were diluted 1:9 in 0.9% NaCl and incubated in the dark for
20 minutes at room temperature, then analyzed using a CyAn ADP Flow Cytometer
(Beckman Coulter; Brea, CA) or Attune NXT flow cytometer and Attune NxT software
version v3.1.2. A total of 30,000 cells were assessed daily for each mouse; infected red
blood cells were distinguished based on size and fluorescence intensity. An uninfected

blood sample was used as an internal negative control. Parasitemia is reported as the
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percentage of infected red blood cells (% IRBCSs) to the total number of red blood cells

(RBCs).

Experimental Design

Female B6 and TNF-null mutant (TNF”) mice aged 8-10 weeks were paired with
males nightly and examined each morning until a vaginal plug was observed, indicating
successful mating. The morning a vaginal plug was observed was considered embryonic
day 0.5 (EQ.5). After baseline measurements of weight and hematocrit were recorded,
females were left undisturbed until E6.5 to minimize stress and increase the chances of
successful blastocyst implantation. Mice were infected intravenously with 1000 P.
chabaudi chabaudi AS-iRBCs diluted in 200ul 1X phosphate-buffered saline (PBS) per
20 grams of body weight and are termed infected pregnant (IP). In another control group,
uninfected pregnant (UP) mice were sham injected with 200ul PBS per 20 grams body
weight on EQ.5. Immediately prior to infection or sham infection, experimental animals
were switched to a high-fat rodent chow (PicoLab Mouse Diet 20 5058, when housed at
UGA or Tekland Global 19% Protein Extruded Rodent Diet, irradiated, #2919, when
housed at UF) suited for pregnant animals. Weight measurements were recorded on EQ.5,
E6.5 through E10.5 or E12.5 for all groups to assess pregnancy progress and allow mice
to proceed to malaria-induced pregnancy loss. Parasitemia and hematocrit (a measure of
anemia) were monitored daily in the infected groups beginning on E6.5 to assess the
development of infection. At sacrifice, embryo viability was assessed, as previously

described [10]. Embryos exhibiting extensive hemorrhaging and/or necrosis or described
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as unusually small and pale for gestational age compared to embryos from UP controls
were scored as nonviable.

In one experiment, B6 mice received either 20mg/kg of anti-tissue factor (1H1,
OR-214239) antibody or control 1gG antibody once daily, through intraperitoneal
injection (i.p.) on E6.5 through E9.5 (4 doses total). In work done previously in the lab,
B6 mice were treated with 1000 1U/kg low molecular weight heparin (LMWH)
subcutaneously twice daily from E6.5 through E10.5, 1000 1U/kg dalteparin sodium
(Dalteparin) i.p once daily from E6.5 through E11.5, 10mg/kg Fondaparinux
subcutaneously once daily from E6.5 to E11.5, or sham treatment (PBS). Samples
preserved from those anticoagulant studies were subsequently used in my studies to
assess gene transcript expression and plasma cytokine concentration. In a final
experiment, 2.5mg/kg of the oral anticoagulant, Apixaban (Brand name Eliquis, Pfizer)
or sham (PBS), was delivered twice daily through oral gavage in BALB/c mice between

E15.5and E17.5 (2 doses).

Gene expression by guantitative real-time PCR

Total RNA from TNF-and B6 embryos collected on E10.5 was isolated using
Trizol Reagent (Ambion, Ref # 15596026). Genomic DNA, RNA, and protein were
collected from E10.5 embryos from 1H1-treated animals and sham controls using Zymo
Research Quick-DNA/RNA Miniprep Kit (Cat # D7003). Embryos were homogenized
using a bead shaker (BeadBlaster 24, Benchmark Scientific, SKU: D2400) with a
minimum of two embryos per dam. RNA (regardless of extraction reagent) was DNase-

treated (Invitrogen, Ref # AM1906) and then reverse-transcribed with High-Capacity
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cDNA Reverse Transcription Kit (Applied Biosystems, Ref # 4368814). Relative
transcript abundance for the genes of interest was quantified using PowerSYBR Green
PCR Master Mix (Applied Biosystems, Cat # 4367659) and the BioRad CFX92 Real-
Time System. Cq values were obtained from the BioRad CFX Maestro software version
2.0. Each sample was assayed in duplicate for target and housekeeping genes. Average Ct
values of target genes were normalized to average Ct values of Ubc as the reference gene
and relative transcript abundance of genes of interest was determined using the AACt
method. Transcript expression in individual mice is presented relative to the mean

expression value in UP mice at E6.5. Details of primer sets are summarized in Table 2.3.

Gene expression by magnetic bead array

Peripheral plasma collected from anticoagulant treated and tissue factor-modified
(Tie2Cre) mice were diluted 1:4 and a mouse multiplex assay was used to determine the
concentration of TNFa, IFNy, IL10, IL1p, IL6, and Th17 (Biorad, Bio-plex Pro Mouse
Cytokine Th17 Panel A, cat # M6000007NY). Luminex MAGPIX multiplex instrument
and XLAT software were used to acquire and analyze the data. Relative concentrations
were extrapolated based on concentrations generated from a standard curve for each

analyte.

Statistics
All statistical analyses were performed using GraphPad Prism version 9.2.0
(GraphPad Software; La Jolla, California). All raw clinical data are presented as mean +

SEM. Error bars are not visible if they are shorter than the symbol’s height. As
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appropriate, the area under the curve (AUC) of percent starting weight, hematocrit, and
parasitemia was calculated for each mouse between E0.5 and E12.5. AUC for weight and
hematocrit was compared between UP, B6 IP, and TNF” IP groups using one-way
ANOVA with Dunnett’s T3 multiple comparisons test between UP and IP groups and
between B6 IP and TNF" IP groups. In another study, AUC for weight, hematocrit, and
parasitemia was compared between B6 IP 1H1 treated and B6 IP sham treated groups
using a two-tailed unpaired t-test with Welch’s correction. Similarly, AUC for
parasitemia between B6 IP and TNF" IP groups was compared using a two-tailed
unpaired t-test with Welch’s correction. RT-qPCR data were analyzed using an unpaired
t-test with Welch’s correction and presented as a scatterplot with a bar representing the
median. P values less than or equal to 0.05 were considered statistically significant.
Proportional analysis tested by Fisher exact probability test was used to compare embryo

viability between IP and UP dams, B6 IP and TNF* IP, or IP treated and IP sham dams.

Results

TNEF deletion significantly improves embryo viability during malaria infection at

midgestation

TNF-null mutant mice (TNF™) experience a similar course of infection when
infected with blood-stage Plasmodium chabaudi chabaudi AS (PccAS) compared to
wild-type B6 control mice (Figure 2.1). Weight change, which was monitored throughout
the experiment as a proxy for pregnancy success, was surprisingly unaffected by
infection status when infected pregnant (IP) mice were compared to uninfected pregnant

(UP) controls using area under the curve (AUC) analysis (Figure 2.1A-B). However,
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maternal weight at the end of the experiment, on embryonic (E) day 10.5, was
significantly reduced in both B6 and TNF”- dams compared to UP controls (Figure 2.2A).
Interestingly, there was a slight tendency for lower overall parasite burden in TNF- IP
compared to B6 IP mice (Figure 2.1C-D); however, this observation did not affect
hematocrit overall (Figure 2.1E-F) or at E10.5 (Figure 2.2B). At the end of the
experiment, pregnancy outcome was assessed by measuring uterus weight and embryo
viability. Uterus weights were significantly reduced in both B6 and TNF* IP dams
relative to UP controls, but were not different in B6 IP relative to TNF”- IP dams (Figure
2.3). Despite this observation, embryo viability was significantly improved by TNF
deletion in this model (Table 2.1). It is possible that more dramatic differences in
pregnancy outcome, such as uterus weight, could emerge later in gestation, especially
given that embryo viability was improved on E12.5 in anti-TNF antibody-treated B6 IP

mice [5].

TNF deletion is associated with the uprequlation of anticoagulant gene transcripts and the

downreqgulation of protease-activated receptor 2 transcripts during malaria infection.

To assess how genetic deletion of TNF impacts the expression of various
coagulation and anticoagulation genes, quantitative real-time PCR (qPCR) analysis was
performed in conceptuses from TNF- and B6 IP mice at E10.5. The results demonstrate
that transcripts for a receptor that promotes anticoagulant responses, endothelial protein C
receptor (Procr/EPCR), are significantly elevated in conceptuses from TNF”" IP relative
to B6 IP dams (Figure 2.4A). Conversely, transcripts for protease-activated receptor 2

(F2rI1/PAR-2) were significantly downregulated in TNF” IP compared to B6 IP mice
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(Figure 2.4A). Given the complex relationship between EPCR-mediated anti-
inflammatory and cytoprotective activity and protease-activated receptor signaling
[149,240,241], elevated Procr transcripts could indicate that TNF”- IP mice are
experiencing a more robust anticoagulant response in the face of malaria infection

relative to B6 dams, which may preserve embryo viability (Table 2.1).

Malaria-infected TNF null mice do not experience changes in antioxidant gene transcript

expression at midgestation

Previously published findings in this model of PM have underscored the inability
of antioxidant defense responses to protect the placenta from lipid peroxidation, a
consequence of ongoing oxidative stress, and avoid malaria-induced pregnancy loss [18].
Markedly, antioxidant treatment significantly restored embryo viability in the same study.
To understand the impact of TNF deletion on antioxidant defenses and oxidative stress in
this model, we compared antioxidant transcript expression in IP TNF”- and B6 dams. The
gPCR results revealed no statistically significant differences in transcript abundance
among the targeted genes (Figure 2.4C). However, there was a weak tendency for Hifla,
a gene involved in controlling cellular responses to hypoxic conditions, to be elevated in

TNF- embryos (Figure 2.4C).

Anticoagqulant treatment in B6 IP mice reduces inflammatory gene transcript and

cytokine expression

To investigate the bidirectional relationship between inflammation and

coagulation in the PccAS murine model of PM, gPCR analysis was performed on
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conceptuses collected from low molecular weight heparin (LMWH) treated and sham
treated B6 mice at E11.5. LMWH is an anticoagulant drug that has been safely used to
treat thrombotic disorders in pregnant women [234] and improves pregnancy outcomes in
the PccAS model of PM [10]. In mice that received LMWH treatment, pro-inflammatory
transcripts Ifny, Tnfa, 1110, 11153, and Ccl2 were significantly decreased relative to B6 IP
conceptuses, except for 1110, which remained unchanged (Figure 2.5A). Similar to the
observations made in TNF” mice, transcripts for EPCR were significantly elevated in
LMWH treated mice, while transcripts for PAR-2 were significantly suppressed (Figure
2.5B). Moreover, protease-activated receptor 1 (F2r/PAR-1) transcripts had a weak
tendency (P = 0.07) to be downregulated in LMWH treated mice compared to sham
(Figure 2.5B). Transcripts for tissue factor (F3/TF), the primary initiator of extrinsic
coagulation, were also significantly downregulated (Figure 2.5B), providing strong
evidence that anticoagulant treatment effectively reduced procoagulant responses in these
mice. To evaluate oxidative stress, transcripts for antioxidant defense genes were
assessed. Transcripts for superoxide dismutases (SOD) 1 and 3 and nuclear factor
erythroid 2-related factor 2 (NFE2L2/Nrf2) were significantly downregulated in LMWH
treated mice relative to sham treated controls (Figure 2.5C). Taken together, these data
suggest that coagulation has a strong and direct influence on the expression of both
inflammatory and antioxidant genes in this model of PM.

To assess functional cytokine levels, a multiplex array was performed on
peripheral plasma collected from IP mice treated with anticoagulant drugs LMWH,
Dalteparin, or Fondaparinux and their respective sham treated controls (Figure 2.6). IFNy

concentration was significantly lower in LMWH treated mice relative to sham controls,
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corroborating the results of the gPCR analysis (Figure 2.6A). Additionally, 1110
concentration tended to decrease (P = 0.06) in LMWH treated mice compared to controls
(Figure 2.6A). When mice were treated with Dalteparin, an FDA-approved formulation
of LMWH similar to the biochemical grade used in previous studies [10], IL10
concentration was significantly decreased in treated mice, while TNF had a strong
tendency (P = 0.06) to decrease (Figure 2.6B). Similar observations were made in mice
treated with Fondaparinux, another FDA-approved drug used to bolster antithrombin’s
anticoagulant activity, where 1110 concentration was significantly reduced (Figure 2.6C).
In a related study, mice were given an anti-TF antibody (1H1) treatment from
E6.5 to E9.5 to identify a potential mechanism for coagulation-driven pregnancy loss in
this PccAS model. 1H1 treatment did not affect weight change in B6 IP dams (Figure
2.7A-B); however, treatment tended to reduce the overall parasite burden (Figure 2.7C-
D) without impacting hematocrit (Figure 2.7E-F). When parasitemia was assessed on
individual days, 1H1 treatment reduced peripheral parasite burden on E8.5 and tended to
lower parasite burden on E9.5 (Figure 2.8A-B). Furthermore, no significant differences
were revealed when maternal weight and hematocrit were evaluated on E10.5 (Figure
2.8C-D). Uterus weight at E10.5 was also not impacted by 1H1 treatment (Figure 2.9).
To assess whether targeting TF impacts inflammatory transcript expression, g°PCR
analysis was performed in the 1H1 and sham treated mice. 1H1 treatment did not alter
transcript expression of the pro-inflammatory genes measured (Figure 2.10). Likewise,
peripheral plasma cytokine concentrations were unchanged between the treatment groups
(Figure 2.6D), and no transcripts for the targets measured were significantly altered by

1H1 treatment (Figure 2.10). In an alternative approach to determining whether TF-
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driven coagulation can explain the poor pregnancy outcomes shown in the PccAS model,
plasma cytokines were measured in IP mice with endothelial-cell specific deletion of TF
(TFAEc) and TF-intact IP controls (F3"™ at E12.5. Peripheral plasma cytokine levels

were not statistically different in IP TFAEc relative to IP F3™" mice (Figure 2.6E).

Discussion

To our knowledge, the inflammation-coagulation cycle has been described in
many diseases but has not been directly addressed in PM. This work sought to investigate
the bidirectional nature of the relationship between inflammation and coagulation in
murine PM. Our first approach was to infect pregnant mice (infected pregnant, IP)
deficient in tumor necrosis factor (TNF) with Plasmodium chabaudi chabaudi AS
(PccAS) as a model for targeting malaria-induced inflammation during pregnancy. In our
second approach, we evaluated the impact of anticoagulant treatment in pregnant mice on
the expression of inflammatory markers. Additionally, we measured antioxidant gene
expression as a marker of oxidative stress in the embryos of malaria-infected TNF”-and
anticoagulant-treated wild-type mice. In each case, one maternal response to malaria
infection was targeted, and inflammation, coagulation, and oxidative stress markers were
evaluated. Embryo viability or uterus weight determined pregnancy success in IP mice at
midgestation (E10.5 or E12.5), and both TNF deletion and anticoagulant treatment
demonstrated an improvement in pregnancy outcome.

This study expands on previous work showing that targeting inflammation
through systemic treatment of neutralizing anti-TNF antibodies drastically improved

pregnancy outcomes and reduced tissue factor (TF) expression in the placenta [5].
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Importantly, this work is pivotal in bridging the findings made in the anti-TNF treatment
study with the results from another earlier publication, demonstrating that anticoagulant
treatment with low molecular weight heparin (LMWH) successfully rescues
midgestational malaria-induced pregnancy loss [10]. Thus, this is the first study to bridge
the findings of both key studies by investigating how targeting one pathogenic response
to malaria infection during pregnancy — either inflammation or coagulation — impacts
markers of the alternative response in the context of improved pregnancy outcome.

When pregnant TNF”- mice were infected with PccAS, their weight change, an
indicator of pregnancy progression, was not different relative to wildtype IP C57BL6/J
(B6) mice (Figure 2.1). However, weight change on the final day of the experiment,
E10.5, tended to be higher in IP TNF- compared to IP B6 (Figure 2.2). Uterus weight, a
measure of pregnancy success, was also unaltered on E12.5 by TNF deletion (Figure 2.3).
In unpublished work done in our lab, weight change in mice that progress to E12.5 is
significantly increased in IP TNF” versus IP B6 at that later time point. Furthermore,
E10.5 denotes the beginning of peak parasitemia, and E12.5 represents a time of
descending parasitemia in this model [5]; thus, the E10.5 time point may be too early to
observe overall changes in uterus weight. However, an alternative measure of pregnancy
success, embryo viability, was remarkably increased at E10.5 in IP TNF”-mice compared
to IP B6 mice (90% versus 65% viability, respectively; Table 2.1), indicating that
pregnancy is indeed affected by malaria infection on E10.5. Parasitemia tended to be
lower in TNF” IP dams, supporting original observations that TNF activity contributes to
malaria pathogenesis, while other inflammatory mediators such as IFNy and IL-10 are

crucial for immune protection [242,243]. Real-time quantitative PCR (gPCR) analysis
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showed that TNF deletion did not impair the transcript expression for cytokines such as
IFNy, IL-10, IL-1pB, and CCL2 (Figure 2.4B), corroborating other studies [244].

