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Abbreviations
ANOVA: Analysis of variance

ADCI: Antibody cell-dependent inhibition
BBB: Blood brain barrier

Bm: Babesia microti

Bm/Br: Babesia microti/ Babesia rodhaini

Bm/PbA: Babesia microti/ Plasmodium berghei ANKA

BSA: Bovine serum albumin

CDC: Centers for Disease Control and Prevention
CD: Cluster of differentiation

CL Confidence interval

CM: Cerebral malaria
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DW: Distilled water

dpi: days post-infection

ECM: Experimental cerebral malaria
EDTA: Ethylenediaminetetraacetic acid
ELISA: Enzyme-linked immunosorbent assay
FACS: Fluorescence-activated cell sorting
GFP: Green fluorescent protein

H & E: Hematoxylin and eosin

IFA: Immunofluorescence microscopy analysis
IgG: Immunoglobulin G

IgGl: Immunoglobulin G1

IgG2a: Immunoglobulin G2a

IgG2b: Immunoglobulin G2b

IgG2c: Immunoglobulin G2¢

IgM: Immunoglobulin M

IFN-y: Interferon Gamma

IL-2: Interleukin 2

IL-6: Interleukin 6

IL-10: Interleukin 10

IL-12p70: Interleukin 12 subunit p70



1RBCs: Infected red blood cells

MEXT: Ministry of Education, Culture, Sports, Science and Technology
NBRP: National BioResource Project

NRCPD: National research center for protozoan disease
OR: Odds ratio

PbA: Plasmodium berghei ANKA

PBS: Phosphate-buffered saline

PBST: Phosphate-buffered saline with Tween

PCR: Polymerase chain reaction

pci: Post-challenge infection

RBC: Red blood cell

RBCs: Red blood cells

ROS: Reactive Oxygen Species

SD: Standard deviation

RT: Room temperature

RMCBS: Rapid murine coma and behavior scale
TNF-a: Tumor necrosis factor alpha

Unit abbreviations:

°C: Degree celsius (temperature)
bp: Base pairs

uM: Micromolar (concentration)
nm: Nanometer (length)

h: Hour (time)

pL: Microliter (volume)

pum: Micrometer

mL: Milliliter

min: Minute
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%o: Percentage



General introduction

Babesiosis

Babesiosis, caused by the intraerythrocytic parasite Babesia, shares clinical similarities with
malaria, affecting both humans and animals. It is increasingly recognized as an emerging
zoonotic disease in humans. While having the ability to infect a diverse array of vertebrates,
parasites need the presence of both a vertebrate and nonvertebrate host to continue the
transmission. So far, all identified babesial parasites have been transmitted by ixodid ticks to
their vertebrate hosts. Within the red blood cells of vertebrate hosts, these parasites undergo
replication and are referred to as piroplasms, owing to their distinctive pear-shaped appearance

when inside the host cells (Homer et al., 2000).
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Figure 1. Life cycle of Babesia sensu stricto. Adapted from (Bonnet & Nadal, 2021).

Human babesiosis results from infections by various Babesia species, each displaying unique
geographical distributions dependent on the presence of suitable hosts (Homer et al., 2000),
including Babesia microti, a pathogen resembling Babesia crassa, Babesia divergens, Babesia
duncani, and Babesia venatorum, along with other parasites closely genetically related to these
pathogens, such as B. divergens-like, B. duncani-like, and B. microti-like. Typically, infections
in individuals without underlying health issues are mild to moderate, with severe cases
predominantly observed in immunocompromised individuals. B. microti is prevalent in the
northeastern and upper midwestern regions of the United States, while B. duncani is found on

the west coast. In Europe, the majority of human cases are attributed to B. divergens, whereas
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in Asia, they are linked to B. venatorum, B. crassa-like, and B. microti (Krause, 2019). In cattle,
Babesia spp. exert a substantial worldwide economic, social, and epidemiological impact.
Among the most significant species are B. bovis, B. bigemina, Babesia major, and B. divergens.
B. bovis and B. bigemina are present in numerous countries across Africa, Asia, Australia,
Central and South America, and Southern Europe between 40° N and 32° S. B. major is found
in Europe, Northwest Africa, and Asia, while B. divergens is prevalent in northern Europe
(Bock et al., 2004). Ovine babesiosis, caused by Babesia ovis and Babesia motasi, stands as a
critical blood-borne parasitic disease of small ruminants in tropical and non-tropical regions,
occurring in South-eastern Europe, North Africa, and Asia (Yeruham et al., 1998). In equids,
Babesia caballi, is the agent of equine piroplasmosis and is endemic in several countries across
Africa, Asia, the Americas, and primarily in the Mediterranean basin for Europe (Nadal et al.,
2022). This disease poses a significant animal health concern and results in notable economic
losses for the equine industry.

Ultimately, babesiosis is acknowledged as one of the most widely dispersed and swiftly
advancing tick-borne illnesses in dogs. Babesia canis serves as the leading cause of canine
babesiosis in Europe and is intermittently encountered worldwide, with Babesia gibsoni, the
most commonly found species, and Babesia vogeli exhibiting a global distribution.
Additionally, Babesia rossi, identified as one of the most harmful species, is confined to

southern Africa (Petra et al., 2018).

Spleen plays an essential role in protecting against Babesia infection (Xue et al., 2021). The
spleen consists of B lymphocytes and macrophages and can also produce immunoglobulins
and factors that deploy immune functions (Golub et al., 2018). The existing knowledge
regarding the host response to babesial infections primarily stems from observations and
investigations involving vertebrates other than humans. Across all examined mammalian hosts,
the development of immunity to Babesia species has been consistently observed, either
following infection and subsequent recovery or through prophylactic immunization. Both
humoral and cellular components contribute to the establishment of immunity against
babesiosis. Multiple factors contribute to the severity of disease, including age, immune status,
and concurrent infections with other pathogens (Homer et al., 2000). Some studies indicated
that cellular immunity, T cells, and macrophages are critical for the clearance of B. microti in
mice (Igarashi et al., 1999; Clawson et al., 2002; Li et al., 2012). Still, these studies are

uncertain in establishing the crucial function of each of these factors in the resolution of



infection (Skariah et al., 2017). No vaccine has yet proven effective against Babesia infection
(Man et al., 2017). More importantly, the limited knowledge on the mechanisms of immunity
and pathogenesis in babesiosis causes hindrance for the development of effective preventive

and therapeutic interventions (Vos & Bock, 2006; Rathinasamy et al., 2019).