To establish a connection between inflammation and coagulation in PM, our next
group of experiments measured mediators of inflammation in anticoagulant-treated mice
relative to their controls and the expression of transcripts related to mediators of the
coagulation in the embryos of malaria-infected TNF”- dams (Figure 2.4; Figure 2.5;
Figure 2.6). LMWH and Dalteparin treatment directly reduced pro-inflammatory and
anti-inflammatory plasma cytokine concentration. On the other hand, TNF deletion led to
the significant upregulation of transcripts belonging to the endothelial protein C receptor
(Procr/EPCR) and downregulation of transcripts for protease-activated receptor-2
(F2rl1/PAR-2). Like TNF deletion, LMWH treatment resulted in Procr transcript
upregulation and downregulation of both F2r/PAR-1 and F2rl1/PAR-2 transcripts.

EPCR is a receptor that regulates the anticoagulant and cytoprotective activity of
activated protein C (APC). For instance, APC-EPCR binding augments APC’s
inactivation of coagulation factors, such as factors Va and Vlla, to interrupt ongoing
coagulation and promote anticoagulant events [149,245,246]. Moreover, EPCR supports
APC’s stabilization of the thrombin-antithrombin complex, bolstering APC’s anti-
inflammatory and endothelial barrier protective signaling through PARs [149,241]. The
literature on the relationships between the APC-EPCR complex PAR signaling is
extensive; the consequences of these interactions are context-dependent [169]. However,
a few observations are reported that contextualize the observations made in this study.
EPCR-APC interactions can contribute to the anti-inflammatory and cytoprotective

signaling through PAR-1 [169,247]. Procr/EPCR transcripts were upregulated with no
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changes in F2r transcripts in IP TNF”- mice relative to B6 controls. These data could
suggest that without TNF, EPCR’s cytoprotective and/or anti-inflammatory activity can
be engaged without requiring the upregulation of F2r transcripts. At the same time,
EPCR has been shown to bind directly to coagulation proteases such as factor Xa to
cleave PAR-2, triggering inflammatory signaling [169]. Thus, decreased F2rl1 transcripts
may indicate reduced inflammatory signaling in the conceptuses of TNF” mice, further
supporting the cytoprotective and anti-inflammatory properties of EPCR. Similar
observations were made in LMWH-treated mice, where Procr transcripts were
upregulated; however, both F2r and F2rl1 transcripts were downregulated. This supports
the notion that anticoagulant treatment, in addition to its direct effect on coagulation
proteases, exerts a more substantial anticoagulant impact by simultaneously reducing the
expression of both PAR-1 and PAR-2, while boosting possible EPCR-related and
anticoagulant and cytoprotective potential. Indeed, inhibiting PAR signaling has
anticoagulant and anti-inflammatory effects and anticoagulant treatment can inhibit PAR
activation [149,248].

Under pathological conditions, including malaria infection, inflammation can play
arole in ROS generation and contribute to oxidative stress and tissue damage
[184,192,193]. Oxidative stress due to inflammation can be beneficial in supporting
normal redox activities and eliminating pathogens; however, in some cases, oxidative
stress responses can also be linked to disease development [249] and pregnancy
complications [250,251]. Previous studies have shared compelling evidence for the
pathogenic potential of oxidative stress in malaria-infected pregnant mice [17-19] and

the therapeutic potential of antioxidant treatment in improving pregnancy outcomes [18].
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In this study, antioxidant gene transcript expression was used as an indirect marker of
oxidative stress. We found that TNF removal had no impact on antioxidant gene
expression; however, there was a tendency for upregulation of Hifla transcripts in
embryos of IP TNF’-dams. HIF 1o, a transcription factor that controls the cellular
expression of hypoxia response genes, can be activated by ROS and function to protect
cells from oxidative stress [252,253]. Conversely, LMWH treatment reduced transcripts
for antioxidant defense genes Nrf2, Sod1, and Sod3. Nrf2 regulates both antioxidant and
inflammatory responses [254]; thus, its downregulation in anticoagulant-treated IP mice
supports that LMWH treatment may modulate both inflammatory and antioxidant
responses while improving pregnancy outcomes during malaria infection.

In summary, excessive inflammation and coagulation contribute to PM
pathogenesis, and the link between inflammation and coagulation through protease-
activated receptor signaling has been well-described. Removal of TNF boosted the
transcript expression for the anticoagulant gene, Procr, suggesting that TNF”- mice may
be better capable of promoting anticoagulant responses in the face of malaria infection,
which could benefit pregnancy outcome. Moreover, F2r and F2rl1 transcripts were
significantly decreased in IP TNF”-and LMWH-treated embryos, pointing to a potential
molecular connection between inflammation and coagulation in this murine model of
PM. Moreover, cytokine concentration and oxidative stress markers were significantly
reduced by anticoagulant treatment, indicative of the strong impact of coagulation in
promoting pathogenic responses in PM. Nevertheless, these data show a clear
bidirectional relationship between inflammation and coagulation in PccAS-infected mice

and lay the groundwork for future studies that delineate how the inflammation-
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coagulation cycle can be therapeutically manipulated to improve pregnancy outcomes in

human PM.
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Figure 2.1. Weight change, parasitemia, and hematocrit in P. chabaudi chabaudi AS-
infected TNF null mice and wildtype B6 controls.

A) Percent starting weight in uninfected pregnant (UP) and infected pregnant (IP)
wildtype B6 and TNF null mice beginning on EOQ.5 and then from E6.5 to E10.5.
Data represent mean + SEM.

B) Area under the curve (AUC) analysis of starting weight measurements collected
on EO.5 through E10.5. No statistical differences were found between groups (#P
=0.062; one-way ANOV A with Dunnett’s T3 multiple comparisons test).

C) Percent peripheral parasitemia in B6 IP and TNF null IP mice from E6.5 to E10.5.
Data represent mean + SEM.

D) AUC analysis for percent peripheral parasitemia from E6.5 to E10.5. No
statistically significant differences were found between groups (P = 0.059;
unpaired t-test with Welch’s correction).

E) Percent hematocrit in UP, B6 IP, and TNF IP mice was measured on EO0.5 and
then from E6.5 to E10.5.

F) AUC analysis for percent hematocrit from EQ.5 to E10.5. No statistically
significant differences were found between groups (P = 0.37; one-way ANOVA
with Dunnett’s T3 multiple comparisons test).

Sample sizes: UP group is both B6 and TNF combined, B6 UP, n =5; TNF UP, n = 3;

B6 IP, n = 14; TNF IP, n = 15; ns = not significant, P > 0.05. Error bars are not

depicted if the they are shorter than the height of the symbol.
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Figure 2.2. Weight change and hematocrit at E10.5 in malaria-infected TNF null
mice relative to B6 controls.

A) Percent starting weight in uninfected pregnant (UP) and infected pregnant (IP)
wildtype B6 and TNF null mice on the final day of the experiment, E10.5.
Statistically significant differences are detected between UP mice and both IP
groups (****P <0.0001), while TNF IP weight tended to be higher than B6 IP
dams (#P = 0.074; one-way ANOVA with Dunnett’s T3 multiple comparisons
test).

B) Percent hematocrit in UP and infected pregnant IP wildtype B6 and TNF null
mice on the final day of the experiment, E10.5. Statistically significant differences
are detected between UP mice and both IP groups (****P < 0.0001), while no
significant differences were observed between B6 and TNF IP dams (P = 0.28);
one-way ANOVA with Dunnett’s T3 multiple comparisons test.

Sample sizes: UP group is both B6 and TNF combined, B6 UP, n =5; TNF UP, n=7;

B6 IP, n = 8; TNF IP, n = 15; ns = not significant, P > 0.05.
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Figure 2.3. Uterus weight in malaria-infected TNF null and wildtype B6 mice at
E10.5.

Uterus weight is presented for uninfected pregnant (UP) and infected pregnant (IP) B6
and IP TNF mice. UP dams had statistically greater uterus weights than both IP groups
(**P <0.001; one-way ANOVA with Dunnett’s T3 multiple comparisons test). Sample
sizes: UP group is both B6 and TNF combined, B6 UP, n =6; TNF UP, n=3; B6 IP, n =
8; TNF IP, n = 15; ns = not significant, P > 0.05.
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Table 2.1. Embryo viability in malaria-infected wildtype B6 compared to TNF null
mutant mice.

Uninfected pregnant (UP) and infected pregnant (IP) B6 and TNF null (TNF”") mice at
mid-gestation. P values were obtained with a two-tailed Fisher exact probability test;
percentages show percent viability within a group; bolded P values indicate statistical
significance in embryo viability between groups.

Group Viable/total | Viable/total
embryos embryos
(E10.5) (E10.5)
B6 TNF" P value
UP 74175 26/27 <0.0001¢
(99%) (96%)
n=10 n=3
IP 48/74 125/130 <0.0001¢
(65%) (90%)
n=10 n=18
P value <0.0012 0.73°

aB6 UP versus B6 IP; P TNF UP versus TNF” IP; °B6 UP versus TNF'-UP; 9B6 IP

versus TNF/- IP

60



Figure 2.4. P. chabaudi infection in TNF null mice modulates transcript expression
of anticoagulant and protease-activated receptor genes.

A)

B)

C)

Transcript abundance for coagulation/fibrinolysis-related mouse genes F3, Tfpi,
Serpinel, Thhd, Procr, F2r, and F2rl1 normalized to Ubc and quantified by g°PCR
in conceptuses taken from infected, pregnant (IP) TNF null and IP B6 mice.
Group medians and transcript abundance in individual mice are depicted. *P <

0.05.
Transcript abundance for inflammation-associated mouse genes Ifiy, Tnf, 1110,

1115, and Ccl2 normalized to Ubc and quantified by gPCR in conceptuses taken
from IP TNF null and IP B6 mice. Group medians and transcript abundance in
individual mice are depicted. #P = 0.071.

Transcript abundance for antioxidant mouse genes NFE212, Sod1, Sod2, Sod3,
Cat, Hmox1, and Hif1a normalized to Ubc and quantified by gPCR in
conceptuses taken from IP TNF null and IP B6 mice. Group medians and
transcript abundance in individual mice are depicted. #P = 0.051.

Sample sizes: B6 IP, n = 4; TNF IP, n = 4; ns = not significant, P > 0.05.
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Figure 2.5. Low molecular weight heparin treatment in P. chabaudi-infected B6
mice modulates transcript expression of inflammatory and antioxidant genes.

A) Transcript abundance for inflammation-associated mouse genes Ifny, Tnf, 1110,

B)

C)

1115, and Ccl2 normalized to Ubc and quantified by gPCR in conceptuses taken
from infected pregnant (IP) low molecular weight heparin (LMWH)-treated and
sham-treated mice. Group medians and transcript abundance in individual mice
are depicted. ***P < 0.0001, **P = 0.004, *P < 0.05.

Transcript abundance for coagulation/fibrinolysis-related mouse genes F3, Tfpi,
Serpinel, Thhd, Procr, F2r, and F2rl1 normalized to Ubc and quantified by g°PCR
in conceptuses from IP TNF null and IP B6 mice. Group medians and transcript
abundance in individual mice are depicted. *P < 0.05, #P = 0.073.

Transcript abundance for antioxidant mouse gene transcripts NFE212, Sod1, Sod2,
Sod3, Cat, Hmox1, and Hiflo normalized to Ubc and quantified by gPCR in
conceptuses taken from IP TNF null and IP B6 mice. Group medians and
transcript abundance in individual mice are depicted. *P < 0.05.

Sample sizes: Sham-IP, n =5; LMWH-IP, n = 5; ns = not significant, P > 0.05.
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Table 2.2. Primer sequences for gPCR mouse targets.

Mouse-specific forward (FP) and reverse (RP) primers used in quantitative real-time PCR
for the amplification of mMRNA transcripts associated with inflammation, parturition,
antioxidant activity, and reference (Ubc) genes.

Target Forward and Reverse Primers (5” to 37)
Ubc FP: CAGTGTTACCACCAAGAAGGT
RP: GAAAACTAAGACACCTCCCCCA
Ifng FP: AGCAAGGCGAAAAAGGATGC
RP: CTTCCTGAGGCTGGATTCCG
Tnf FP: ATCGGTCCCCAAAGGGATGA
RP: GTCTTTGAGATCCATGCCGT
1110 FP: CTGAAGACCCTCAGGATGCG
RP: TGGCCTTGTAGACACCTTGG
I11b FP: TGAAGTTGACGGACCCCAAA
RP: TGATACTGCCTGCCTGAAGC
Cox1 FP: GATTGTACTCGCACGGGCTAC
RP: GGATAAGGTTGGACCGCACT
Cox2 FP: TGTGACTGTACCCGGACTGG
RP: TGCACATTGTAAGTAGGTGGAC
Sodl FP: GGAACCATCCACTTCGAGCA
RP: CTGCACTGGTACAGCCTTGT
Sod?2 FP: GGACCCATTGCAAGGAACAAC
RP: TGAGTGAGGTTTCACTTCTTGC
Sod3 FP: GCAACTCAGAGGCTCTTCCTC
RP: CCCCTGGATTTGACATGGTGA
Nrf2 FP: AGCCAGCTGACCTCCTTAGA
RP: AGTGACTGACTGATGGCAGC
Cat FP: CACTGACGAGATGGCACACT
RP: TGTGGAGAATCGAACGGCAA
Hmox1 FP: CATAGCCCGGAGCCTGAATC
RP: AGCATTCTCGGCTTGGATGT
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Figure 2.6. Anticoagulant treatment reduces systemic plasma cytokine levels in P.
chabaudi-infected B6 mice.

(A) Levels of plasma cytokines at E11.5 from B6 infected pregnant mice (IP) treated
with low molecular weight (LMWH) from E6.5 to E11.5 and sham-treated
controls. Datapoints shown are from individual mice with group medians. *P <
0.05, #P = 0.052; Sham-IP, n = 5; LMWH-IP, n = 5.

(B) Levels of plasma cytokines at E12.5 from B6 IP mice treated with anticoagulant,
Dalteparin from E6.5 to E11.5 and sham-treated controls. Datapoints shown are
from individual mice with group medians. **P = 0.004, #P = 0.06; Sham-IP, n =
3; Dalteparin-IP, n =3.

(C) Levels of plasma cytokines at E12.5 from B6 IP mice treated with an
anticoagulant, Fondaparinux, from E6.5 to E11.5, and sham-treated controls.
Datapoints shown are from individual mice with group medians. *P = 0.01,
Sham-IP, n = 5; Fondaparinux-IP, n = 5.

(D) Levels of plasma cytokines at E10.5 in B6 IP mice treated with anti-tissue factor
(1H1) antibody and sham-treated controls. Datapoints shown are from individual
mice with group medians. No statistically significant differences were observed.
ns = not significant, P > 0.05; Sham-IP, n = 3; 1H1-IP, n = 3.

(E) Levels of plasma cytokines at E12.5 in endothelial tissue factor-deficient (TFAEc)
and tissue factor-intact (F3"™) IP mice. Datapoints shown are from individual
mice with group medians. No statistically significant differences were observed.
ns = not significant, P > 0.05; TFAECc, n = 5; F3fl n=5,
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Figure 2.7. Weight change, parasitemia, and hematocrit in malaria-infected anti-
tissue factor (1H1) treated B6 mice.

A) Percent starting weight in infected pregnant (IP) B6 sham treated and IP B6 1H1
treated mice beginning on E0.5 and then from E6.5 to E10.5. Data represent mean
+ SEM.

B) Area under the curve (AUC) analysis of starting weight measurements collected
on EO.5 through E10.5. No statistical differences were found between groups (P =
0.74; unpaired t-test with Welsh’s correction).

C) Percent peripheral parasitemia (IRBCs) in IP B6 sham treated and IP B6 1H1
treated mice from E6.5 to E10.5. Data represent mean = SEM.

D) AUC analysis for percent peripheral parasitemia from E6.5 to E10.5. No
statistically significant differences were found between groups (#P = 0.08;
unpaired t-test with Welch’s correction).

E) Percent hematocrit in IP B6 sham treated and IP B6 1H1 treated mice measured
on EO0.5 and then from E6.5 to E10.5. Data represent mean + SEM.

F) AUC analysis for percent hematocrit from E6.5 to E10.5. No statistically
significant differences were found between groups (P = 0.51; unpaired t-test with
Welch’s correction).

Sample sizes: Sham-IP, n =7; 1H1-IP, n = 8; ns = not significant, P > 0.05. Error bars
are not depicted if they are shorter than the height of the symbol.
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Figure 2.8. Maternal weight and hematocrit at E10.5 in mice treated with 1H1.

A) Percent parasitemia in (IP) B6 sham treated and IP B6 1H1 treated mice on E8.5/8
days post-infection. Statistically significant differences are detected between the
groups (*P =0.04).

B) Percent parasitemia (IRBCs) B6 sham treated and IP B6 1H1 treated mice on
E9.5/9 days post-infection. No statistically significant differences are detected
between the groups (#P = 0.094).

C) Percent starting weight in infected pregnant IP B6 sham treated and IP B6 1H1
treated mice on the final day of the experiment, E10.5. No statistically significant
differences are detected between the groups (P = 0.51).

D) Percent hematocrit in IP B6 sham treated and IP B6 1H1 treated mice on the final
day of the experiment, E10.5. No statistically significant differences are detected
between the groups (P = 0.38).

Sample sizes: Sham-IP, n =7; 1H1-IP, n = 8; ns = not significant, P > 0.05.
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Figure 2.9. Uterus weight in 1H1-treated malaria-infected mice at E10.5.

Uterus weight is presented for infected pregnant (IP) sham-treated B6 and IP 1H1 treated
B6 mice. No statistical significance revealed between groups (P = 0.69; unpaired t test
with Welsh’s correction). Sample sizes: Sham-IP, n =7; 1H1-IP, n = 6; ns = not
significant, P > 0.05.
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Table 2.3. Embryo viability in malaria-infected wildtype B6 mice treated with anti-
tissue factor (1H1) antibody.

Embryo viability in uninfected pregnant (UP), infected pregnant (IP) B6 sham treated,
and IP B6 anti-tissue factor antibody (1H1) treated mice at mid-gestation. Percentages
show percent viability within a group. P value was obtained with a two-tailed Fisher
exact probability test, comparing embryo viability in sham-treated versus 1H1 treated
groups. P < 0.05 is statistically significant.

Group Viable/total Viable/total
embryos embryos
(10.5) (E10.5)
Sham-treated 1H1-treated P value
UP NA 16/16 NA
(100%)
n=2
IP 47/69 49/53 0.001
(68.1%) (92%)
n=10 n=7
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Figure 2.10. 1H1 treatment does not alter transcript expression for select
inflammation and coagulation-related genes.

Transcript abundance for inflammation-associated mouse genes Ifny, Tnf, 1110, /715, Ccl2
and coagulation-related genes F2r, F2rl1, and Procr are normalized to Ubc and
quantified by gPCR in conceptuses taken from infected pregnant (IP) 1H1-treated and
sham-treated mice. Group means and transcript abundance in individual mice are
depicted. No statistically significant changes were observed. ns = not significant, P >
0.05. Sample sizes: Sham-IP, n =4; 1H1-IP, n =5.
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CHAPTER 3

A ROLE FOR OXIDATIVE STRESS IN PLACENTAL MALARIA3

3 Andrew AK, Moore JM. To be submitted to Malaria Journal.
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Abstract

Oxidative stress is a naturally occurring phenomenon that can have both positive
and harmful biological effects. It can be broadly characterized as an imbalance between
prooxidant and antioxidant mechanisms in a system, where the prooxidant input
outweighs the antioxidant defenses of a host cell or pathogen. Recently, studies have
interrogated oxidative stress in humans and murine models of PM and highlighted
differential expression in oxidative stress markers, such as malondialdehyde (MDA) and
4-hydroxynonenal (HNE), in various tissue types in the presence of malaria infection.
Moreover, activation of the inflammation and coagulation responses can induce oxidative
stress, contributing to disease pathogenesis if left unchecked. This work aims to further
characterize the presence of oxidative stress in murine models of PM and determine
whether therapeutic interventions that limit oxidative stress can improve pregnancy
outcomes. We hypothesized that antioxidant drug treatment that targets heme/iron
toxicity, mitochondrial oxidative stress, or reactive oxygen species (ROS)-mediated
oxidative damage will improve pregnancy outcomes during malaria infection. Our
secondary hypothesis is that ferroptosis, the iron and ROS-dependent form of cell death,
occurs in the placenta during PM and is associated with poor birth outcomes. We found
that systemic administration of drugs against various contributors to oxidative stress may
have off-target effects and be inefficient at improving pregnancy outcomes during
malaria. Future studies should incorporate drugs that act specifically on the placenta and
investigate redox systems that were not targeted in this work for their potential as

therapeutic targets for PM.
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Introduction

Reactive oxygen, nitrogen, sulfur, and carbonyl species are among the tightly
regulated molecules that mediate a cell's essential metabolic, homeostatic, and protective
functions [181]. These molecules are produced by organelles such as the mitochondria
and the endoplasmic reticulum and, when left unchecked, can induce oxidative damage to
cellular components such as DNA, RNA, protein, and lipids [255]. Due to the biological
nature of these molecules, cells engage enzymatic and nonenzymatic defense
mechanisms that control these reactive species and prevent excessive oxidative damage.
However, when these defense systems fail or their activity is insufficient to protect
against oxidative damage, a phenomenon known as oxidative stress occurs, which is
described as an imbalance between oxidants and antioxidant defenses in favor of the
oxidants. Biological markers of oxidative stress can be identified based on the cellular
component being oxidized. For instance, the oxidation of lipids yields products such as
malondialdehyde (MDA) and 4-hydroxynonenal (HNE), which can be quantified to
estimate the level of oxidative stress occurring in the tissue [181].

Reactive oxygen species (ROS) are involved in signal transduction, redox
homeostasis, energy production and utilization, and cellular defense against foreign
agents. At the same time, ROS can induce oxidative stress under pathological conditions,
which in turn may cause damage to cellular components and ultimately lead to cell death.
For example, the reduction of molecular oxygen can produce highly reactive forms of
ROS, including superoxide ion (O2"), hydroxide ion (OH"), hydrogen peroxide (H20>),
peroxyl radicals (ROO"), and lipid peroxides (ROOH). These ROS can then directly

engage in signaling cascades required for cell death via apoptosis, necroptosis,
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pyroptosis, and ferroptosis [192,256-258]. The effects of these ROS are controlled by
cellular buffering systems such as glutathione-glutathione disulfide (GSH/GSSH),
enzymatic antioxidants such as superoxide dismutases (SODs), catalase (CAT), and
glutathione peroxidases (GPXs) and nonenzymatic antioxidants such as a-tocopherol
(vitamin E), ascorbate (vitamin C), and others [259,260]. In particular, glutathione
peroxidase 4 (GPX4) has been described as a master inhibitor of the iron-, lipid
peroxidation-, and ROS-dependent form of programmed cell death called ferroptosis.
Ferroptosis was first described in 2012 and has attracted interest in determining its
involvement in many pathological conditions and diseases, including cancer, ischemia-
reperfusion injury, and neurodegenerative disease [261]. This form of programmed cell
death is genetically, biochemically, and morphologically distinct from other forms of cell
death and specifically requires intracellular iron overload, ROS accumulation, and lipid
peroxidation. Intracellular iron overload can occur due to mechanisms that alter the
appropriate absorption, utilization, storage, or release of iron and its derivatives, such as
heme or iron-sulfur clusters [256]. Iron stored in labile pools in the cytosol and
lysosomes and catabolism of ferritin, an iron storage molecule, can participate in the
Fenton reaction and contribute to ROS production [190,256]. Other sources of ROS
include the mitochondria due to superoxide ion leakage from the electron transport chain
[262]. Mitochondrial superoxide dismutase, also known as SOD2, is responsible for
scavenging these superoxide ions and protecting the organelle from oxidative damage
[263], while cytoplasmic SOD1 and extracellular SOD3 provide similar protection in
other cellular compartments [189]. Potentially harmful ROS is generated through the

enzymatic activity of redox systems such as nicotinamide adenine dinucleotide phosphate
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(NADPH) oxidases (NOXs) and xanthine oxidase [192,264]. Lipoxygenase,
cyclooxygenase, and epoxygenase enzymes contribute to ROS production by generating
lipid peroxide byproducts during fatty acid synthesis [265]. These lipid peroxides can
initiate ferroptosis under pathological conditions [264,266—-269].

Ferroptosis has been described in an immortalized placental cell line called BeWo
cells [270], rodent models of pregnancy and hemostatic complications [271,272], and
primary human trophoblasts [270,273]. Ferroptosis has also been implicated in the
pathogenesis of preeclampsia [274,275]. Preeclampsia and placental malaria (PM) share
many similarities [135], including disruptions in iron homeostasis [276-279]. Moreover,
heme, an iron-containing molecule, is elevated in malaria-positive pregnant women
[278], and excessive heme can mediate damage to trophoblast cells and provide a source
of iron to drive ROS production and ferroptosis [280-282]. Since heme is a component of
hemozoin [199], which is deposited in the placenta during malaria infection [283-285],
we surmised that iron overload due to hemozoin deposition might be capable of
triggering ferroptosis in our murine models of PM. Moreover, we investigated the
expression of various markers of ferroptosis in samples obtained from endemically-
exposed malaria-positive and malaria-negative women.

C57BL6/J (B6) mice infected with Plasmodium chabaudi chabaudi AS (PccAS)
experience placental lipid peroxidation and elevated antioxidant transcript expression in
their embryos compared to uninfected pregnant (UP) mice [18]. Additionally, pregnancy
loss in this model was partially but significantly rescued by antioxidant treatment [18].
Hemozoin was highly deposited in the placenta and accompanied by elevated expression

of heme oxygenase (Hmox1), the enzyme that detoxifies free heme [18]. In another
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mouse model, outbred PccAS-infected Swiss Webster (SW) mice demonstrated an ability
to carry their pregnancies to term despite significant parasite burden, inflammatory cell
infiltrate, and hemozoin deposition in the placenta [286]. Although placental and fetal
weights were indistinguishable between infected pregnant (IP) dams and UP controls at
term, uterus weight at peak parasitemia, E10.5, was significantly reduced in IP mice,
suggesting that malaria infection does impact pregnancy success in this model. This
impact on uterus weight is accompanied by increased Hmox1 transcript expression, which
positively correlates with the percent of hemozoin deposited in the placenta at the same
time point. Using the SW model, the following experiments seek to test the hypothesis
that drug interventions that target various sources of oxidative stress as a means of
directly or indirectly inhibiting ferroptosis will lead to improved pregnancy outcomes

during malaria infection.

Materials and Methods

Mice

NCI BALB/cAnNCr (BALB/c) and Swiss Webster (Cw:SW) were purchased
from Charles River (Frederick, MD) and the National Cancer Institute Mouse Repository
(Frederick, MD), respectively. Mice were housed in the University of Florida’s
Veterinary Metabolic Building under specific pathogen-free conditions and free of mouse
norovirus and Helicobacter species, which has been shown to affect pregnancy success
[237]. All husbandry and experiments were performed following guidelines and
regulations set forth by the University of Florida (UF) Animal Care and Use Committee

(IACUC). All animals were supplied food (Takland, Global 18% protein Extruded
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Rodent Diet, irradiated, #2918) and water ad libitum. Mice were adjusted to a 12-hour
light/12-hour dark cycle and housed in 65-75 °F and 40-60% humidity conditions. All
animal procedures reported in this study were reviewed and approved by the UF IACUC,
protocol number 201810169. Mice were anesthetized with 2.5% Tribromoethanol or

isoflurane inhalation before sacrifice, and all efforts were made to minimize suffering.

Parasites and infection monitoring

The following reagent was obtained through BEI Resource Repository, NIAID,
NIH: Plasmodium chabaudi chabaudi, Strain AS, MR4-741, contributed by David
Walliker. Parasites were maintained as frozen stock according to supplier guidelines and
passaged in BALB/c mice for the purposes of infecting experimental Swiss Webster
(SW) mice. Peripheral parasitemia was assessed by flow cytometry with a method
adapted from work published by Jimenez-Diaz et al. [238]. A 2ul blood sample was
collected by tail clip [239], diluted in 98ul 0.9% NaCl and stained with 0.25ul SYTO-16
Green Fluorescent Nucleic Acid Stain (ThermoFisher Scientific, catalog # S7578) within
4 hours of collection. Stained samples were incubated in the dark for 20 minutes at room
temperature, further diluted 1:9 in 0.9% NaCl, then analyzed using an Attune NXT flow
cytometer and Attune NXT software version v3.1.2. A total of 30,000 cells were assessed
daily for each mouse; infected red blood cells were distinguished based on size and
fluorescence intensity. An uninfected blood sample was used as an internal negative
control. Parasitemia is reported as the percentage of infected red blood cells (IRBCs) to

the total number of red blood cells (RBCs).
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Experimental Design

Female SW mice aged 8-12 weeks were paired with males nightly and examined
each morning until a vaginal plug was observed, indicating successful mating. The
morning a vaginal plug was observed was considered embryonic day 0.5 (EQ.5). After
baseline measurements of weight and hematocrit were recorded, females were left
undisturbed until E6.5 to minimize stress and increase the chances of successful
blastocyst implantation. Mice were infected intravenously with 1000 P. chabaudi
chabaudi AS-iRBCs diluted in 200ul 1X phosphate-buffered saline (PBS) per 20 grams
of body weight and are termed infected pregnant (IP). As a control group, uninfected
pregnant (UP) mice were sham injected with 200ul PBS per 20 grams body weight on
E0.5. Immediately prior to infection or sham infection, experimental animals were
switched to a high-fat rodent chow (Teklad Global 19% Protein Extruded Rodent Diet,
irradiated, #2919) suited for pregnant animals. Weight measurements were recorded on
E0.5 and E6.5 through E10.5 or E12.5 to assess uterus weight as a proxy for pregnancy
outcome, as in previous studies [286]. Parasitemia and hematocrit (a measure of anemia)
were monitored daily in the infected groups beginning on E6.5 to assess the development
of infection. At sacrifice, embryo viability was assessed, as previously described [10].
Embryos exhibiting extensive hemorrhaging and/or necrosis or described as unusually
small and pale for gestational age compared to embryos from UP controls were scored as
nonviable.

In one experiment, mice received 5mg/kg of ferroptosis inhibitor, SRS16-86
(Cayman Chemical, item no. 26752), or sham treatment (1% DMSO) via intraperitoneal

injection (i.p.) twice daily (2.5mg/kg per dose) on E6.5 through E11.5 (5 total doses) and
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mice were euthanized on E12.5. In another experiment, mice received 70mg/kg of
Deferoxamine mesylate salt (DFO, Millipore sigma, SKU D9533) or sham treatment (1X
PBS) via i.p injection once daily between E6.5 through E9.5 (4 doses) and mice were
euthanized on E10.5. In a final experiment, mice received 1mg/kg of the mitochondria-
specific antioxidant, MitoTempo (Millipore sigma, SKU SML0737), or sham treatment
(2.5% DMSO) once daily via i.p injection between E6.5 and E9.5 (4 doses) and mice
were euthanized on E10.5. Since Plasmodium chabaudi is synchronous and the
mammalian host’s circadian rhythm dictates its erythrocytic cell cycle, both DFO and
MitoTempo were delivered between 12-2 AM to ensure that the drug delivery coincides
with peak heme/hemozoin expulsion into the bloodstream and to account for the

unknown half-life of MitoTempol [287,288].

Real-time guantitative PCR

Total RNA was isolated from placental tissues collected from PM-positive (PM+)
and PM-negative (PM-) women at the time of delivery and stored in liquid nitrogen.
Tissues were rinsed with PBS to remove intervillous blood and assess a transcript pool
mainly derived from the placental cells with limited maternal cell contribution. A detailed
description of the study that generated these samples is described in [10]. RNA was
isolated using (Qiagen RNeasy Mini Kit, Cat # 74104) DNase-treated (Invitrogen, Ref #
AM1906) and reverse-transcribed with High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Ref # 4368814). Relative transcript abundance for the genes of
interest was quantified using PowerSYBR Green PCR Master Mix (Applied Biosystems,

Cat # 4367659) and the BioRad CFx92 Real-Time system, and Cq values were obtained
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from the CFX Maestro software version 2.0. Housekeeping genes recommended for more
reliable human placental transcript expression were selected [289,290], and each sample
was assayed in duplicate for the target and the housekeeping genes. Average Ct values of
target genes were normalized to geometric mean Ct values of Ck19 and Topl as the
reference genes, and the relative transcript abundance of genes of interest was determined

using the AACt method. Details of primer sets are summarized in Table 3.4

Western blot analysis

Placental villous tissue was homogenized in RIPA buffer, and proteins were extracted
and quantified as described [291]. Proteins (2ug/ul) were separated by SDS-PAGE,
blotted onto nitrocellulose membranes, and probed with recombinant anti-glutathione
peroxidase 4 (Abcam, ab125066) or anti-beta actin antibody. Overnight incubation with
primary antibody was followed by one-hour incubation with anti-rabbit horseradish
peroxidase secondary antibody conjugates. Proteins were detected using a
chemiluminescence reagent (details in notebook) and the ChemiDoc Touch Imaging
System with Image Lab Touch Software (Biorad). Densitometry data are presented as a

ratio of GPX4 protein to beta-actin.