Malaria

On the other hand, malaria, a devastating infectious disease caused by unicellular protozoan
parasites belonging to the Plasmodium genus, continues to pose a global health threat with
more than 200 million cases and hundreds of thousands of deaths annually (World Malaria
Report, 2022). These parasites infect a wide range of vertebrates, encompassing reptiles, birds,
and mammals, not solely humans. Over 200 Plasmodium species have been formally identified,
each targeting specific hosts. Among the Plasmodium species causing malaria in humans
worldwide, only five are prevalent; P. falciparum, P. vivax, P. malariae, P. ovale, and P.
knowlesi. The first four are exclusive to humans, while P. knowlesi is naturally harbored by
macaque monkeys and leads to zoonotic malaria, particularly in South East Asia (Sato, 2021).
The transmission of Plasmodium species between vertebrate hosts relies on an insect vector,
typically mosquitoes belonging to genus Anopheles (Sanches-Vaz et al., 2019). These same
mosquitoes are also carriers for additional Plasmodium species that parasitize other mammals
(Perkins, 2014). Malaria caused by Plasmodium falciparum malaria has the potential to be life-
threatening, and the infection may progress swiftly, leading to cerebral malaria and dysfunction
of multiple vital organs, resulting in a mortality rate of 15-20%, even with the use of effective
antimalarial drugs and clinical care. In regions with high stable transmission, severe malaria in
young children is primarily characterized by anemia. Numerous pathophysiological aspects of

severe malaria remain not fully comprehended (Dondorp et al., 2000, Ghazanfari et al., 2018).

There are various approaches to investigate the pathogenesis of cerebral malaria (CM) and they
have the potential to complement each other. However, as previously mentioned (Hunt and
Grau, 2003), there has traditionally been a lack of integration among research groups
employing these diverse approaches. The most well-established methods include clinical
studies in malaria-endemic regions (Molyneux et al., 1989), examination of post-mortem
material from CM victims (Brown et al., 1999), animal model studies (Grau et al., 1986), and
genetic predisposition studies in humans or mice (McGuire et al., 1999, Nagayasu et al., 2002).

Given that some malaria cases exhibit severe complications and are at risk of death, another



rational approach is to pinpoint the crucial steps in the pathogenesis of these complications and
identify specific treatments to impede them (Mishra & Newton, 2009). Implementing such
treatments would be a judicious use of limited health resources in malaria-endemic regions. A
comprehensive understanding of its pathogenesis may facilitate the identification of new drug

targets in the host that show promise as specific CM treatments.
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Figure 2. Life cycle of Plasmodium Adapted from (Maier et al., 2019).

Despite numerous efforts to combat malaria, there is still no effective remedy for cerebral
malaria and a comprehensive understanding of the host-parasite interactions underlying its
pathogenesis is urgently needed (Mawson, 2013; Mineo et al., 2013). Hence, the quest for the
eradication of malaria requires a deeper comprehension of the disease's pathogenesis (Mawson,
2013; Junaid et al., 2017), which may facilitate the identification of new therapeutic targets in
the host that show promise as specific CM treatments. In general, the ANKA strain of
Plasmodium berghei is characterized by higher virulence and is known to induce experimental
cerebral malaria (ECM) in C57BL/6 mice (Dobrescu et al., 2020). Therefore, a model for
investigating the intricacies of cerebral malaria, utilizing P. berghei ANKA (PbA) infection in
C57BL/6 mice, is globally adopted as an alternative to the study of human cerebral malaria

(HCM) (Ghazanfari et al., 2018).

Co-infections

Co-infections are a common occurrence worldwide rather than a rare exception. In our daily



lives, we encounter numerous potential pathogens, with many people carrying chronic or latent
infections, and hosting various potential pathogens within our resident microbial flora.
However, there is still much to learn about which combinations of co-infections have the most
significant impact on our health. Co-infections result in various outcomes, including
inconsequential, harmful, or potentially beneficial interactions. These interactions can impact
the host's immune response (McArdle et al., 2018). A phenomenon known as 'heterologous
immunity' or 'cross-protection' occurs when a host develops immunity to one pathogen after
exposure to a different, non-identical pathogen (Welsh et al., 2010). Co-infection models have
provided valuable insights into cross-protection between Babesia and Plasmodium species

(Cox & Young, 1969; Zivkovic et al., 1984).

The quest for effective preventive and therapeutic interventions for Babesiosis and malaria
infections remains a challenge, as no effective vaccine has been developed (Man et al., 2017).
This limited understanding of immunity and pathogenesis hinders the development of suitable
interventions (Vos & Bock, 2006; Rathinasamy et al., 2019). Furthermore, co-infections, where
a host is simultaneously infected with multiple pathogens, have gained increasing recognition
for their impact on the course of infections (Cox, 2001; McArdle et al., 2018). While co-
infections involving Babesia species and Plasmodium parasites have been documented in
humans, animals, and vectors (Steiner et al., 2008; Mayne, 2014; Young et al., 2019), their
prevalence and clinical implications remain relatively unexplored (Moutailler et al., 2016). Co-
infection of rodents with both Babesia and Plasmodium has been documented to trigger cross-
protection. In various hosts, including humans, both parasites elicit comparable inflammatory
responses and clinical symptoms that exhibit varying degrees of severity (Van Duivenvoorde

et al., 2010).

General objectives

Babesiosis and malaria are two vector-borne infectious diseases of significant concern that have
attracted the attention of researchers worldwide due to their impact on public health. As
mentioned earlier, co-infections of these parasites are found naturally and in laboratory
experiments.

The immune dynamics involved in these co-infections, especially during the acute stages,
remain poorly understood. In this context, the studies were undertaken to investigate the role

of primary B. microti infection during the acute phase in influencing susceptibility to B.



rodhaini and P. berghei ANKA challenge infection, shedding light on various aspects of disease
manifestations and immune dynamics. Understanding co-infections and their implications for
host immunity is essential for the development of effective interventions against both

babesiosis and malaria, including vaccine strategies. The general objectives of these studies

were:

1. To decipher the host immune mechanisms associated with the development of
protective immunity following a lethal challenge with B. rodhaini during acute
primary babesiosis in mice.