Statistics

All statistical analyses were performed using GraphPad Prism version 9.2.0
(GraphPad Software; La Jolla, California). All raw clinical data are presented as mean +
SEM. Error bars are not visible if they are shorter than the symbol’s height. The area

under the curve (AUC) of percent starting weight, hematocrit, and parasitemia was
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calculated for each mouse between E0.5 and E10.5 or E12.5, as appropriate, and
sometimes percent starting weight at either E10.5 or E12.5 alone was compared between
groups, using two-tailed unpaired t-test, with Welch’s correction. AUC for weight,
hematocrit, and parasitemia was compared between IP treated and IP sham mice using a
two-tailed unpaired t-test with Welch’s correction. Percent starting hematocrit on E12.5
and parasitemia on E8.5, E9.5, and E12.5 were compared between groups for the 16-86
treatment study, using a two-tailed unpaired t-test with Welch’s correction. Proportional
analysis tested by Fisher exact probability test was used to compare embryo viability
between IP treated and IP sham dams. P values less than or equal to 0.05 were considered

statistically significant.

Results

Iron chelation with deferoxamine treatment in Swiss Webster mice significantly reduces

parasite burden and improves pregnancy outcome

Deferoxamine (DFO) is an iron chelator drug that has been approved by the
Federal Drug Administration (FDA) and has been used to treat iron overload in adults
and children for many years [292]. DFO binds to iron in a 1 to 1 ratio and can bind free
plasma iron and intracellular labile iron pools without interfering with iron that is already
bound to iron regulatory molecules such as transferrin and ferritin [293]. This
characteristic makes DFO an efficient iron chelator that is well-tolerated and readily
excreted in the urine or bile. To determine whether iron chelation could improve
pregnancy outcomes in Plasmodium chabaudi chabaudi AS (PccAS)-infected, pregnant

(IP) Swiss Webster (SW) mice at E10.5, dams received 70mg/kg DFO once a day
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between E6.5 and E9.5 (Figure 3.1). DFO administration was timed with predicted
parasite egress from the erythrocyte [287], to ensure that chelation would occur at peak
hemel/iron release into the bloodstream in light of DFO’s short half-life [294]. DFO- and
sham-treated mice experienced comparable weight changes throughout the experiment
(Figure 3.1A-B); however, parasitemia was significantly lower in DFO-treated mice by
area under the curve (AUC) analysis (Figure 3.1C-D). Hematocrit, a measure of anemia,
had a weak tendency to be higher in DFO-treated dams compared to sham controls,
(Figure 3.1E-F) as expected for animals with lower parasite burdens and, as a result, less
parasite-driven hemolysis [295]. Likewise, uterus weight was improved in DFO-treated
dams compared to controls (Figure 3.2); however, no significant changes in embryo

viability were observed in either group (Table 3.1).

16-86 treatment in Swiss Webster mice worsened clinical measurements and did not

improve pregnancy outcome

An alternative and more direct approach was taken to address the impact of ROS
on pregnancy outcomes in IP SW mice. SRS16-86 (16-86) is a specific ferroptosis-
inhibiting drug targeting ROS generated from lipids [296]. It is more stable and potent
than its predecessor drug, Ferrostatin-1, and successfully decreases lipid peroxidation in
models of ferroptosis-induced cell death [296,297]. In this experiment, SW IP mice were
treated twice daily with 2.5mg/kg 16-86 from E6.5 through E11.5 or E12.5 (Figure 3.3).
Although IP dams that received 16-86 displayed more visible signs of drug-induced
morbidity than sham treated controls, defined as increased sensitivity at the injection site

and labored breathing, the treatment did not result in statistically significant weight
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changes, as demonstrated by AUC analysis (Figure 3.3A-B). Additionally, neither
parasite burden nor hematocrit differed between the groups (Figure 3.3C-F), and uterus
weights were not statistically different (Figure 3.4). Even though no differences were
detected statistically in these clinical parameters over the course of the experiment, 16-
86-treated dams weighed significantly less at the end of the experiment (E12.5) than their
sham-treated counterparts (Figure 3.5A) and experienced a marked reduction in embryo
viability (Table 3.2), suggesting that the drug had embryotoxic effects. The parasitemia at
sacrifice was significantly decreased in the 16-86 treated group at E12.5 (Figure 3.5B),
perhaps due to drug-induced increased parasitemia at earlier timepoints, as demonstrated

by parasite burdens at E8.5 and E9.5 (Figure 3.5C-D).

MitoTempol treatment in Swiss Webster mice had no impact on pregnancy outcome

Mitochondria are a major source of intracellular ROS production. The role of
mitochondria-derived oxidative stress in promoting cell death [298], including ferroptosis
[299-301], and poor pregnancy outcomes [302,303], has widely been studied. To
evaluate the therapeutic potential of mitochondria ROS-targeting drug intervention in
PccAS-infected SW mice, a mitochondrial antioxidant drug called Mitotempo was
administered once daily from E6.5 to E9.5. Mitotempo is a superoxide scavenger that
readily enters the cell and accumulates in the mitochondria to modulate oxidative stress
[304]. We hypothesized that if mitochondrial ROS contributes to oxidative stress and is
involved in PM pathogenesis in our model, mice treated with Mitotempo will enjoy
improved pregnancy outcomes at midgestation. Mitotempo treatment did not impact

weight change, parasitemia, or hematocrit in IP mice compared to sham treated controls
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(Figure 3.6). Additionally, treatment did not improve uterus weight or embryo viability

(Figure 3.7; Table 3.3) at E10.5.

Discussion

Oxidative stress has been associated with malaria severity [197] and with malaria
infection during pregnancy [16]. Recent studies conducted using C56BL6/J mice and
Plasmodium chabaudi chabaudi AS (PccAS) infection early during pregnancy revealed a
therapeutic potential for antioxidant drug treatment to improve pregnancy outcomes in a
murine PM [18]. Since then, Swiss Webster mice infected with PccAS have provided an
alternative model for PM, with remarkable inflammatory cell infiltration and hemozoin
deposition in the placenta at midgestation (E10.5) and a significant reduction in uterus
weight at the same time point [286]. Additionally, transcript expression for the heme
scavenger, Hmox1, was significantly elevated in the placenta of infected SW mice,
suggesting that heme or iron overload may be occurring in this model and possibly
influencing pregnancy success.

To address these suspicions, we first tried to chelate excess iron in infected
pregnant (IP) SW mice using the commonly used drug, Deferoxamine (DFO). DFO
treatment improved uterus weight, our proxy for pregnancy success at midgestation;
however, it did so in association with significantly reduced parasite burden. This outcome
supports previously published work that reports the dual-activity of DFO as both an iron
chelator and an antimalarial, independently of host iron status [305-307]. DFO has also
been proposed to have antioxidant capabilities by inhibiting heme production and

guenching ROS [308,309]. As a result, DFO may be best used in addition to antimalarial
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drugs, especially in the face of growing parasite resistance to antimalarials. This
possibility, however, will require meticulous examination, as one study has already found
that simultaneous DFO and chloroquine treatment produced an antagonistic effect and
permitted increased rates of hemozoin generation in vitro [310]. In addition, future
experiments should aim to determine the extent to which DFO can specifically inhibit
iron or heme-driven ROS generation in the placenta during malaria infection and whether
iron chelation can protect pregnancies from malaria-induced ROS and cell death.

In another set of experiments, we interrogated the possibility that ferroptotic cell
death could be a pathogenic feature in the SW model of malaria infection. Since
ferroptosis is explicitly driven by iron and ROS accumulation and lipid peroxidation, we
investigated whether SRS16-86 (16-86), a specific ferroptosis inhibitor, can improve
pregnancy outcomes at midgestation. Treatment with 16-86 in IP SW mice resulted in no
improvements in uterus weight or alteration to overall maternal weight, parasitemia, or
hematocrit. However, parasitemia in treated mice was increased on E8.5 and E9.5, and on
the final day of the experiment, treated dams weighed significantly less than their sham
treated counterparts. This observation was accompanied by a tremendous loss in embryo
viability in treated mice compared to sham treated controls. Taken together, these data
demonstrate that 16-86 treatment enhanced parasite burden and was embryotoxic.
Nevertheless, it would be important to explore lower drug doses to discover whether 16-
86 treatment can be beneficial in mitigating malaria-induced pregnancy compromise.

Finally, mitochondria-specific targeting of ROS was performed in IP SW mice
using the mitochondria superoxide mimetic drug, Mitotempo. Mitotempo treatment did

not improve uterus weight at midgestation and did not have an impact on parasite burden
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or embryo viability. A prior study evaluating the antioxidant drug, Tempol, in PccAS-
infected C57BL6/J mice demonstrated a modest but significant improvement in
pregnancy outcomes due to drug treatment [18]. Moreover, Tempol treatment was
variable in its ability to reduce placental oxidative stress successfully; however, when
efficacious, Tempol treatment reduction in lipid peroxidation in the placental, which
corresponded with improved embryo viability in infected dams [18]. Interestingly,
Tempol treatment was consistently effective at reducing oxidative stress in the spleens of
IP mice, highlighting the drug’s organ-specific capability. Since Tempol and Mitotempo
function similarly as intracellular superoxide dismutase mimetics, it is conceivable that
Mitotempo’s efficacy in the placenta is also limited. Thus, future studies that allow for
tissue-specific delivery of Mitotempo and other antioxidant drugs will offer better insight
into the impact of oxidative stress has on placental health, cell death, and, ultimately,

pregnancy outcome.
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Figure 3.1. Deferoxamine treatment in malaria-infected outbred Swiss Webster
mice significantly reduces parasite burden.

A) Percent starting weight in infected pregnant (IP) Swiss Webster (SW) sham
treated and IP SW Deferoxamine (DFO) treated mice beginning on E0.5 and then
from E6.5 to E10.5. Data represent mean + SEM.

B) Area under the curve (AUC) analysis of starting weight measurements collected
on E6.5 to E10.5. No statistical differences were found between groups (P = 0.64;
unpaired t-test with Welsh’s correction).

C) Percent peripheral parasitemia (IRBCs) in IP SW sham treated and IP SW DFO
treated mice from E6.5 to E10.5. Data represent mean = SEM.

D) AUC analysis for percent peripheral parasitemia from E6.5 to E10.5. Parasitemia
was significantly decreased in treated mice compared to sham treated controls
(*¥***P < 0.0001; unpaired t-test with Welch’s correction).

E) Percent hematocrit in IP SW sham treated and IP SW DFO treated mice measured
on E0.5 and then from E6.5 to E10.5. Data represent mean = SEM.

F) AUC analysis for percent hematocrit from E6.5 to E10.5. No statistically
significant differences were found between groups (#P = 0.070; unpaired t-test
with Welch’s correction).

Sample sizes: Sham-IP, n =7; DFO-IP, n = 8; ns = not significant, P > 0.05. Error bars
are not depicted if they are shorter than the height of the symbol.
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Figure 3.2. DFO treatment improves uterus weight in malaria-infected outbred
Swiss Webster mice at midgestation.

Uterus weight is presented for infected pregnant (IP) sham-treated Swiss Webster (SW)
and IP Deferoxamine (DFO) treated SW mice. A statistically significant improvement in
uterus weights is revealed between groups (P = 0.012; unpaired t-test with Welsh’s
correction). Sample sizes: Sham-IP, n =6; DFO-IP, n = 8.
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Table 3.1. Embryo viability in malaria-infected outbred Swiss Webster mice treated
with iron chelator drug Deferoxamine.

Infected pregnant (IP) Swiss Webster (SW) sham treated and IP SW Deferoxamine
(DFO) treated mice at mid-gestation. Percentages show percent viability within a group.
P value was obtained with a two-tailed Fisher exact probability test, comparing embryo
viability in sham treated versus DFO treated groups. NS = not significant.

Group Viable/total | Viable/total
embryos embryos
(E10.5) (E10.5)
Sham treated = DFO treated P value
IP 67/73 100/106 0.55
(91.7%) (94.3%) NS
n=7 n=8
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Figure 3.3. Weight, parasitemia, and hematocrit in malaria-infected outbred Swiss
Webster mice treated with ferroptosis inhibitor drug SRS16-86.

A) Percent starting weight in infected pregnant (IP) Swiss Webster (SW) sham
treated and IP SW 1H1 treated mice beginning on E0.5 and then from E6.5 to
E12.5. Data represent mean = SEM.

B) Area under the curve (AUC) analysis of starting weight measurements collected
on E7.5 through E12.5. No statistical differences were found between groups (P =
0.16; unpaired t-test with Welsh’s correction).

C) Percent peripheral parasitemia (IRBCs) in IP SW sham treated and IP SW 16-86
treated mice from E6.5 to E12.5. Data represent mean = SEM.

D) AUC analysis for percent peripheral parasitemia from E7.5 to E12.5. No
statistically significant differences were found between groups (P = 0.33;
unpaired t-test with Welch’s correction).

E) Percent hematocrit in IP SW sham treated and IP SW16-86 treated mice measured
on EOQ.5 and then from E7.5 to E12.5. Data represent mean + SEM.

F) AUC analysis for percent hematocrit. No statistically significant differences were
found between groups (P = 0.80; unpaired t-test with Welch’s correction).

Sample sizes: Sham-IP, n =5; 16-86-1P, n = 10; ns = not significant, P > 0.05. Error
bars are not depicted if they are shorter than the height of the symbol.
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Figure 3.4. Uterus weight in SRS16-68 treated malaria-infected mice at E12.5.

Uterus weight is presented for infected pregnant (IP) sham-treated Swiss Webster (SW)
and IP 16-86 treated SW mice. No statistical significance revealed between groups (P =
0.55; unpaired t test with Welsh’s correction). Sample sizes: Sham-IP, n =3; 16-86-IP, n
= 8; ns = not significant, P > 0.05.
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Figure 3.5. Maternal weight and parasitemia at E12.5 in malaria-infected outbred
Swiss Webster mice treated with SRS16-86.

A) Percent starting weight in infected pregnant (IP) Swiss Webster (SW) sham
treated and IP SW 16-86 treated mice on the final day of the experiment, E12.5.
Statistically significant differences were detected between the groups (**P =
0.009).

B) Percent parasitemia (IRBC) in IP SW sham treated and IP SW 16-86 treated mice
on the final day of the experiment, E12.5. Statistically significant differences were
detected between the groups (*P = 0.04).

C) Percent parasitemia in IP SW sham treated and IP SW 16-86 treated mice on
E8.5. Statistically significant differences were detected between the groups (*P =
0.02).

D) Percent parasitemia in IP SW sham treated and IP SW 16-86 treated mice on
E9.5. Statistically significant differences were detected between the groups (*P =
0.05).

Sample sizes: Sham-IP, n =6; 16-86-1P, n = 10; ns = not significant, P > 0.05.
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Table 3.2. Embryo viability in malaria-infected outbred Swiss Webster mice treated
with ferroptosis-inhibitor drug SRS 16-86.

Infected pregnant (IP) Swiss Webster sham treated and SRS16-86 treated mice at mid-
gestation. Percentages show percent viability within a group. P value was obtained with a
two-tailed Fisher exact probability test, comparing embryo viability in sham treated
versus 16-86 treated groups. P < 0.05 is statistically significant.

Group Viable/total | Viable/total
embryos embryos
(E12.5) (E12.5)
Sham treated @ 16-86 treated P value
IP 34/38 24/58 <0.0001
(89.5%) (41.3%)
n=6 n=6
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Figure 3.6. Weight, parasitemia, and hematocrit in malaria-infected outbred Swiss
Webster mice treated with Mitotempo.

A) Percent starting weight in infected pregnant (IP) Swiss Webster (SW) sham
treated and IP SW Mitotempo treated mice beginning on EQ.5 and then from E6.5
to E10.5. Data represent mean + SEM.

B) Area under the curve (AUC) analysis of starting weight measurements collected
on E6.5 through E10.5. No statistical differences were found between groups (P =
0.87; unpaired t-test with Welsh’s correction).

C) Percent peripheral parasitemia (IRBCs) in IP SW sham treated and IP SW
Mitotempo treated mice from E6.5 to E10.5. Data represent mean + SEM.

D) AUC analysis for percent peripheral parasitemia from E6.5 to E10.5. No
statistically significant differences were found between groups (P = 0.25;
unpaired t-test with Welch’s correction).

E) Percent hematocrit in IP SW sham treated and IP SW Mitotempo treated mice
measured on E0.5 and then from E6.5 to E10.5. Data represent mean = SEM.

F) AUC analysis for percent hematocrit from EQ.5 to E10.5. No statistically
significant differences were found between groups (P = 0.28; unpaired t-test with
Welch’s correction).

Sample sizes: Sham-IP, n =9; Mitotempo-IP, n = 10; ns = not significant, P > 0.05.
Error bars are not depicted if they are shorter than the height of the symbol.
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Figure 3.7. Uterus weight in malaria-infected outbred Swiss Webster mice treated
with Mitotempo.

Uterus weight is presented for infected pregnant (IP) sham-treated Swiss Webster (SW)
and IP Mitotempo treated SW mice. No statistical significance revealed between groups
(P =0.33; unpaired t-test with Welsh’s correction). Sample sizes: Sham-IP, n =8;
Mitotempo-IP, n = 9; ns = not significant, P > 0.05.
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Table 3.3. Embryo viability in malaria-infected outbred Swiss Webster mice treated
with mitochondria-specific antioxidant drug Mitotempo.

Infected pregnant (IP) Swiss Webster sham treated and Mitotempo treated mice at mid-
gestation. Percentages show percent viability within a group. P value was obtained with a
two-tailed Fisher exact probability test, comparing embryo viability in sham treated

versus Mitotempo treated groups. NS = not significant.

Group Viable/total | Viable/total
embryos embryos
(E10.5) (E10.5)
Sham treated = Mitotempo P value

treated
IP 88/97 120/125 0.16
(90.1%) (96.0%) NS

n=9 n=9
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Table 3.4. Primer sequences for g°PCR human targets.

Human-specific forward (FP) and reverse (RP) primers used in quantitative real-time
PCR for the amplification of MRNA transcripts associated with antioxidant activity, iron-
regulation/ferroptosis, and reference (Ck19 and Topl) genes.

Target Forward and Reverse Primers (5’ to 3”)
Ck19 FP: GAAATCAGTACGCTGAGGGG
RP: CCGGCTGGTGAACCAGGCTT
Topl FP: GATGAACCTGAAGATGATGGC
RP: TCAGCATCATCCTCATCTCG
Nrf2 FP: GCGACGGAAAGAGTATGAG
RP: GTTGGCAGATCCACTGGTTT
Sodl FP: CAATGTGACTGCTGACAAAG
RP: GTGCGGCCAATGATGCAAT
Sod?2 FP: ACAGGCCTTATTCCACTGCT
RP: CAGCATAACGATCGTGGTTT
Sod3 FP: CTTCGCCTTTGCTGAAGTCT
RP: GGGTGTTTCGGTACAAATGG
Cat FP: TAAGACTGACCAGGGCATC
RP: CAAACCTTGGTGAGATCGAA
Hmox1 FP: ATGACACCAAGGACCAGAGC
RP: GTGTAAGGACCCATCGGAGA
TfR1 FP: ACCATTGTCATATACCCGGTTCA
RP: CAATAGCCCAAGTAGCCAATCAT
Ferritin FP: GTCAACAGCCTGGTCAATTTGTAC
RP: GGTCGAAATAGAAGCCCAGAGA
Slc7all FP: TCTCCAAAGGAGGTTACCTGC
RP: AGACTCCCCTCAGTAAAGTGAC
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CHAPTER 4
A NOVEL MURINE MODEL OF POST-IMPLANTATION MALARIA-INDUCED

PRETERM BIRTH*

4 Andrew AK, Cooper CA, Moore JM (2022). PLoS ONE 17(3):e0256060. Reprinted here with permission
of publisher, July 7, 2022.
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Abstract

Despite major advances in malaria treatment and control over recent decades,
developing new models for studying disease pathogenesis remains a vital part of malaria
research efforts. The study of malaria infection during pregnancy relies on mouse models
to circumvent many challenges and costs associated with pregnancy studies in endemic
human populations. Here, we introduce a novel murine model that will further our
understanding of how malaria infection affects pregnancy outcomes. When C57BL/6J
(B6) mice are infected with Plasmodium chabaudi chabaudi AS on either embryonic day
(E) 6.5, 8.5, or 10.5, preterm birth occurs in all animals by E16.5, E17.5, or E18.5
respectively, with no evidence of intrauterine growth restriction. Despite having the same
outcome, we found that the time to delivery, placental inflammatory and antioxidant
transcript upregulation, and the relationships between parasitemia and transcript
expression prior to preterm birth differed based on the embryonic day of infection. On the
day before preterm delivery, E6.5 infected mice did not experience significant
upregulation of the inflammatory or antioxidant gene transcripts examined; however,
peripheral and placental parasitemia correlated positively with 7714, Cox1, Cat, and
Hmox1 placental transcript abundance. E8.5 infected mice had elevated transcripts for
Ifny, Tnf, 1110, Cox1, Cox2, Sodl, Sod2, Cat, and Nrf2, while Sod3 was the only transcript
that correlated with parasitemia. Finally, E10.5 infected mice had elevated transcripts for
Ifny only, with a tendency for Tnf transcripts to correlate with peripheral parasitemia.
Tumor necrosis factor deficient (TNF”") and TNF receptor 1 deficient (TNFR17) mice
infected on E8.5 experienced preterm birth at the same time as B6 controls. Further

characterization of this model is necessary to discover the mechanism(s) and/or trigger(s)
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responsible for malaria-driven preterm birth caused by maternal infection during early
pregnancy.
Introduction

Despite unprecedented successes in vector control programs and antimalarial
treatment, malaria remains a global public health issue. In 2020, the World Health
Organization (WHO) reported that in regions with moderate to high Plasmodium
falciparum transmission, roughly 11 million pregnancies were exposed to malaria
infection [22]. Among those pregnancies, an estimated 819,000 infants were born with
low birth weight, a well-documented risk factor for neonatal mortality [22]. Additional
maternal-fetal health consequences of infection include maternal anemia and preterm
delivery, especially in primigravid women [33]. Notably, malaria infection during
pregnancy can manifest as an organ-specific syndrome known as placental malaria (PM),
identified by the accumulation of Plasmodium-infected red blood cells (IRBCs), immune
cell infiltration, and both malaria pigment (hemozoin) and fibrin deposition in the
placenta [10,311,312]. To protect pregnant women from PM, WHO recommends the use
of insecticide-treated mosquito nets (ITNs) and intermittent preventative treatment using
antimalarial drugs such as sulfadoxine-pyrimathamine (IPTp-SP). However, in 2018 only
31% of women received the recommended dosages of IPTp-SP during their pregnancy
and ITN coverage in sub-Saharan Africa has stalled since 2015 [313].

Despite decades of discovery and billions of dollars invested in malaria research,
the underlying mechanisms involved in PM pathogenesis are still incompletely
understood. One major reason is that access to the placenta is limited until after delivery,

making it difficult to evaluate the impact of infection on the placenta during earlier stages
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of pregnancy. As a result, most of what is known about human PM comes from studies
focused on clinical outcomes throughout gestation, systemic evaluation for biomarkers of
disease, and placental biopsies postpartum. Some studies provide evidence for the critical
role of inflammation, specifically via the upregulation of tumor necrosis factor (TNF),
interleukin-10 (IL-10), interleukin-1 beta (IL-1pB), and interferon-gamma (IFN-y), in
driving poor pregnancy outcomes [2,4,108,114,116,314,315]. Other studies suggest that
oxidative stress, resulting from a cell’s inability to mount an effective antioxidant
response to mitigate damage driven by reactive oxygen species (ROS), is a critical player
in the placental pathology and poor fetal health outcomes associated with PM [16,316].
Mouse models have been central to furthering our understanding of PM
pathogenesis by providing a more accessible and genetically tractable tool for
recapitulating malaria infection during pregnancy. Infection with the murine-infective
Plasmodium chabaudi chabaudi AS (PccAS) in C57BL/6J (B6) and Swiss Webster mice
capture some of the important hallmarks of human PM, such as elevated proinflammatory
cytokine production, accumulation of IRBCs in the placenta, increased fibrin deposition,
and pregnancy loss [5,6,18,101,102]. In these models, mice infected with PccAS on the
first day of gestation (embryonic day 0.5, EQ.5) experience a non-lethal infection that is
accompanied by severe maternal anemia, high parasite burden, elevated inflammatory
responses, hemozoin accumulation, and lipid peroxidation in the placenta, a known sign
of oxidative stress. Therapeutic interventions that target the pathogenic contributions of
coagulation, TNF, and ROS in B6 mice protect against pregnancy loss at midgestation
(E10.5-12.5) [5,10,18]. Alternatively, studies in later gestation commonly utilize

Plasmodium berghei in either B6 or BALB/c mice; however, the infection must be
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initiated between E10.5-13.5, due to the maternal lethality of the parasite. In these
models, mice experience elevated placental inflammation and fibrin deposition, oxidative
stress, IRBC adherence to the placenta, and preterm delivery [17,19,88,317]. Moreover,
antimalarial and anti-inflammatory drug treatment restore maternal survival, reduce
oxidative stress, and improve pregnancy outcomes [317,318].

While these well-established models are useful for studying PM pathogenesis, our
understanding of how the timing of malaria infection determines maternal and fetal health
outcomes remains unclear. Studies of women naturally exposed to malaria at various
times during gestation report associations between peripheral and placental parasitemia
and poor birth outcomes such as low birth weight, preterm delivery, and neonatal
mortality [319-322], with some studies that focus on infection early in the first trimester
[285,323-325]. However, due to a lack of histological and pathophysiological
information related to PM pathogenesis during the first and second trimesters of
pregnancy, it is challenging to envision host-directed therapeutic interventions that
mitigate the impact of infection during these times in gestation. This represents a
significant obstacle in PM prevention and treatment efforts, especially amidst emerging
antimalarial drug and insecticide resistance [62,326].

Here, we describe a mouse model for studying malaria infection during early
stages of pregnancy (early post-implantation) using PccAS in B6 mice. Given the
developmental similarities between the first trimester human placenta and the last two-
thirds of mouse gestation [85,327], this model offers an avenue for investigating the
pathogenic mechanisms underlying malaria infection during early placentation, when P.

falciparum prevalence in pregnant women is highest [33] and fetal health is significantly
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impacted [320,323,325], but the placenta remains inaccessible to study. This work shows
that malaria infection during the post-implantation period induces preterm birth and alters
the expression of inflammatory and antioxidant-related gene transcripts in the placenta

one day prior to preterm delivery.

Materials & Methods

Mice

C57BL/6J (B6), TNFa-deficient (B6;129S-Tnftm1Gkl/J), TNFRp55-deficient
(Tnfrsflatm1Mak/J), and A/J mice were purchased from the Jackson Laboratory (Bar
Harbor, ME) and maintained by brother-sister mating for a maximum of ten generations
in the University of Georgia Coverdell Vivarium, following guidelines and regulations
set forth by the University of Georgia Animal Care and Use Committee. All animals were
supplied food (PicoLab® Rodent Diet 20: 5030, St. Louis, MO) and water ad libitum.
Mice were adjusted to a 14-hour light/10-hour dark cycle and housed in conditions of 65-
75 °F and 40-60% humidity. All animal procedures reported in this study were reviewed
and approved by the Institutional Animal Care Use Committee (IACUC) at the
University of Georgia, protocol number A2018 02-016-Y1-A0. Mice were anesthetized
with 2.5% Tribromoethanol before sacrifice and all efforts were made to minimize

suffering.
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Parasites and infection monitoring

The following reagent was obtained through BEI Resource Repository, NIAID,
NIH: Plasmodium chabaudi chabaudi, Strain AS, MR4-741, contributed by David
Walliker. Parasites were maintained as frozen stock in accordance with supplier
guidelines and passaged in A/J mice for the purposes of infecting experimental B6 mice.
Peripheral parasitemia was assessed by flow cytometry with a method adapted from work
published by Jimenez-Diaz et al. [238]. A 2ul blood sample was collected by tail clip
[239], diluted in 98ul 0.9% NaCl and stained with 0.25ul SYTO-16 Green Fluorescent
Nucleic Acid Stain (ThermoFisher Scientific, catalog # S7578) within 4 hours of
collection. Stained samples were diluted 1:9 in 0.9% NaCl and incubated in the dark for
20 minutes at room temperature, then analyzed using a CyAn ADP Flow Cytometer
(Beckman Coulter; Brea, CA). 30,000 cells were assessed daily for each mouse; infected
red blood cells were distinguished based on the size and fluorescence intensity. An
uninfected blood sample was used as an internal negative control. Parasitemia is reported
as the percentage of infected red blood cells (IRBCs) to the total number of red blood

cells (RBCs).

Experimental design

Female B6, TNFo-deficient (TNF”), and TNFRp55-deficient (TNFRI'") mice
aged 8-10 weeks were paired with age-matched males nightly and examined each
morning until a vaginal plug was observed, indicating successful mating. The morning a
vaginal plug was observed was considered embryonic day 0.5, E0.5. After baseline

measurements of weight and hematocrit were recorded, females were left undisturbed
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until E6.5 to minimize stress and increase the chances of successful blastocyst
implantation. Mice were infected intravenously with 1000 P. chabaudi chabaudi AS-
iIRBCs diluted in 200ul 1X phosphate-buffered saline (PBS) per 20 grams of body weight
on E6.5, E8.5, or E10.5 and are termed infected pregnant (IP). Age-matched non-
pregnant mice were infected similarly as infection controls (infected non-pregnant, INP).
In another control group, uninfected pregnant (UP) mice were sham injected with 200ul
PBS per 20 grams body weight on the same gestation days. Immediately prior to
infection or sham infection, experimental animals were switched to a high-fat rodent
chow (PicoLab Mouse Diet 20 5058; St. Louis, MO) suited for pregnant animals. Weight
measurements were recorded on EQ.5, E6.5, E8.5, E10.5, and E12.5-E18.5 for all groups,
depending on when the infection was initiated, to assess pregnancy progress and allow
mice to proceed to spontaneous delivery. Parasitemia and hematocrit (a measure of
anemia) were monitored daily in the infected groups beginning five days post-infection to
assess the development of infection.

In a second series of experiments, mice infected on E6.5, E8.5, and E10.5, and
along with their UP controls, were sacrificed on E15.5, E16.5, and E17.5, respectively.
Weight, hematocrit, and parasitemia were recorded as described above until euthanasia.
Mice were anesthetized before sacrifice and placentae were collected and preserved for
histological and quantitative real-time PCR (RT-qPCR) analysis. Plump, pink, well-
vascularized pups that reflexively responded to touch were considered viable and their
weights and placenta weights were collected. Pup viability data are summarized in Table

4.1.
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Histology

Placentae collected at the time of sacrifice were fixed for 24 hours in 10%
buffered formalin, processed, and paraffin-embedded. Placental sections 5um in
thickness were mounted to microscope slides and stained with hematoxylin and eosin
(H&E) for histological analysis. H&E images were obtained using a Keyence BZ-X710
with BZ Analyzer software and the 100X oil objective. Sections were Giemsa-stained
and parasite burden in the placenta was determined by counting at least 1,000
erythrocytes in maternal blood sinusoids of at least two or more different placentae per

dam, as previously described [5].

Gene expression by guantitative real-time PCR

Total RNA from mouse placentae collected on E15.5, E16.5, and E17.5 was
isolated using Trizol Reagent (Ambion, Ref # 15596026) and a bead shaker (BeadBlaster
24, Benchmark Scientific, SKU: D2400) with a minimum of four placentae were pooled
per dam. RNA was DNase-treated (Invitrogen, Ref # AM1906) and then reverse-
transcribed with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Ref # 4368814). Relative transcript abundance for the genes of interest was quantified
using PowerSYBR Green PCR Master Mix (Applied Biosystems, Cat # 4367659), the
Roche LightCycler 96 Instrument (software version 1.01.01.0050), and the Mic qPCR
cycler (Biomolecular systems, firmware version 2.25). Each sample was assayed in
duplicate for target and housekeeping genes. Average Ct values of target genes were

normalized to average Ct values of Ubc as the reference gene and relative transcript
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abundance of genes of interest was determined using the AACt method. Transcript
expression in individual mice is presented relative to the mean expression value in UP

mice at E6.5. Details of primer sets are summarized in Table 2.3.

Statistics

All statistical analyses were performed using GraphPad Prism version 9.2.0
(GraphPad Software; La Jolla, California). All raw clinical data are presented as mean +
SEM. Error bars are not visible if they are shorter than the symbol’s height. The area
under the curve (AUC) of percent starting weight, hematocrit, and parasitemia was
calculated for each mouse between E0.5 and E18.5, as appropriate. AUC for weight and
hematocrit were compared between IP, INP, and UP mice infected on the same day and
analyzed using a Kruskal-Wallis test between IP and INP groups and IP and UP groups.
AUC for parasitemia between IP and INP groups was compared using a two-tailed
unpaired t-test with Welch’s correction. RT-gPCR data were analyzed using an unpaired
t-test with Welch’s correction and presented as a scatterplot with a bar representing the
mean. Parasitemia and transcript data for correlation analyses were log-transformed. P
values less than or equal to 0.05 were considered statistically significant. Mixed linear
models analysis (SAS 9.4) was used to estimate differences in fetal and placental weights
in dams sacrificed on E15.5, E16.5, and E17.5, and their controls. Proportional analysis
tested by chi-square was used to compare pup viability between IP and UP dams.