2. To investigate the outcome of disease in a co-infection disease model of acute stage

Babesia microti primary infection after Plasmodium berghei ANKA challenge

infection.

Through these objectives, the study aims to contribute valuable insights into the intricate
interplay between the host immune system and parasites, particularly in the context of co-
infections, ultimately advancing our understanding of protective immunity and disease

manifestation dynamics.



Chapter 1

The Cross-species immunity during acute Babesia co-infection in mice

1.1 Introduction

Babesiosis is an emerging tick-borne disease caused by intraerythrocytic parasite Babesia,
resulting in a malaria-like ailment (Dvorakovad & Dvorackova, 2007). Babesia rodhaini, a
rodent-specific variant of Babesia closely related to B. microti, which is a primary causative
agent of human babesiosis, exhibits the potential to infect human RBCs (Kawabuchi et al.,
2005). Even the introduction of a single parasite results in 100% mortality in mice (Clark,
2001). In contrast, B. microti (Munich strain) induces a self-limiting disease in mice that
ultimately resolves (Igarashi et al., 1999). B. microti is responsible for babesiosis in animals
and humans globally, attracting increased attention as an emerging zoonosis (Leiby, 2011;
Vannier & Krause, 2012). The transmission of Babesia extends beyond tick vectors to include
blood transfusion or transmission during pregnancy (Young et al., 2019; Xue et al., 2021).
According to the Centers for Disease Control and Prevention (CDC), approximately 2,000
cases of babesiosis are reported annually in the United States (Centers for Disease Control and
Prevention, 2012). Babesia poses a threat to the blood supply and is presently the most
prevalent transfusion-transmitted infection in the United States (Lobo et al., 2013). In infants
or individuals with compromised immune systems, babesiosis can be life-threatening (Gabrielli
et al., 2016). Elderly individuals who have undergone splenectomy face an elevated risk of
severe symptoms, including hemolytic anemia, splenomegaly, hepatomegaly, renal failure, and,

in extreme cases, death (Bloch et al., 2019; Young et al., 2019).

Thus, as the primary immune organ, the spleen plays a vital role in defending against Babesia
infection. In Babesia infection, despite significant spleen damage, it actively triggers
immunomodulatory responses (Xue et al., 2021). Comprising B lymphocytes and
macrophages, the spleen is capable of producing immunoglobulins and factors that contribute
to immune functions (Golub et al., 2018). Several studies suggest the importance of cellular
immunity, particularly T cells and macrophages, in the clearance of B. microti in mice (Igarashi
et al., 1999; Clawson et al., 2002; Li et al., 2012). However, uncertainties persist regarding the

specific roles of these factors in resolving the infection (Skariah et al., 2017).

To date, no vaccine has demonstrated efficacy against Babesia infection (Man et al., 2017).

Moreover, the limited understanding of the immune mechanisms and pathogenesis in
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babesiosis poses a barrier to the development of effective preventive and therapeutic

interventions (Vos & Bock, 2006; Rathinasamy et al., 2019).

Co-infections can manifest as inconsequential, deleterious, or even beneficial, involving
intricate interactions with the potential to modulate the host response (McArdle et al., 2018).
Particularly in underdeveloped countries, the clinical landscape of simultaneous infections
encompasses diverse microorganisms that not only influence each other but also impact the
host (Lundqvist et al., 2010). Nevertheless, our understanding of the significance of various
co-infections to human health remains limited (McArdle et al., 2018). In the context of
babesiosis, instances of simultaneous infection with two Babesia species have been
documented in humans (Mayne, 2014), animals (Young et al., 2019), and tick vectors (Steiner
et al., 2008). However, information regarding the prevalence of such co-infections is sparse
(Moutailler et al., 2016). Unlike the Plasmodium species, the pathogenesis of Babesia infection
and co-infections remains underexplored, leading to a poor understanding of their substantial
impact on human health. Heterologous immunity, demonstrating immunity to babesiosis, has
been previously observed. Few studies, utilizing mouse models, have experimentally
investigated co-infections with B. microti and B. rodhaini (Cox & Young, 1969; Zivkovic et
al., 1984; Inoue et al., 1994; Li et al., 2012; Wang et al., 2016). Notably, B. microti has shown
cross-protective immunity against Babesia rodhaini (Li et al., 2012). During the chronic stage
of the Babesia co-infection, a significant decline in antibody levels and blood cytokine levels
in mouse sera was observed. Furthermore, macrophages were identified as the primary immune
cells responsible for conferring cross-species protection against subsequent lethal challenges
(Li et al., 2012). However, whether these immune dynamics persist during acute Babesia co-

infections remains unknown.

This study emphasizes the significance of exploring simultaneous infections and gaining a
deeper understanding of the immune dynamics associated with protective immunity following

a lethal challenge with B. rodhaini during acute primary babesiosis in mice.

1.2 Materials and methods

Experimental animals

Female wild-type (WT) BALB/c mice, aged 6—8 weeks and weighing 18-22 g, were obtained
8



from CLEA Japan. The mice were maintained in pathogen-free conditions, as detailed in a
previous study (Li et al., 2021). The utilization of female mice was deliberate to eliminate
potential interference caused from variations in hormonal profiles that could impact parasitic

interactions (Djokic et al., 2019).

Babesia Parasites and experimental infections

Stabilates of Babesia microti (Munich strain) and Babesia rodhaini (Australia strain) were
thawed from the cell bank, and intraperitoneal inoculations were carried out for serial passage
and maintenance of the parasites in vivo in mice. Initially, two groups (n=6) received
intraperitoneal infections with 107 B. microti-infected red blood cells (RBCs). In this study,
infection trials were conducted to assess the impact of an initial B. microti infection on a
subsequent infection. Three groups were challenge-infected with 10® B. rodhaini-infected
RBCs on day 2 (referred to as bm/br2; n=6), day 4 (referred to as bm/br4; n=6), and day 6
(referred to as bm/br6). Similarly, a separate group (n=6) was intraperitoneally inoculated with
B. rodhaini-infected RBCs only (referred to as Br), and another group received B. microti-
infected RBCs only (referred to as Bm). The first trial included the co-infected groups (bm/br2,
bm/br4, and bm/br6) and a control group (Br) to determine the time point at which cross-
protection occurs. Subsequently, a second trial was conducted, including only groups where
cross-protection was observed from the first trial (bm/br4 and bm/br6), control groups for each
parasite species (Br and Bm), and one additional group (n=6) of naive mice to assess immune

dynamics during cross-protection (Figure 1.1A).

Assessment of parasitemia and survival rates

Parasitemia, body weight, hematocrit values, and survival rates were systematically monitored
every other day. Hematocrit values were assessed using previously described methods (Wang
et al., 2016). The percentage of parasitemia was determined through thin blood smears stained
with Giemsa, and calculations were based on the examination of 10° erythrocytes observed

under a 100 x oil immersion Eclipse E200 microscope (Nikon, Tokyo, Japan).

Immunofluorescence microscopy analysis (IFA)



Blood taken from mice was diluted to 1:40 in phosphate-buftered saline (PBS) and subjected
to three washes. Blood smears were fixed on glass slides with ethanol/methanol (1:1) for 1
minute at —20°C. Subsequently, the fixed smears were treated with 3% bovine serum albumin
(BSA) in PBS for 30 minutes at room temperature (RT). Primary antibodies, mouse anti-B.
microti P32 (rBmP32), and rabbit anti-B. rodhaini P26 (rBrP26) were applied to the fixed
smears and incubated at 37°C for 1 hour in a moist chamber. Following three washes with PBS
and rinsing with distilled water, secondary antibodies, Alexa Fluor® 594-conjugated goat anti-
rabbit IgG or Alexa Fluor® 488-conjugated anti-mouse IgG (Thermo Fisher Scientific,
Massachusetts, USA), were applied to the smears. The secondary antibody solution (diluted
1:200 in 3% BSA in PBS) was incubated at 37°C for 30 minutes. The slides were then washed
three times and incubated with a Hoechst 33342 solution (Thermo Fisher Scientific) at a
concentration of 200 pg/mL, diluted in 3% BSA in PBS containing 50 mg/mL RNase (Qiagen,
Hilden, Germany), at 37°C for 10 minutes. After washing with PBS twice, the glass slides were
mounted by adding 10 mL of a 50% glycerol-PBS (v/v) solution and covered with a glass
coverslip. Microscopic examination and image capture were performed using the All-in-One

BZ-9000 microscope (Keyence, Illinois, USA).

Immunophenotyping of splenocytes by fluorescence-activated cell sorting (FACS)

analysis

After surgically excising spleen tissues from both naive and infected mice under sterile
conditions, splenocytes were isolated by obtaining single-cell suspensions. Tissues were
fragmented into small pieces and passed through a sterile 70 pm cell strainer into 50-mL tubes.
The crude splenocyte suspensions were washed twice with cold 1x PBS and centrifuged at 375
x g for 5 minutes at 4°C. The cell pellets were lysed with 1x ACK lysis buffer (Gibco,
Massachusetts, USA) for 5 minutes at 25°C. Cold PBS was added to halt the lysis process, and
the samples were then centrifuged at 375 x g for 5 minutes at 4°C. The cell pellets were
resuspended in 2 mL of cell staining buffer (BioLegend, California, USA) and kept on ice until
staining. Viability of cells was assessed after staining with trypan blue (1:5 dilution) using a

hemocytometer.

Approximately one million splenocytes were reconstituted in cell staining buffer (CSB) and

centrifuged. The cells were resuspended in 70 uL CSB containing CD16/CD32 monoclonal
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antibody for Fc blocking (Invitrogen, Massachusetts, USA) at 4°C for 25 minutes.
Subsequently, splenocytes were stained in the dark by labeling with respective marker
antibodies conjugated with different fluorophores for 30 minutes at 4°C. The antibody panel
used in the study is presented in Table 1.1. Following staining, cell samples were fixed with
200 pL of 4% paraformaldehyde (PFA) solution for 15 minutes, washed twice with CSB, and
centrifuged at 375 x g for 5 minutes at 4°C. Finally, samples were resuspended in 200 uL. CSB.
Labeled cells were sorted using a CytoFLEX flow cytometer (Beckman Coulter, California,
USA), and the data were analyzed using CytExpert 2.4 software (Beckman Coulter). The gating
scheme used is illustrated in Figure 1.2, following the approach of Bayne and Vonderheide

(2013).

Spleen histopathological analysis

Spleen samples were initially fixed in 10% neutral buffered formalin. Subsequently, the tissue
underwent dehydration through a series of graded alcohols, followed by embedding in paraffin
and sectioning at a thickness of 4 um. Upon deparaffinization of the sections, staining was
conducted using hematoxylin & eosin (H & E) for tissue visualization. The slides were then
mounted on MGK-S (Matsunami Glass Ind. Ltd., Osaka, Japan) and covered with coverslips.
An examination of changes was performed by a histopathologist using a Microphot-FX
(Nikon) in a blinded manner. Microphotographs were captured using a Digital Sight DS-5M

camera (Nikon) equipped with a microscope.

Quantification of serum cytokines

Mice were exsanguinated to collect serum on days 2, 4, and 6 following the challenge infection
with B. rodhaini. Commercial enzyme-linked immunosorbent assay (ELISA) kits (Thermo
Fisher Scientific) were employed to detect and quantify cytokines, while levels of reactive
oxygen species (ROS) were assessed using the OxiSelect™ In Vitro ROS/RNS Assay Kit (Cell
Biolabs, Inc., California, USA), in accordance with the manufacturers' protocols. For cytokine
detection, serum samples were diluted in PBS to a 1:1,000 ratio. Absorbance values were
measured using the MTP-500 microplate reader (Corona Electric Co., Tokyo, Japan), and
fluorescence (480 nm excitation/530 nm emission) was recorded with the GloMax®-multi
detection system (Promega, Wisconsin, USA). The concentrations of serum IFN-y, TNF-a, IL-

2, IL-6, IL-10, IL-12, and ROS were determined by extrapolating obtained standard curves.
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Humoral response determination