Univariate and multivariate regression analyses were done in SAS 9.4.
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Results

P. chabaudi AS infection in the post-implantation period universally precipitates preterm

delivery

In this observational study, PccAS blood-stage infection was initiated on E6.5,
8.5, or 10.5 in B6 mice. These time points coincide with a period of intense placental
growth and vascularization in human pregnancy, representing the initial point at which
placental sequestration of P. falciparum is proposed to occur [328,329]. Initial
measurements of weight and hematocrit were taken on EQ.5 and then mice were
randomly assigned to one of six groups — E6.5 infected pregnant (IP), E8.5 IP, E10.5 IP,
E6.5 uninfected pregnant (UP), E8.5 UP, and E10.5 UP, with the indicated embryonic
day representing the day of infection for IP groups (Figure 4.1). After the infection was
initiated, daily measurements of weight and parasitemia were collected beginning five
days post-infection (Figure 4.1B-G). In each group, IP mice steadily gained weight
alongside their UP controls until they experienced a sudden and precipitous decline in
weight, suggestive of preterm pregnancy compromise (Figure 4.1B-D). Euthanasia of
these dams at E19.5 revealed empty uteri, implicating preterm birth as the likely cause of
the observed weight loss. The time to preterm birth was accelerated the later in gestation
that infection occurred such that E6.5-, E8.5-, and E10.5-infected dams began losing
weight nine, eight, and seven days post-infection, respectively (Figure 4.1B-D). UP mice
continued gaining weight beyond E18.5, as expected during a normal pregnancy.
Parasitemia was greater in IP dams compared to their infected non-pregnant (INP)

counterparts (Figure 4.1E-G), which was confirmed statistically through area under the
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curve (AUC) analysis in all groups except the E8.5 infection group (Figure 4.2D-F).
Corresponding with higher parasite burdens, AUC for hematocrit was significantly lower
in E6.5 infected dams compared to controls (Figure 4.2G), likely due to the prolonged
destruction of red blood cells caused by the advanced stage of infection compared to the
other infection groups [295]. AUC for hematocrit in the other infection groups, E8.5 and

E10.5, was not statistically significantly different from UP controls (Figure 4.2H-1).

P. chabaudi AS-infected red blood cells accumulate prior to preterm delivery in the

placentae of mice infected at E8.5 and E10.5 but do not significantly impact placenta or

pup weight prior to preterm delivery.

To investigate the effect of maternal infection on placental and pup health in this
model, dams infected on E6.5, E8.5, or E10.5 were euthanized one day prior to expected
preterm parturition on E15.5, E16.5, and E17.5 respectively (Figure 4.1B-D, arrows
indicate the day of euthanasia when placentae were collected for analysis). Daily weight,
parasitemia, and hematocrit measurements were recorded, beginning five days post-
infection. Placental parasitemia in dams of the E8.5 and E10.5 infection groups, but not
in dams infected at E6.5, was significantly higher than their peripheral parasitemia at
sacrifice (Fig 4.3). To further examine the impact of infection, pup and placental weights
and pup viability were measured one day before expected preterm parturition. By mixed
linear models analysis, neither pup nor placental weights were significantly impacted by
maternal malaria across all infection groups; graphs are shown for visualization purposes
only (Fig 4.4). Pup viability was also not different between IP versus UP dams,

regardless of the infection group (Table 4.1). When holding infection constant, increased
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pup viability in mice infected at E10.5 yielded a significant reduction in pup weight (by
0.7546 g, P = 0.0102), consistent with the well-documented observation that increased
litter sizes result in reduced fetal weights [330]. Overall, these results indicate that despite
having significant parasite burden, including in the placenta, malaria-induced preterm
birth in this model occurs independently of changes in placental and fetal weight and
viability.

Histology in PM-positive human placenta observed at term is generally
characterized by immune cell infiltration, IRBC accumulation, and both fibrin and
hemozoin deposition in placental tissues [10,311,312]. To assess the histological
condition of the placenta prior to preterm delivery in our model, placentae collected from
IP mice and their UP controls were stained with hematoxylin and eosin (H&E) (Figure
4.5). Representative images of placentae from each group depict IRBCs in the placentae
of all infection groups (Figure 4.5B, D, F). Giemsa-stained tissue sections further
demonstrate the presence of IRBCs in all infection groups (Figure 4.6). There was no
evidence of immune cell accumulation or excessive fibrin deposition within the labyrinth

in any of the placentae examined.

P. chabaudi infection induces upregulation of inflammatory and parturition-associated

gene transcripts placenta prior to preterm delivery

The pathogenesis of preterm delivery has long been associated with excessive
inflammation, induced by infection or other disorders [331]. Real-time quantitative PCR
(RT-gPCR) analysis was performed using RNA isolated from the placental homogenates

to probe the importance of inflammatory mediators in driving preterm delivery in this
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model. The relative abundance of inflammatory gene transcripts, such as tumor necrosis
factor (Tnf), interleukin-10 (1110), interferon-gamma (Ifny), interleukin beta (1/15), and
genes essential in pregnancy maintenance and parturition, such as cyclooxygenases 1 and
2 (Cox1 and Cox2) were measured (Figure 4.7). Transcript abundance in placentae
collected on E15.5 from mice infected on E6.5 revealed no significant differences
between IP and UP dams for all inflammatory targets measured (Figure 4.7A-F).
However, 1114 transcripts were positively correlated with both peripheral parasitemia at
euthanasia (E15.5) and peripheral parasitemia AUC for mice infected on E6.5 (Figure
4.8A-B). Additionally, there was a positive correlation between Cox1 transcripts and
peripheral parasitemia at sacrifice (Figure 4.8F) and a weak tendency toward a positive
correlation between Cox1 transcripts and parasitemia AUC for this same group
(Appendix D). In the E8.5 infection group, transcript abundance of all the inflammatory
genes targeted, except for 711, was significantly elevated in placentae collected on E16.5
(Figure 4.7A-F), but no correlative relationships with parasitemia at sacrifice or
parasitemia AUC were found. In the E10.5 infection group, only transcripts for Ifny were
elevated, while all other targets remained unchanged (Figure 4.7A-F). There was a
tendency for Tnf transcripts to be positively correlated with both peripheral parasitemia at
sacrifice and parasitemia AUC in mice infected on E10.5 (Appendix D).

To determine the parameters most critical in determining inflammatory gene
expression, linear regression modeling was performed, considering infection status, day
euthanasia was performed, and, as observed at euthanasia, uterus weight, number of
embryos, and embryo viability. The latter three were considered together in multivariate

analysis, and none were found to predict transcript abundance. Infection status
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significantly influenced all targets (Table 4.2). Day of euthanasia also significantly
influenced all targets except Cox1; relative to placentae from mice infected at E6.5 (i.e.,
E15.5), transcripts for Ifny, Tnf, 1115, 1110, and Cox2 in placentae from E8.5 infections
(i.e., E16.5) were all elevated. In a multivariate model testing both status and day,
membership in the E16.5 group was a significant predictor for Ifny, Tnf, 1115, 1110, and
Cox2 abundance (P < 0.0306; Table 4.3), while holding infection status constant.
Similarly, while holding day constant, infection status maintained a significant influence
on Ifny, 111B, 1110, and Cox2 abundance (P < 0.0273), with tendencies for Tnf and Cox1

(p = 0.0569 and p = 0.0645, respectively; Table 4.3).

Tumor necrosis factor and tumor necrosis factor receptor 1 deficient mice experience

preterm delivery following P. chabaudi infection on E8.5.

TNF has long been implicated as one of the major contributors to poor pregnancy
outcomes in malaria-positive primigravid women and in other infections [2,332,333].
Moreover, in a related mouse model, in which infection is initiated at EQ.5, antibody-
mediated ablation of TNF resulted in midgestational rescue from PccAS-induced
abortion [5]. To directly evaluate a link between placental inflammation driven by TNF
and subsequent precipitation of preterm delivery in the current mouse model, mice
deficient in tumor necrosis factor (TNF”) and tumor necrosis factor receptor 1 (TNFRI™)
were infected with 1000 Pcc-IRBCs on E8.5. This time point was chosen based on the
multivariate modeling, which suggested that Tnf transcripts are elevated before preterm
delivery (after E16.5) in B6 mice. Contrary to expectation, both TNF”- and TNFRI”- IP

mice experienced preterm delivery after E16.5, similar to wild-type B6 mice (Figure 4.9).
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Although parasitemia appears to be higher in TNF” 1P compared to B6 mice, AUC
analysis revealed no significant differences between the groups for either TNF or
TNFRI™ IP dams (Figure 4.10). Taken together, these data demonstrate that TNF and
TNF signaling through TNFRI are not required to drive preterm delivery in mice infected

on E8.5.

P. chabaudi infection induces elevated antioxidant gene transcript expression in the

placenta before preterm delivery

Oxidative stress, generally described as an imbalance between the formation of
free radicals, such as reactive oxygen species (ROS), and antioxidant defense molecules
within cells and tissues, leads to cellular damage to lipids, proteins, RNA, and DNA.
Recently, oxidative stress has been documented to play a crucial role in pregnancy
outcomes in some mouse models of PM [17-19] and is implicated in women
experiencing malaria during pregnancy [16,316] as well as other types of pregnancy
complications [185,186,331]. To interrogate the role of oxidative stress in this model,
placentae were evaluated for alterations in antioxidant gene expression by RT-qPCR
(Figure 4.11). In the placentae of B6 mice infected on E8.5, placental transcript
abundance at E16.5 for superoxide dismutases 1 and 2 (Sod1, Sod2), catalase (Cat), and
nuclear factor erythroid-2 related factor 2 (Nrf2) were significantly elevated compared to
UP controls (Figure 4.11A-B, D-E). None of these targets were significantly elevated in
IP mice infected and euthanized at the other time points (Figure 4.11). However, when
the relationships between antioxidant transcript abundance and parasitemia were

considered at E15.5 in the E6.5 infection group, Hmox1 and Cat positively correlated
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with placental parasitemia (Figure 4.8C, E). Additionally, Hmox1 positively correlated
with peripheral parasitemia AUC (Figure 4.8C-E). In the E8.5 infection group, E16.5
placental Sod3 transcripts tended to correlate negatively with both peripheral parasitemia
at sacrifice and parasitemia AUC (Figure 4.12). Significant correlations between
antioxidant transcript expression and parasite burden were not found in the placenta at
E17.5 in the E10.5 infection group.

Linear regression modeling was applied to assess factors important in driving
differences in placental antioxidant gene expression. As with inflammatory markers, this
analysis considered infection status, day euthanasia was performed, uterus weight,
number of embryos, and embryo viability. The latter three were considered together and
did not predict antioxidant transcript abundance. Infection status drove significant
increases for genes except for Sod3 (p < 0.04; Table 4.4). The day of euthanasia also
significantly influenced all targets except Sod 3 and Hmox1. Transcripts for Nrf2, Sod1,
Sod2, and Cat in placentae from E8.5 infections (i.e., E16.5) were all significantly
elevated relative to placentae from mice infected at E6.5 (i.e., E15.5; p < 0.01; Table 4.4).
In a multivariate model testing influence of both status and day on these transcripts,
holding day constant revealed a significant impact of infection was retained for Nrf2,
Sod1l, Sod2, Cat, and Hmox1 (p < 0.04; Table 4.5). Membership in the E16.5 group
independently predicted enhanced expression of Nrf2, Sod1, Sod2, and Cat (p < 0.0254;

Table 4.5).
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Discussion

Mouse models represent an affordable and genetically manipulable tool for
investigating the pathogenesis of PM, a syndrome responsible for significant maternal
morbidity and poor pregnancy outcomes globally. This study describes a novel murine
model for malaria-induced preterm birth. This model requires a blood-stage infection in
B6 mice using the murine infective parasite, Plasmodium chabaudi chabaudi AS
(PccAS) at E6.5, E8.5, or E10.5. Although post-implantation Pcc infection in this model
universally resulted in preterm birth, we observed that transcript abundance for certain
genes in the placenta before delivery differed based on when the infection occurred in
gestation. This model is the first to provide the flexibility to study malaria-induced
pregnancy compromise driven by early post-implantation infection, without requiring
acquired immunity or drug treatment for maternal survival. This is especially relevant to
cases where immunity to PM is low or antimalarial treatment is not recommended, such
as for primigravid women and those in their first trimester of pregnancy [315,334].

To varying extents, key features of human PM are recapitulated in this model,
including maternal anemia, higher parasitemia in the placenta compared to the periphery,
and preterm delivery [312,315]. Indeed, in the E8.5 and E10.5 infection groups, higher
parasitemia in pregnant mice compared to non-pregnant controls corresponds with higher
parasitemia in the placenta compared to peripheral parasitemia, corroborating previous
studies in both mice and humans demonstrating that pregnancy itself can increase
susceptibility to malaria [17,88,335] and lead to parasite accumulation in the placenta

[311]. Thus, this novel model allows researchers to take a snapshot of the placenta at
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various times during an acute malaria infection to investigate the relationships between
parasite dynamics, placental development, and birth outcome.

Preterm delivery was a universal outcome of infection in the model reported here,
with the time to delivery shortening the later in gestation the infection was introduced.
When placental weight, pup weight, and pup viability were assessed one day before
preterm delivery, the infection status of the dam had no impact. Thus, the physiological
events that precipitate labor are acute. Analysis of the placenta preceding preterm
delivery revealed differential expression of various inflammatory genes, highlighting the
possibility that distinct mechanisms or triggers may be involved in driving preterm
delivery in a gestational age-dependent manner in this model. Studies of
cyclooxygenases, COX1 and COX2, have described their importance in the onset of labor
in both mice and humans [336,337]; however, Cox1 and Cox2 transcripts were elevated
only at E16.5 in mice infected at E8.5. Interestingly, whereas Cox1 was positively
correlated with parasitemia in the E6.5 infection group, no significant malaria-induced
upregulation for either Cox1 or Cox2 relative to uninfected placenta was detected in the
E10.5 infection group at E17.5 or in the E6.5 infection at E15.5, both sampled one day
prior to expected preterm delivery. Consistent with this, multivariate modeling showed
that Cox2 expression was influenced by infection only at E8.5, with a weak tendency for
Coxl1 to be affected by infection only.

IFNy is elevated during acute malaria infection and required for parasite control
[133]. Ifny transcripts were elevated only in the E8.5 and E10.5 infection groups even
though all IP mice were experiencing ascending parasitemia at the time that placental

analyses were conducted. Additionally, Tnf and 1110 transcripts were increased in the
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E8.5 infection group only, and multivariate modeling confirmed that only infection at this
day significantly predicted these increases. This was unexpected given the association of
these cytokines with human malaria-induced preterm delivery [2,109]. Likewise, TNF”
and TNFR1” mice infected on E8.5 did not experience improved pregnancy outcomes or
changes in the time to preterm delivery. This was contrary to expectation, given that
ablation of TNF with antibody treatment successfully protected mice from PccAS-
induced abortion following infection at EQ.5 [5]. These data suggest that although TNF
signaling may be an essential driver of poor pregnancy outcomes during human malaria
infection [4,5,109] and early gestational malaria in the B6 mouse, its expression at the
placental level is not required within the 24 hours preceding preterm delivery after
infection at E8.5. 7/1p transcript abundance positively correlated with parasitemia in the
E6.5 infection group, and multivariate modeling showed that infection at E8.5 increased
placental transcription of this factor. This observation is consistent with another model of
malaria infection, in which reduced IL-1f signaling improved pregnancy outcomes [317];
thus, IL-1p appears to be a universal driver of poor birth outcomes in malaria, perhaps
through inflammasome assembly and/or the initiation of pyroptosis [338].

Oxidative stress has been described in various models of preterm delivery [251]
and implicated in both human and mouse PM [16-19,316]. To corroborate these
observations, antioxidant gene transcripts were measured in placentae collected one day
prior to expected preterm delivery. Sod1, Sod2, Cat, and Nrf2 transcripts were elevated in
the E8.5 infection group only, with Hmox1 expression being predicted only by infection
but not by infection day. Similar results were reported with induction of PccAS infection

in B6 mice at EQ.5, where Sodl, Sod2, Cat, and Nrf2 transcripts were elevated in
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conceptuses and antioxidant drug treatment mitigated pregnancy loss [18]. When the
relationship between parasite burden and antioxidant gene transcript expression was
considered, Cat and Hmox1 transcripts were positively correlated with placental
parasitemia at sacrifice and Hmox1 shared this relationship with peripheral parasitemia
AUC as well. These results are consistent with the observed strong association between
Hmox1 expression and hemozoin deposition in the placentae of PccAS-infected Swiss
Webster dams at midgestation [286]. Since E6.5 IP mice exhibited significant anemia and
the greatest interval between infection and preterm delivery, infection initiated at this
time point may present another opportunity to study the impact of Hmox1 regulation of
heme in driving negative pregnancy outcomes. Elevated heme levels and altered Hmox1
activity have been implicated in the pathogenesis of both human and murine PM [339—
341] and other pregnancy complications [342]. For mice infected on E10.5, none of the
antioxidant gene transcripts measured were differentially expressed or correlated with
parasite burden. Since this group had an overall lower parasite burden relative to the
other groups, these results may collectively indicate that a threshold of infectious burden
is required to commensurate specific antioxidant transcript responses in this model.