Previously established ELISA protocols utilizing GST-fused rBmP32 and rBrP26 antigens
were employed to assess the antibody response against each parasite species (Li et al., 2012).
Microtiter plates (Nunc, Roskilde, Denmark) were coated with 0.1 uM of rBmP32 or rBrP26
and left to incubate at 4°C overnight. Subsequently, the plates were washed once with 0.05%
Tween 20-PBS (PBST) and incubated with 100 pL/well of blocking solution (3% skim milk in
PBS) for 1 hour at 37°C. Following a wash, the antigen-coated plates were incubated for 1 hour
at 37°C with 50 uL of mouse serum diluted at 1:100 in blocking solution. After six washes with
PBST, the plates were incubated for 1 hour at 37°C with HRP-conjugated secondary antibodies
(goat anti-mouse immunoglobulins IgG1, Ig2a, I1gG2b, IgG2c, 1gG2, 1gG3, IgM, and IgG)
diluted to 1:4,000 in blocking solution. Subsequent to another six washes, 100 pL/well of
substrate solution (100 puM citric acid, 200 puM sodium phosphate, 0.3 mg of ABTS
[2,2=azinobis (3-ethylbenzthiazolinesulfonic acid)]/mL [Sigma, St. Louis, MO], 0.01% of 30%
H202) was added. After a 1-hour incubation at room temperature (RT), optical density values
were measured using the MTP-500 microplate reader (Corona Electric) at a wavelength of 415

nm. Each serum sample was run in duplicates.

Absolute quantification of B. rodhaini parasites

For the absolute quantification of B. rodhaini parasites, about 100 pL of blood diluted in PBS
(1:1) was collected from each mouse (n=4 per group). DNA was extracted using the QlAamp®
DNA Blood Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. A
newly designed B. rodhaini-specific primer set (F: 5'- CCAGGTCATTGATAACGAAGC-3';
R: 5'-TAACACCACTCATAGCGGCA-3’), amplifying a 113 bp-long B-tubulin gene sequence,
was used to quantify B. rodhaini in the DNA samples collected at day 4 post-challenge infection
(pci). The reaction involved 5 pL of 2 x PowerUp™ SYBR™ Green Master Mix (Applied
Biosystems, Massachusetts, USA), 0.6 uM primers, 1 uL DNA, and distilled water up to a 10
uL volume. The cycling conditions were 50°C for 2 min, 95°C for 2 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min, and a dissociation stage. The reactions were run in the
ABI 7900HT Real-time PCR System (Applied Biosystems). Serially diluted plasmids were

used to establish standards, from which parasite count was calculated from the mean
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quantification cycle values of duplicated samples. Parasite numbers were transformed to log

values before performing statistical analysis.

Statistical analyses

Comparison among groups was performed using ordinary one-way analysis of variance
(ANOVA) with Tukey’s test for multiple comparisons in GraphPad Prism 8 (California, USA),
reported as mean + standard deviation (SD) of 4-6 mice and are designated as follows:
*p<0.05, **p<0.01, and ***p<0.001. Survival curves were calculated by Kaplan-Meier

non-parametric model.

1.3 Results

Survival of mice with acute B. microti infection against B. rodhaini lethal challenge

Infection with B. rodhaini is associated with high parasitemia and lethality in mice. The
combination of different Babesia species resulted in different disease outcomes following
infection. All mice infected with B. rodhaini alone (Br) and those challenged 2 days after B.
microti primary infection (bm/br2) succumbed at day 8 pci, while complete survival was
recorded from bm/br4 and bm/br6 groups (Figure 1.1B). These results demonstrate that cross-
species protection against B. rodhaini arising from a prior B. microti infection can be observed

in challenge infected mice as early as day 4 post primary infection.

Parasitemia levels and hematologic indices during acute stage of Babesia co-infection

The signs of B. rodhaini infection in mice, such as severe intravascular hemolysis associated
with significantly increased parasitemia levels (Chiou et al., 2014), were observed in the
present study. Parasitemia levels were continually monitored throughout the infection trial by
examining Giemsa-stained blood smears for each mouse. At the start of challenge infection
(day 0), the B. microti parasitemia for bm/br2, bm/br4, and bm/br6 groups were 0.087%,
0.86%, and 1.03%, respectively (Figure 1.3). A consistent escalation in parasite burden was
observed in all infected groups during the initial week of B. rodhaini infection, reaching its
peak before gradually declining. The peak parasitemia levels in Br, bm/br2, and bm/br4 mice
were 54.36%, 53.98%, and 47.72%, respectively, recorded at day 6 post-challenge infection
(pci). Conversely, the bm/br6é group exhibited a lower peak parasitemia level (37.19%),
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observed two days earlier than Br, bm/br2, and bm/br4 groups, but still significantly lower
(Figure 1.1C). In the survival groups bm/br4 and bm/br6, the bm/br4d group displayed the
lowest average body weight (20.48 + 1.68 g) at day 8 pci, while the bm/br6 group exhibited an
increased average body weight (23.79 £ 1.23 g) (Figure 1.1D). All groups experienced anemia,
evident in their below-normal hematocrit values and reduced RBC densities after B. rodhaini
challenge infection (Figures 1.1E and 1.1F), with the bm/br4 group showing the most severe
anemia at day 6 pci. Intriguingly, peak parasitemia at day 6 pci coincided with the recorded
lowest hematocrit values in bm/br2, bm/br4, and Br groups, with only the bm/br4 mice
surviving two days after (day 8 pci). Normal hematocrit and RBC values were restored and
maintained until day 28 pci in survival groups bm/br4 and bm/br6. Our results clearly
demonstrated that an increase in parasitemia facilitated RBC lysis, resulting in decreased
hematocrit values and ultimately leading to hemolytic anemia, a characteristic feature of

babesiosis.

During the peak parasitemia period, parasites exhibited a ring-like morphology within
erythrocytes (Figure 1.4A), with multiple parasites observed within a single erythrocyte
(Figure 1.4B). Conversely, a significant proportion of intraerythrocytic parasites appeared to
be in a degenerated state (Figure 1.4B). Historically termed as "crisis forms," this phenotype
becomes pronounced during intraerythrocytic parasitic death (Skariah et al., 2017). At day 4
pci, significantly fewer B. rodhaini organisms were detected in co-infected bm/br4 (30.82%
parasitemia) and bm/br6 (37.19% parasitemia) groups compared to Br (9.21% parasitemia),
indicating that the majority of infected RBCs were parasitized by B. microti (Figure 1.4C).
Immunofluorescence assay (IFA) micrographs supported these findings, highlighting B.
microti (stained in green) as the predominant species in co-infected groups (Figure 1.5A).
Additionally, it was observed that the majority of the uninfected RBC population consisted of

Hoechst-stained reticulocytes (Figure 1.5).

Effects of B. microti and B. rodhaini infection on splenic immune cell population at the

acute phase of co-infection

Spleen, the largest secondary lymphoid organ in the body, plays a crucial role in hematopoietic
functions and orchestrates immunological responses against blood-borne pathogens, making it

an essential component in coordinating the immune system's actions (Cesta, 2000).
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Additionally, the spleen is involved in filtering and clearing parasitized erythrocytes,
particularly in cases of babesiosis (White et al., 1998). Ultimately, the host's fate depends on
the integrity of the spleen (Roberts et al., 1972). To assess the impact of co-infection on the
splenocyte population responsible for immune responses and pathogenesis during the acute
phase of infection, FACS analysis was conducted at day 6 post-challenge infection (pci),
considering this as the peak parasitemia for both the Br and bm/br4 groups. Examination of
splenic immune cells revealed fluctuations in the numbers of B cells, T cells, macrophages,
natural killer cells, and dendritic cells (DC) (Table 1.2). Regardless of the infection type and
species, Babesia infection was significantly associated with a notable reduction in T cells
(Figure 1.6A) and B cells (Figure 1.6B), along with a significant increase in NK cells (Figure
1.6C) and DCs (Figure 1.6D). Particularly, macrophages in co-infected spleens exhibited
significantly higher populations compared to those with a single infection of B. rodhaini and
spleens from naive mice (Figure 1.6E). In summary, there was a decrease in adaptive immune
cell populations (T and B cells) and an increase in innate immune cell populations (NK cells,

DCs, and macrophages) in the spleens of infected mice (Figure 1.6F).

Downregulation of pro-inflammatory cytokines and upregulation of anti-inflammatory

cytokines during acute phase of Babesia co-infection

Cytokines play a pivotal role in orchestrating symptoms and pathological manifestations during
infections, with IL-10 and IFN-y being key moderators in this process (Medina et al., 2011).
This study aimed to explore the interplay between various cytokines, particularly IL-10 and
IFN-y levels, and to observe the involvement of the pro-inflammatory and regulatory balance
during the natural immune response in mice infected with Babesia. Serum cytokines (IFN-y,
IL-10, IL-12p70, IL-6, IL-2, TNF-a, and ROS) were assessed in mice acutely infected with B.
microti and subsequently challenged with B. rodhaini to identify changes in the immune
response at days 2, 4, and 6 post-challenge infection (pci). By day 6 pci, the IL-10 serum levels
in the Br group were comparable to those in the bm/br4 group (Figure 1.7A), while both groups
exhibited significantly higher levels of IFN-y (Figure 1.7B) compared to other groups.
Although not significantly different, a relatively higher level of IL-12 p70 was observed in the
bm/br6 group at day 6 pci compared to other groups (Figure 1.7C). The highest concentrations
of IL-6 (Figure 1.7D), IL-2 (Figure 1.7E), and ROS (Figure 1.7G) were noted in mice with B.

rodhaini-only infection, and a lack of strong TNF-a levels in the serum was also observed
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(Figure 1.7F). Overall, the findings indicated an upregulation of cytokines IL-10, IFN-y, and
IL-6, and a downregulation of IL-12p70, IL-2, and TNF-a during acute stage Babesia co-

infection in mice.

Immunomodulation of humoral response during acute phase Babesia co-infection

Next, we wanted to confirm if the depletion of B and T cells (as confirmed Figure 1.6A and
1.6B) had any effects on the species-specific antibody response; thus, antibodies against B.
rodhaini (Figure 1.8) and B. microti (Figure 1.9) were detected at day 2, 4, and 6 pci.
Pronounced IgM- and IgG-specific antibody responses to B. rodhaini challenge in mice were
most pronounced at day 6 pci (Figure 1.8). IgM reacting to B. rodhaini antigen was detected
2 days after infection, indicating primary immune response (Figure 1.8A), suggesting that
during the early phase of acute Babesia infection, immune responses to parasitized erythrocytes
were triggered (Chiou et al., 2014). In addition, substantial levels of IgG, 1gG1, 1gG3, 1gG2a,
IgG2b, and IgG2c were detected at day 6 pci (Figure 1.8B-1.8G), confirming the activation of

secondary immune response against erythrocytes.

Changes in splenic immune structure during acute stage of Babesia co-infection

In HE sections, macrophages were detected as light-stained cells by hematoxylin (blue), and
the numbers increased in all groups compared with naive mouse spleen. Hence, the increase in
macrophages in all groups, as revealed in Figure 1.6E, was also confirmed in histopathology,
and it was mostly found confined to the marginal zone. However, NK cells cannot be detected
in our HE sections. We observed splenic disarray relative to the disorganized germinal center.
In infected groups, disruption of the marginal zone starts during the acute phase (Djokic et al.,
2018a). Erosion of the marginal zone is more pronounced during B. rodhaini only infection
(Figure 1.10B), while less obvious during co-infection (Figure 1.10C-1.10D), The most
significant abnormality of the marginal zone was in the B. rodhaini group, represented by the
loss of cellularity of marginal zone (Figure 1.10B). It was characterized by increasing
macrophage-like cells and decreased cell density, along with the wider marginal zone as

observed in the B. rodhaini group than other groups (Figure 1.10A-1.10D).
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1.4 Discussion

So far, the immune mechanisms responsible for protection against Babesia remain inadequately
characterized (Aguilar-Delfin et al., 2003). In the presence of a co-infecting agent, the immune
response to one organism can either synergistically or antagonistically induce downstream
effects related to the infection process (Homer et al., 2000). Using a murine co-infection model
(Lietal., 2012), the immune response during the acute phase of Babesia infection was dissected.
This study aimed to investigate the influence of B. microti acute co-infection on B. rodhaini
concerning the development of parasitemia, immune response, disease manifestations,

hematology, the role of splenic immune effector cells, and cytokine kinetics.