Our analyses focused on placental inflammation and oxidative stress; however,
this model did not assess other mechanisms of infection-induced preterm delivery. Some
biological functions of clinical relevance in PM that could be explored in future studies
include the coagulation pathway [8,10], the complement system [343], nutrient
bioavailability [344] and transport across the placenta [345,346], angiogenic balance and

vascularization [347], placental autophagy [348,349], and hormonal alterations [345].
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Likewise, it is possible that pathological changes leading to preterm birth occurred in
tissue types or sites not evaluated here, such as the uteroplacental interface.

Given the many remaining unresolved questions in PM pathogenesis, the model
described here may be instrumental for future studies aimed at modeling maternal and/or
fetal responses to malaria infection during pregnancy. Although PccAS infection was
initiated on three distinct embryonic days in this study, the system might collectively be
employed as a single model for malaria-induced pregnancy compromise because the time
points assessed (infection and sacrifice days) have been reported to share functional and
developmental similarities with 1%t and early 2" trimester human placental development
[85,327]. Malaria infection in the 1% trimester is associated with detrimental effects on
pregnancy [33,285,350] and represents a period in gestation where the placenta cannot be
sampled, and preventative antimalarial treatment is not recommended [334]. Detailed
reports on the histopathological impact of malaria infection during the 1% and early 2"
trimester of human pregnancy, which correspond to the time points modeled here, are
currently unavailable. Thus, this model may provide a unique opportunity for researchers
to gain insight into this underreported aspect of PM pathogenesis.

There are some limitations to this model and analysis, as reported here. First,
mouse gestation remains an imperfect model of human gestation, with a shorter
gestational period and the birth of altricial young [85,351-353]. However, the time points
we evaluate in the mouse reportedly share similarities with the first trimester of human
placentation [85,327]. Second, this model did not yield evidence of intervillositis,
placental fibrin deposits, intrauterine restriction, or low birth weight, all well-documented

features of PM described in postpartum gestational tissues [312,322,325,354], albeit at or
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close to term. Of note, histological characterization of the early placenta during malaria
infection has not yet been reported; thus, our model helps address this knowledge gap.
Third, it is possible that the timing of our analyses may have contributed to a failure to
detect critical physiological changes that occurred closer to the time of labor. Dams were
euthanized at least 12 hours prior to expected preterm birth (which typically occurred
overnight), and triggers for labor could have occurred inside this narrow window. Finally,
the ability to successfully detect and characterize physiologically relevant changes by
RT-gPCR alone may be limited. Thus, follow-up studies must consider expanding the
timing of tissue collection and analyses, the types of tissues evaluated, and the breadth of
techniques used to identify a more precise cause(s) of preterm birth in this model.

In conclusion, this model provides a new avenue for interrogating the pathological
driver(s) of preterm birth following post-implantation malaria infection. This model adds
a new dimension to our current arsenal for studying the mechanisms involved in PM
pathogenesis and could help improve our understanding of how malaria during pregnancy

may galvanize preterm delivery.
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Figure 4.1. P. chabaudi AS infection in the post-implantation period universally

precipitates preterm delivery.

(A) Schematic of experimental design.
(B-D) Percent starting weight presented for uninfected pregnant (UP), infected

pregnant (IP), and infected non-pregnant (INP) groups. All IP mice experienced
precipitous weight loss during ascending infection. Arrows indicate time points
chosen for subsequent experiments
(E-G) Percent parasitemia are presented for infected pregnant IP and INP groups.

Sample sizes: E6.5 infection group (red solid circles): UP, n = 6; IP, n = 6; and INP, n
= 4; E8.5 infection group (blue solid circles): UP, n =6; IP, n =8; INP, n = 4; E10.5
infection group (green solid circles): UP, n=6; IP,n=14; INP,n=7.
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Figure 4.2. Area under the curve analysis for weight, parasitemia, and hematocrit in
B6 mice infected with P. chabaudi AS on E6.5, E8.5, and E10.5.

(A-C) Area under the curve (AUC) was calculated for uninfected pregnant (UP),
infected pregnant (IP), and infected non-pregnant (INP) mice belonging to the E6.5
infection group (A, D, G; red solid circles), E8.5 infection group (B, E, H; blue solid
circles), or E10.5 infection group (C, F, I; green solid circles) in an observational
study.

(D-F) Parasitemia AUC in IP mice and their INP counterparts. Statistically significant
differences are revealed in the E8.5 and E10.5 infection groups but not in the E6.5
infection group.

(G-1) Hematocrit AUC in IP mice and their INP counterparts. Statistically significant
differences were observed in the E8.5 infection group only.

Groups were compared either by using a Kruskal-Wallis test or unpaired t-test with
Welch’s correction (for parasitemia AUC). **P < 0.005, *P < 0.05; ns = not
significant, P > 0.05.

Sample sizes: E6.5 infection group (red solid circles): UP, n=9; IP, n =9; and INP, n

= 5; E8.5 infection group (blue solid circles): UP, n =12; IP, n = 15; INP, n = 7;
E10.5 infection group (green solid circles): UP, n =12; IP, n =15; INP, n =7.
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Figure 4.3. P. chabaudi AS-infected red blood cells accumulate prior to preterm
delivery in the placentae of mice infected at E8.5 and E10.5.

Peripheral and placental parasitemia from mice infected on E6.5 (red), E8.5 (blue) and
E10.5 (green), sacrificed at E15.5, E16.5 and E17.5, respectively. **P < 0.002, unpaired
t-test with Welch’s correction; ns = not significant, P > 0.05.

Sample sizes: E15.5 (peripheral), n = 5; E15.5 (placental), n = 5; E16.5 (peripheral), n =
10; E16.5 (placental), n = 6; E17.5 (peripheral), n = 5; E17.5 (placental), n = 5.
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Figure 4.4. P. chabaudi AS infection does not significantly impact placenta or pup
weight prior to preterm delivery.

(A) Placenta and (B) pup weights depicted for uninfected pregnant (UP) and infected
pregnant (IP) mice sacrificed one day before preterm delivery. These data are shown for
visualization only; statistical analysis is in the text. E15.5 group: 4 IP dams, 32 placentae;
4 UP dams, 30 placentae. E16.5 group: 4 IP dams, 31 placentae; 4 UP dams, 33
placentae. E17.5 group: 5 IP dams, 40 placentae; 5 UP dams, 41 placentae.

A B
Placenta Pups
0.20 1.5+
o
~  0.154 o _
2 i 8 o 2 1.0 i
£ 0.0 **? = ’
S =)
: & JENE SV Y ¥
0.05- o P
0.00 T T T T T T 0.0 T T T T T T
R R R R X v R R & R X .R
@?’0 o G’)O o «?’0 A %?’0 o’ @0 o «'0 Q2
& YO & QY C

133



Table 4.1. Pup viability in mice infected on E6.5, E8.5, and E10.5 and euthanized on
E15.5, E16.5, and E17.5, respectively.

Pup viability between infected pregnant (IP) and uninfected pregnant (UP) dams
sacrificed one day prior to expected preterm delivery. Percentages show percent viability
within a group. Statistical significance was determined via proportional analysis tested by
chi-square. NS = not significant.

Infection | Total # | # non- | % viable P value
group pups | viable
pups
E6.5IP 63 1 98.4% NS
E6.5 UP 70 4 94.2%
E8.5IP 125 5 96.0%
E8.5 UP 100 1 99.0%
E10.5 IP 90 3 96.6%
E10.5 UP 82 2 97.5%
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Figure 4.5. P.chabaudi AS-infected red blood cells in the placental labyrinth region
one day prior to preterm delivery.

(A, C, E) Micrographs taken with 100x objective lens from uninfected pregnant (UP)
controls at E15.5, E16.5, and E17.5. (B, D, F) micrographs from infected pregnant (IP)
dams sacrificed one day prior to preterm delivery on E15.5, E16.5, and E17.5,
respectively. Placental sections were stained with hematoxylin-eosin (H&E).
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Figure 4.6. P.chabaudi AS-infected red blood cells in the placental labyrinth region
one day prior to preterm delivery.

(A-C) micrographs taken with 100x objective lens of Giemsa-stained placentae from
infected pregnant (IP) dams sacrificed one day prior to preterm delivery on E15.5, E16.5,
and E17.5, respectively.
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Figure 4.7. P. chabaudi infection at E8.5 induces upregulation of inflammatory and
parturition-associated gene transcripts at E16.5 prior to preterm delivery.

(A-F) Mouse Ifny, Tnf, 1110, 7/1p, Cox1, and Cox2 mRNA abundances normalized to Ubc
and quantified by gPCR in placentae taken from infected pregnant (solid color circles)
and uninfected pregnant (open black circles) dams. Solid color circles denote pooled
placentae from individual infected dams sacrificed on E15.5 (red), E16.5 (blue), and
E17.5 (green). Open black circles are pooled placentae from uninfected pregnant controls
for each group. Group means and transcript abundance in individual mice are depicted.
**P <0.005, *P < 0.05, unpaired t-test with Welch’s correction; ns = not significant, P >
0.05; # denotes a trending result, P = 0.08.
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Figure 4.8. Inflammatory and antioxidant gene expression in the E15.5 placenta
positively correlates with peripheral and placental parasitemia in mice infected on

E6.5

(A-F) Mouse mRNA transcript abundance relative to peripheral parasitemia at the time of
sacrifice, peripheral parasitemia AUC, and placental parasitemia one day before expected
preterm birth (E15.5).
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Cox1

Table 4.2. Univariate logistic regression analysis of inflammatory and parturition-
associated transcript expression and day of sacrifice.

Analysis performed with proc reg for dichotomous (status) and continuous (parasitemia)
and variables and proc glm for categorical variables (sacrifice day). Parasitemia was

log10-transformed for the analysis. Dashes indicate that E15.5 is the reference value.

Sample sizes for the analysis are as follows: E15.5 IP, n = 4; E15.5 UP,n=4; E16.5IP, n
=11;E16.5UP,n=4; E175IP,n=6; E17.5UP,n=3.

Ifn
Co-effi
cient;
SEM
Categorical variables
Intercept 1.09;
0.30
E15.5 -
sacrifice
E16.5 2.29;
sacrifice 0.40
E17.5 1.69;
sacrifice 0.43
Intercept 1.07;
0.26
Status (IP) 2.17;
0.33
Continuous variables
Intercept 1.16;
0.27
Placental 1.94;
parasitemia | 0.28
Intercept 1.38;
0.26
Peripheral | 1.98;
parasitemia | 0.31
Intercept 1.89;
0.17
Peripheral | 2.00;
parasitemia | 0.037
AUC

P

0.001

0.004

0.17

0.0002

0.002

0.0002

0.009

<.0001

0.05

<.0001

0.007

Tnf
Co-effi
cient;
SEM

1.12;
0.26

2.14;
0.33
1.25;
0.37

1.13;
0.25
1.84;
0.31

1.17;
0.20
1.74;
0.20

1.30;
0.24
1.74;
0.28

1.67;
0.16
1.74;
0.034

P

0.0001

0.004

0.71

<.0001

0.02

<.0001

0.01

<.0001

0.12

<.0001

0.04

1H1p
Co-effi
cient;
SEM

1.15;
0.21

1.92;
0.26
1.20;
0.29

1.08;
0.19
1.73;
0.23

1.10;
0.16
1.68;
0.16

1.20;
0.18
1.65;
0.21

1.58;
0.12
1.64;
0.026

P

<.0001

0.005

0.84

<.0001

0.009

<.0001

0.001

<.0001

0.03

<.0001

0.01
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1110
Co-effi
cient;
SEM

1.38;
0.39

2.68;
0.51
1.09;
0.57

1.07;
0.38
2.27;
0.47

1.07;
0.25
1.88;
0.25

1.32;
0.36
2.13;
0.41

1.98;
0.24
2.11;
0.051

P

0.001

0.01

0.61

0.007

0.01

0.0002

0.003

0.0008

0.06

<.0001

0.02

Co-effi
cient;
SEM

1.21;
0.21

1.29;
0.08
0.997;
0.29

0.925;
0.17
1.34;
0.21

0.897;
0.16
1.22;
0.16

0.940;
0.16
1.34;
0.18

1.25;
0.10
1.30;
0.023

P

<.0001

0.74

0.47

<.0001

0.05

<.0001

0.05

<.0001

0.03

<.0001

0.04

Cox2
Co-effi
cient;

SEM

1.24;
0.77

5.50;
0.97
1.15;
1.06

1.38;
0.76
4.25;
0.97

1.49;
0.65
3.69;
0.70

1.84;
0.72
4.00;
0.89

3.58;
0.51
3.88;
0.10

P

0.12

<.0001

0.93

0.07

0.005

0.03

0.004

0.02

0.02

<.0001

0.008



Table 4.3. Multivariate logistic regression analysis of inflammatory and parturition-
associated transcript expression and day of sacrifice.

Analysis performed with proc glm. Dashes indicate that E15.5 is the reference value;

dashes and NA indicate that these parameters were not considered in the analysis. Sample

sizes for the analysis are as follows: E15.5 IP, n = 4; E16.5 IP,n=11; E17.5IP, n = 6.

Ifny Tnf g 1110 Cox1 Cox2
Co-effi P Co-effi P Co-effi P Co-effi P Co-effi P Co-effi P
cient; cient; cient; cient; cient; cient;
SEM SEM SEM SEM SEM SEM
Categorical variables
Intercept 0.562; 0.09 0.809; 0.009 | 0.867; 0.0006 @ 0.834; @ 0.07 0.982; 0.0002 @ 0.165; 0.84
0.32 0.30 0.23 0.44 0.24 0.80
Status (IP) | 1.53; 0.004 1.38; 0.06 1.89; 0.027 1.83; 0.03 1.40; 0.06 2.31; 0.007
0.31 0.30 0.22 0.43 0.22 0.75
E15.5 - - - - - - - - - - - -
sacrifice
E16.5 1.59; 0.008 1.73; 0.009 1.37; 0.01 1.95; 0.03 1.00; 0.93 4.00; 0.0002
sacrifice 0.32 0.33 0.26 0.57 0.25 0.90
E17.5 1.16; 0.13 0.915; 0.77 0.924; 0.83 0.492; 0.53 0.717; 0.37 -0.0138; 0.85
sacrifice 0.40 0.36 0.27 0.54 0.29 0.972
Continuous variables
Placental NA - NA - NA - NA - NA - NA -
parasitemia
Peripheral = NA - NA - NA - NA - NA - NA -
parasitemia
Peripheral = NA - NA - NA - NA - NA - NA -
parasitemia
AUC
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Figure 4.9. Tumor necrosis factor (TNF7) and tumor necrosis factor receptor 1
(TNFRI) deficient mice experience preterm delivery following malaria infection on

E8.5.

(A) Percent starting weight for TNF”- and (B) TNFRI”- mice are depicted for infected
pregnant (IP) and infected non-pregnant (INP) groups. TNF”"IP: n = 3, INP n =3;
TNFRI7IP:n=7, INP n = 3; B6 IP: n = 5. All IP mice experience precipitous weight

loss, indicating preterm pregnancy compromise.
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Figure 4.10. Parasitemia and area under the curve for parasitemia in TNF”- and
TNFR1” mice infected on E8.5.

(A) Parasitemia (% IRBCs) in TNF”-and (B) TNFRI” mice. (C-D) Area under the curve
(AUC) analysis do not show a statistically significant increase in parasitemia between IP
versus INP groups for both strains. TNF”- IP:n =3, INPn=3; TNFRI” IP:n=7,INPn
= 3; ns = not significant, P > 0.05.
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Figure 4.11. P. chabaudi infection at E8.5 induces elevated antioxidant gene
transcript expression in the E16.5 placenta prior to preterm delivery.