Initially, the goal was to validate the previously established protection observed during Babesia
co-infection and delve into specific clinical and hematologic characteristics. The results
illustrated that primary B. microti infection attenuated the parasitemia peak and slightly
exacerbated anemia in B. rodhaini-challenged mice. In contrast, B. rodhaini-infected mice
without prior primary infection exhibited a rapid increase in parasitemia and exacerbated
anemia (Wang et al., 2016). Thus, current findings affirm that the previously demonstrated
cross-protection observed during chronic B. microti-B. rodhaini co-infection (Li et al., 2012)
also occurs and initiates at a specific time point during the acute stage co-infection. Inside the
host, B. microti infection progresses through three phases: establishment, progression, and
resolution (Knapp & Rice, 2015). After the establishment of infection, Babesia damages the
host's red blood cells (Dvordkova & Dvorackova, 2007). During the progression phase,
erythrocyte damage is induced by the parasite's egress (Sevilla et al., 2018), followed by the
lysis of the host cell, eventually leading to anemia and reticulocytosis (Homer et al., 2000;
Kjemtrup & Conrad, 2000), both observed in the infected mice in this study. The density of
erythrocytes decreases as a consequence of the egress (Sevilla et al., 2018). It is hypothesized
that the rupture of the plasmatic membrane of erythrocytes is potentially accompanied by the
release of hemoglobin during the egress process. This may elucidate the observed hemolysis
and hemoglobinuria in babesiosis (Zintl et al., 2003; Gray et al., 2010; Hildebrandt et al., 2013;
Narurkar et al., 2017).

Previous investigations into malaria have established that parasites exhibit a tropism for mature
erythrocytes. Similarly, Babesia microti also demonstrates a distinct tropism for mature

erythrocytes (Borggraefe et al., 2006), as evident in the present immunofluorescence assay
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(IFA) results where the infection of reticulocytes by B. microti and B. rodhaini parasites was
rarely observed. The reduction in the population of mature erythrocytes during parasite
infection leads to a decrease in parasitemia (Okada et al., 2015), potentially contributing to the
decline in parasitemia levels immediately after reaching its peak in Babesia co-infected mice.
This preference for mature erythrocytes may stem from the likelihood that parasite-infected
reticulocytes are more susceptible to elimination than those infecting mature erythrocytes
(Skariah et al., 2017). Likewise, our results revealed the presence of dead B. microti remains
(crisis forms) inside erythrocytes (Clark et al., 1975). Crisis forms of parasites are characterized
by punctuated and degenerating parasites induced by crisis form factor (CFF) and immune
response (Sow et al., 2015). The existence of crisis forms of Babesia, coupled with the
occurrence of reticulocytosis and a reduced population of mature peripheral erythrocytes, may

constitute a potential mechanism for controlling Babesia infection.

In this investigation, mice infected with B. rodhaini exhibited notably elevated levels of
autoreactive IgGs at day 6 post-challenge infection (pci), aligning with the onset of severe
hemolytic anemia. During the establishment phase, antibodies are known to contribute to
preventing erythrocyte infection either by binding to free sporozoites (Homer et al., 2000;
Leitner et al., 2020) or by promoting the phagocytosis of merozoites during the resolution phase,
aiding in the clearance of infected RBCs through a mechanism known as antibody cell-
dependent inhibition (ADCI) (Marsh and Kinyanjui, 2006). The development of severe anemia,
stemming from extravascular hemolysis and increased erythrocyte accumulation in the spleen,
might be partially attributed to the presence of anti-erythrocyte autoantibodies. However, the
direct impact of these autoantibodies on the pathogenesis of babesiosis remains unclear (Chiou
etal., 2014). Additionally, this study's results revealed a decrease in antibody production during
the acute co-infection phase, consistent with findings from a previous study (Li et al., 2012).
Similarly, the subversion of the adaptive immune response against B. microti, observed in
various co-infected Babesia models (Djokic et al., 2018b, 2019; Efstratiou et al., 2020), may
have contributed to the specific immune response documented in this study. In contrast, a study
by Yi et al. (2018) reported that despite disorganized splenic architecture during infection, B.
microti-infected mice were capable of eliciting robust adaptive immune responses. It is
hypothesized that cells of the innate immune system regulate the growth rate of the merozoites,
thereby influencing the parasitemia rate (Homer et al., 2000). While antibodies play a role in

blocking the invasion of merozoites, they do not significantly contribute to the
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opsonophagocytosis of Babesia- or Plasmodium-infected erythrocytes (Djokic et al., 2021).

The spleen serves as the central hub for regulating detrimental immune responses (Bronte and
Pittet, 2013). As a crucial organ responsible for clearing infected RBCs, malaria infections can
lead to spleen rupture (Lacerda-Queiroz et al., 2017). Previous co-infected models involving
B. microti and B. rodhaini did not provide insights into spleen histopathology and splenocyte
composition during the acute stage of Babesia co-infection. Therefore, it was imperative to
illuminate the status of the spleen under these conditions. In both human and murine malaria,
disorganization of splenic architecture and splenomegaly are linked to innate immune
activation, monocytic cell extension, and the elimination of infected RBCs (Weiss, 1989; Weiss
et al., 1989; Villeval et al., 1990). Alterations in splenic structure, particularly within the
germinal centers, can impact the quality of an antibody response during malaria infection,
potentially influencing the development of immunity to malaria (Cadman et al., 2008). With B.
microti initiating early-phase macrophage activation, it effectively curbs parasite replication
(Terkawi et al., 2015). Subsequent studies have confirmed that B. microti imparts immunity
against other Babesia species (Li et al., 2012) and Plasmodium (Efstratiou et al., 2020),

primarily relying on macrophages.

The FACS analysis results corroborate this finding, demonstrating a substantial increase in the
macrophage population among splenocytes, an observation supported by the histopathological
examination of spleen sections from co-infected mice. Conversely, the decline in B and T cell
populations observed in this study aligns with findings from other research (Djokic et al.,
2018a; Djokic et al., 2019). These outcomes underscore the pivotal role of innate immunity
during the acute phase of Babesia co-infection in mouse models. In the acute infection stage,
there is robust activation of mononuclear cells, leading to apoptosis of monocytes, dendritic
cells, B and T cells, ultimately resulting in thymus apoptosis and a decline in the output of
naive T cells (Rénia and Goh, 2016). Conversely, during reinfection, chronically activated T
cells may induce a state of anergy and exhaustion, potentially impacting the T and B cell

splenocyte population in co-infected mice in the present study.

Cytokines play a pivotal role in driving symptoms, pathological remodeling, and the outcomes
of infections, relying on the reciprocal regulation of pro- and anti-inflammatory cytokines.