(A-F) Mouse Sod1, Sod2, Sod3, Cat, Nrf2, and Hmox1 mRNA abundance relative to Ubc
and quantified by gPCR in placentae taken from infected pregnant (solid circles) and
uninfected pregnant (open black circles) dams. Solid color circles denote pooled
placentae from individual infected dams sacrificed on E15.5 (red), E16.5 (blue), and
E17.5 (green). Open black circles are pooled placentae from uninfected pregnant controls
for each group. Group means and transcript abundance in individual mice are depicted.
***p < 0.005, **P = 0.02; ns = not significant, P > 0.05.
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Figure 4.12. Placental Sod3 gene expression negatively correlates with peripheral
parasitemia at sacrifice on E16.5 in mice infected on E8.5.

Mouse Sod3 mRNA transcript abundance measured in placentae collected one day before
expected preterm birth (E16.5) relative to (A) peripheral parasitemia at the time of
sacrifice and (B) peripheral parasitemia AUC.
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Table 4.4. Univariate logistic regression analysis of antioxidant transcript
expression and day of sacrifice.

Analysis performed with proc reg for continuous (parasitemia) and dichotomous (status)
variables and proc glm for categorical variables (sacrifice day). Parasitemia were log10-
transformed for the analysis. Dashes indicate that E15.5 is the reference value. Sample
sizes for the analysis are as follows: E15.5 IP, n =4; E15.5 UP,n=4; E16.5 IP, n = 11;
E16.5UP,n=4; E175IP,n=6; E17.5UP,n=3.

Nrf2 Sodl Sod2 Sod3 Cat Hmox1
Co- P Co- P Co- P Co-effi P Co-effi P Co- P
effi effi effi cient; cient; effi

cient; cient; cient; SEM SEM cient;
SEM SEM SEM SEM

Categorical variables
Intercept 1.20; | 0.01 1.23; 0.04 1.14; | 0.004 | 0.94; <.0001 @ 1.36; 0.04 1.32; | <.0001

0.46 0.60 0.29 0.12 0.65 0.17
E15.5 - - - - - - - - - - - -
sacrifice
E16.5 3.73; | 0.0002 @ 3.99; | 0.001 2.10; 0.01 0.825; 0.44 4.28; 0.0013 1.44; @ 0.59
sacrifice 0.60 0.77 0.37 0.15 0.84 0.22
E17.5 1.32; | 0.86 154; | 0.71 0.915 | 0.59 0.89; 0.75 1.29; 0.94 1.12; | 044
sacrifice 0.66 0.84 :0.41 0.17 0.92 0.25

Intercept 1.33; | 0.007 1.29; | 0.02 1.05; | 0.0004 | 0.940; | <.0001 | 1.25; 0.05 1.07; | <.0001

0.47 0.56 0.27 0.10 0.61 0.14
Status (IP)  2.96; 0.009 | 3.29; 0.007 1.77;  0.04 0.84; 0.47 3.46; 0.007 1.48; | 0.03
0.59 0.70 0.72 0.13 0.78 0.41

Continuous variables
Intercept 1.26; 0.002  1.33; 0.002 1.05; 0.0001 0.927; @ <.0001 @ 1.24, 0.01 1.02; | <.0001

0.40 0.39 0.23 0.088 0.49 0.14
Placental 2.65; | 0.005 | 255, |0.005 |1.59; | 0.03 0.756; | 0.07 2.88; 0.003 | 1.48; | 0.004
parasitemia | 0.42 0.40 0.24 0.09 0.51 0.15
Intercept 1.56; | 0.001 1.63; | 0.004 1.13; | <0001 | 0.956; | <.0001 | 1.53; 0.01 1.02; | <.0001

0.44 0.53 0.25 0.095 0.58 0.13
Peripheral 2.81; | 0.02 3.08;  0.02 1.72; | 0.05 0.834; 0.29 3.29; 0.01 1.50; | 0.002
parasitemia = 0.53 0.64 0.30 0.11 0.69 0.15

Intercept 2.57; K <0001 281, <.0001 1.61; <0001 0.865, @ <.0001 | 2.95; <.0001 1.40; <.0001

0.30 0.36 0.18 0.067 0.40 0.052
Peripheral | 2.74; | 0.01 3.02; | 0.013 1.68; | 0.047 | 0.854; | 0.42 3.19; 0.008 1.45; | 0.012
parasitemia | 0.066 0.078 0.038 0.015 0.086 0.019

AUC
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Table 4.5. Multivariate logistic regression analysis of antioxidant transcript
expression and day of sacrifice.

Analysis performed with proc glm. Dashes indicate that E15.5 is the reference value;

dashes and NA indicate that these parameters were not considered in the analysis. Sample

sizes for the analysis are as follows: E15.5 IP,n=4; E16.5IP,n=11; E17.5IP,n=6.

Nrf2
Co-effi
cient;
SEM
Categorical variables
Intercept 0.517;
0.50
Status (IP) 1.77;
0.48
E15.5 -
sacrifice
E16.5 2.84;
sacrifice 0.56
E17.5 0.635;
sacrifice 0.61

Continuous variables
Placental NA

parasitemia

Peripheral NA

parasitemia

Peripheral = NA

parasitemia
AUC

Sodl
P Co-effi

cient;

SEM

0.31 0.347;
0.65

0.01 1.97,
0.61

0.0002 | 2.86;
0.72

0.85 0.656;
0.78

- NA

- NA

- NA

Sod2
P Co-effi

cient;

SEM

0.60  0.837;
0.34

0.01 1.40;
0.34

0.001 | 1.71;
0.27

0.70 0.612;
0.42

- NA

- NA

- NA

P

0.01

0.08

0.02

0.58
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Sod3
Co-effi
cient;
SEM

0.992;
014
0.911;
0.14

0.883;
0.16
0.944;
0.18
NA
NA

NA

P

<.0001

0.56

0.50

0.79

Cat
Co-effi
cient;
SEM

0.392;
0.71
2.17;
0.67

3.03;
0.79
0.328;
0.86
NA
NA

NA

P

0.58

0.01

0.002

0.94

Hmox1
Co-effi

cient;
SEM

1.16;
0.20
1.50;
0.19

1.18;
0.20
0.924;
0.24
NA
NA

NA

P

<.0001

0.05

0.80

0.43



CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

The data presented in this dissertation focused on the genetic and therapeutic
manipulation of pathogenic maternal responses to malaria infection during pregnancy.
First, I outlined my approach for evaluating the synergistic relationship between maternal
inflammation and coagulation in a murine model of placental malaria (PM). It is crucial
to state that inflammation and coagulation are natural responses to infection critical for
controlling the infection and ensuring maternal survival. However, the activation of these
pathways often comes at a cost to the developing fetus. Moreover, the
exaggeration/dysregulation of these malaria-induced responses contribute to PM
pathogenesis. My goal was to mitigate the pathogenic aspect of these responses instead of
eliminating them entirely. Second, | investigated the therapeutic potential of systemic
antioxidant drug administration to improve pregnancy outcomes in malaria-infected
dams. These studies add to the growing literature that seeks to pinpoint how systemic
oxidative stress conditions contribute to pregnancy compromise.

The results of the studies outlined in Chapter 2 provide compelling evidence for
the crosstalk between inflammation and coagulation in our murine model of PM. The
precise mechanism(s) that mediates this connection remains unclear; however,
differential protease-activated receptor (PAR) transcript abundance with both tumor

necrosis factor (TNF) genetic deletion and anticoagulant therapy provides a clue for
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where future studies should begin. Antagonizing PAR signaling in this murine model is a
crucial next step to determining whether the connection between inflammation and
coagulation is PAR-dependent. However, special attention must be given to the
differences in human and mouse PAR expression and function to interpret the results
appropriately. Moreover, in vitro studies using cells isolated from PAR-1 and PAR-2
knockout mice would provide an excellent opportunity to discover the mechanism of
TNF-induced tissue factor expression in PM and would allow for more mechanistic
studies to determine which coagulation factors and/or anticoagulant molecules, such as
endothelial protein C receptor, are primarily responsible for mediating pathogenic or
protective signaling. An exciting prospect of these studies will be determining the extent
to which the maternal compartment (i.e., immune cells) or the fetal compartment (i.e.,
placental cells) is most responsible for driving poor pregnancy outcomes or if they both
contribute equally. Another area of future work could involve using other mouse models
of PM, which recapitulate different aspects of PM pathogenesis. One of these models
uses Plasmodium berghei infection in BALB/c mice during midgestation (between
E10.5-E13.5). A preliminary study in this model used the oral anticoagulant drug,
Apixaban, to determine whether anticoagulant treatment would be effective across
various PM models. The results of that preliminary work are shown in Appendix A of
this dissertation. Malaria-infected dams were allowed to carry to term and time to
delivery, and the ability to deliver live pups was observed. Future experiments would
include a sacrifice study, where embryo viability on E18.5, one day prior to expected
partition in healthy pregnant mice, would be assessed in treated animals relative to sham

controls. Since this parasite and mouse combination is characterized by aberrant
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antioxidant protein levels and placental oxidative stress, this model would be appropriate
for interrogating the connection between coagulation and oxidative stress in PM.
Additionally, a fostering experiment would help assess postnatal pup survival, which is
already reduced in this model but could be a robust readout for determining the impact of
anticoagulant treatment on offspring survival after maternal infection. It would also be
exciting to assess offspring susceptibility to malaria infection and explore any differences
in immune responses or function in the offspring attributed to maternal exposure to
malaria.

In Chapter 3, the studies focused on oxidative stress and cell death, specifically
the iron-, reactive oxygen species (ROS)-, and lipid peroxidation-dependent form of cell
death known as ferroptosis. Prior research from Dr. Moore’s laboratory and others has
highlighted the inability of antioxidant defense systems to protect the dam or placenta
from oxidative stress during malaria. The studies described in this chapter are the first
steps to delineating the source ROS that could be mediating this damage and determining
whether oxidative stress is a consequence of other pathogenic processes, such as
inflammation and coagulation, or can mediate poor health outcomes independent of
those. My data hint that oxidative stress may occur downstream of other pathogenic
responses because targeting it directly did not improve pregnancy outcomes. Antioxidant
transcript expression was reduced by anticoagulant treatment in the face of reduced
inflammation, but no changes occurred when TNF-driven inflammation was targeted.
This could suggest that another cytokine besides TNF may be more involved in
modulating antioxidant transcript expression or that oxidative stress in this model results

from a hypercoagulable state induced by infection. Thus, the need to upregulate
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antioxidant transcripts is diminished when coagulation is under control. For a study to
address this question, the most critical source of ROS needs to be determined.

Another future study should focus on distinguishing the proposed antimalarial
activity of Deferoxamine (DFO) from its iron-chelation properties. One way to do so
would be by removing the parasite from the equation and investigating whether DFO
treatment improves pregnancy outcomes under heme/iron or hemozoin overload
conditions. Furthermore, characterizing the iron status of malaria-infected mice in our
models is a required step to be able to interpret any data related to possible DFO-
mediated protection. Does malaria infection downregulate iron regulatory processes in
our model, or are they overwhelmed by heme/iron or hemozoin insult?

Most of the data presented in this document have come from mouse studies;
however, | have included some preliminary data that begins to probe the relevance of
oxidative stress and even cell death through ferroptosis in the human placenta. Appendix
B shows data from real-time guantitative analysis of transcripts related to antioxidant
gene expression. Nuclear factor erythroid 2-related factor 2 (NFE2L2/Nrf2) and
antioxidant genes superoxide dismutase 1 through 3 (Sod1-3) and catalase (Cat) were
measured in placental tissues collected from women who were naturally exposed to
malaria and controls. Due to small sample sizes and the inherent variability expected
from human samples, | included these data for visualization purposes only (malaria-
negative (PM-) group (n = 6) without statistical analyses). Transcripts for the heme
detoxifying enzyme heme oxygenase 1 (Hmox1), iron absorption (Transferrin receptor 1,

TfR1), and iron storage (ferritin) were also measured.
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Moreover, transcripts for Slc7all, a member of a cysteine-glutamate antiporter
implicated in ferroptosis [355], were also measured (Appendix B). Additionally,
transferrin receptor expression has been recently identified as a reliable marker of
ferroptosis in placental cells; thus, preliminary immunofluorescence staining was
performed in malaria-positive and malaria-negative samples. Representative images are
presented in Appendix C, but no statistical analyses were performed due to sample size
limitations. Finally, a preliminary investigation was conducted to quantify the protein
expression of glutathione peroxidase 4 (GPX4), a key regulator of ferroptosis, in malaria-
positive and malaria-negative human placenta (Appendix D). Together, these data
demonstrate the need for future studies to add more samples to the experimental groups
to determine if any markers of oxidative stress or regulators in ferroptosis are changing
with infection status. Furthermore, a critical analysis would compare transcript and
protein expression to birth outcome, inflammatory cytokine levels, and markers of
dysregulated coagulation and fibrinolysis.

Overall, the data presented in this dissertation provide a solid foundation for
future studies that can explore a mechanistic basis for malaria-induced pregnancy
compromise. Future studies must take advantage of the various mouse strains and
parasite combinations available and consider looking for universal mechanisms in PM
models where the infection is initiated early and late in gestation. Future studies should
also focus on validating findings made in the murine models in vitro and incorporate
human samples to determine the translatability of the work. In the face of growing

parasite resistance to antimalarials, research must explore possible avenues for adjunctive
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treatment that is host-directed and helps preserve pregnancy even in the face of one of the

most severe manifestations of malaria infection, placental malaria.
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APPENDICES

Appendix A. Observational study using the oral anticoagulant Apixaban in BALB/c
mice infected with Plasmodium berghei ANKA on E13.5.

A) Percent starting weight in infected pregnant (IP) BALB/c sham treated and IP
BALB/c Apixaban treated mice beginning on E13.5 through E18.5. Data
represent mean + SEM.

B) Area under the curve (AUC) analysis of starting weight measurements collected
on E13.5 through E18.5. Apixaban-treated dams tended to weigh more than sham-
treated mice overall (#P = 0.085; unpaired t-test with Welch’s correction).

C) Percent peripheral parasitemia in IP BALB/c sham treated and IP BALB/c
Apixaban treated mice from E15.5 to E18.5. Data represent mean + SEM.

D) AUC analysis for percent peripheral parasitemia. No statistically significant
differences were found between groups (P = 0.39; unpaired t-test with Welch’s
correction).

E) Percent hematocrit in IP BALB/c sham treated and IP BALB/c Apixaban treated
mice measured on E13.5 and then from E15.5 to E18.5. Data represent mean +
SEM.

F) AUC analysis for percent hematocrit. No statistically significant differences were
found between groups (P = 0.49; unpaired t-test with Welch’s correction).

G) Percent starting weight in IP BALB/c sham and IP BALB/c Apixaban treated
mice on the final day of the experiment, E18.5. No statistically significant
differences are detected between groups (#P = 0.084).

Sample sizes: Sham-IP, n =4; Apixaban-IP, n = 5; ns = not significant, P > 0.05.
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Appendix B. Relative transcript abundance for antioxidant, iron regulatory, and
ferroptosis-related genes in human placenta

A) Transcript for human antioxidant gene transcripts NFE212 (Nrf2), Sod1, Sod2,
Sod3, and Cat, normalized to Ck19 and Topl and quantified by gPCR in rinsed
placental tissue. Group means and transcript abundance in individual samples are

depicted.
B) Transcript abundance for iron regulatory and ferroptosis-associated human genes

Hmox1, TfR1, Ferritin, and Slc7all normalized to Ck19 and Topl and quantified
by gPCR in rinsed placental tissue. Group means and transcript abundance in
individual samples are depicted.

Sample sizes: PM+, n = 17; PM-, n = 6.
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Appendix C. Immunofluorescence staining for transferrin receptor expression in
placental sections of malaria-positive women.

Samples were collected from Kenyan women living in a malaria-endemic region;
placental sections were stained in malaria-positive and malaria-negative groups using the
ferroptosis-specific, anti-transferrin receptor (3F3) antibody (3F3 was identified and
reported by Feng et al., 2020, Cell Reports, PMID 32160546).

Hoechst 3F3
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Appendix D. Glutathione peroxidase 4 (GPx4) protein detection in placental
extracts by western blot from naturally exposed malaria-positive, HIV-positive, or
co-infected women.

(A) GPx4 protein levels across placental samples. Beta-actin protein is shown as the
loading control.
(B) Protein levels were quantified using densitometry. Group means are depicted.

Sample sizes: uninfected, n = 8; malaria positive, n = 3; HIVV-positive, n = 2; coinfected,
n=5
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Appendix E. Correlation analyses between inflammation and oxidative stress-
associated transcripts and parasitemia in placentae of mice infected on E6.5 and

E10.5.

Mouse mRNA transcript abundance relative to peripheral parasitemia at the time of

sacrifice or parasitemia area under the curve (AUC) in placenta collected one day before

expected preterm birth. (A-B) Tnf transcripts tended to be correlated with parasitemia in
the E10.5 infection group. (C-D) Cat and Hmox1 transcripts tended to be positively
correlated with parasitemia in the E6.5 infection group. (E) Cox1 transcripts tended to
have a positive correlation with parasitemia AUC.
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