Prior studies demonstrated reduced cytokine production during the acute stage of B. microti
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infection in response to lethal B. rodhaini challenge (Li et al., 2012). The present findings
emphasize the critical timing of B. rodhaini challenge during the acute B. microti infection
stage, influencing the inflammatory cytokine response post-challenge, as evidenced by
cytokine levels in the co-infected groups bm/br4 and bm/br6. Elevated cytokine levels may
potentially facilitate parasite clearance during peak parasitemia (Bronte & Pittet, 2013; Djokic
et al., 2018a). Therefore, the role of cytokines in the pathogenesis of babesiosis is a time-
dependent phenomenon (Ahmed, 2002). Cytokines such as IFN-y (Koch et al., 2005) and IL-
10 (Kumar et al., 2019), with the capacity to act as mediators of immunity, exemplify double-
edged sword cytokines. Cross-protected mice exhibited lower levels of IFN-y and IL-10, in
contrast to higher levels observed in B. rodhaini control mice (Li et al., 2012). During the
blood-stage of malaria, IFN-y plays a pathological role by contributing to anemia through the
suppression of erythropoiesis (Okada et al., 2015). Early production of IFN-y provides
protection from experimental cerebral malaria, while the lack of early IFN-y production leads

to fatal infection (Stevenson & Riley, 2004; King & Lamb, 2015).

In both the Br and bm/br4 groups, peak parasitemia and severe anemia occurred at day 6 post-
challenge. Concurrently, B. rodhaini infection caused extensive spleen damage in mice from
both groups, leading to a significant reduction in cell population, especially in the marginal
zone. This increase in pathology may result from elevated levels of circulating IFN-y during
infection. Despite comparable levels of [L-10 in the serum of the Br group and bm/br4 group
at day 6 post-challenge, B. rodhaini-infected mice succumbed to the infection, while the bm/br4
group survived. IL-10 limits the overproduction of IFN-y and TNF-a during B. microti
infection (Djokic et al., 2018a). In this study, elevated IL-10 levels at day 6 post-challenge may
have contributed to the relatively lower levels of [FN-y and TNF-a in bm/br4 compared with
the Br group, playing a central role in the survival of co-infected mice. Lethality in malaria is
attributed to the early overproduction of IL-10 (Li et al., 2012). Regardless of its origin, IL-10
restrains the function of macrophages and dendritic cells, restricting Th1l and Th2 effector
responses. Additionally, IL-10 inhibits the production of IL-12 by monocytes, which is
essential for inducing a protective immune response against malaria and shifting towards a pro-
inflammatory cytokine response (D'Andrea et al., 1992; Crutcher et al., 1995; Xu et al., 2001).
However, the impact of IL-10 is contingent on both time and location and is influenced by the
specific cell type producing it (Kumar et al., 2019). In the bm/br4 group, the reduced production
of IFN-y at day 6 post-challenge might have slightly diminished parasitemia, thereby averting
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lethality. [FN-vy is acknowledged as a crucial cytokine that induces splenic cell death and leads
to host lethality following Plasmodium infection (Lacerda-Queiroz et al., 2017). Despite both
the Br and bm/br4 groups exhibiting proportional levels of IFN-y, the bm/br4 group
experienced less loss of splenic cells, potentially attributed to the cross-protection conferred by
B. microti. FACS analysis revealed the lowest T cell population in the bm/br6 group (12.82%),
explaining the reduced levels of IFN-y at day 6 post-challenge, given that Thl cells are major

contributors to IFN-y production.

Earlier studies proposed that macrophages and NK cells play a pivotal role in the response
protecting against the pathogenic Babesia WA, likely through early production of IL-12 and
IFN-y, and the induction of macrophage-derived effector molecules like nitric oxide (Aguilar-
Delfin et al., 2003). IL-12 is essential in enhancing Th1-associated immunity (Trinchieri, 1993).
The early production of IFN-y by NK cells relies on IL-12 from dendritic cells (DCs). Moreover,
the early induction of IFN-y and IL-12 contributes to survival and protection against babesiosis
(Li et al., 2012; Efstratiou et al., 2020). Thl-associated immunity is crucial for controlling the
blood-stage replication of Babesia and Plasmodium parasites (Li et al., 2012; Djokic et al.,
2018a). Thus, IL-12 serves as a potent mediator of host-defense mechanisms in various
experimental malaria models (Luty et al., 2000; Malaguarnera et al., 2002). The results align
with prior findings, wherein IL-12 levels were lowest in control B. rodhaini mice and highest

in bm/br6 mice, underscoring its role in providing immunity against fatality.

Activation of immune cells relies on intracellular ROS as a messenger in the signaling pathway.
Ty et al. (2019) elucidated a mechanism in which oxidative stress triggers macrophage
activation, leading to the release of inflammatory cytokines. Conversely, Li et al. (2012) and
Johnson et al. (1996) proposed that macrophages can eliminate parasites through the production
of reactive oxygen and nitrogen intermediates. The quantity and site of production determine
whether these intermediates exert a favorable or detrimental influence on malaria. Reactive
oxygen and nitrogen intermediates are implicated in the generation of crisis forms in
Plasmodium and Babesia. A study demonstrated that the inoculation of NO resulted in
erythrocyte lysis rather than killing P. berghei, suggesting that Plasmodium parasites may be
shielded from ROS by hemoglobin released during hemolysis, yet the parasite likely possesses
intrinsic defense mechanisms against ROS (Sobolewski et al., 2005). Macrophages generate

substantial amounts of ROS and RNS, inducing oxidative stress (Percario et al., 2012).
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However, there remains uncertainty regarding the role of oxidative stress in malaria, with some
authors suggesting protective effects, while others argue for its contribution to the
pathophysiology of malaria. Reactive oxygen and nitrogen species (ROS and RNS), along with
oxidative stress, are implicated in the systemic complications of malaria. Plasmodium parasites,
residing in host cells, are susceptible to increased levels of oxidative stress. To defend against
this stress, parasites have evolved antioxidant defense mechanisms (Percario et al., 2012).
Malaria induces a "cytokine storm" characterized by elevated cytokine levels in the
bloodstream (Clark, 2007; Clark et al., 2008). The mechanism by which ROS triggers
inflammation during malaria involves xanthine oxide-produced ROS leading to increased IL-
1B levels, while the parasite activates caspase-1, thereby activating the NLRP3 inflammasome
(Ty et al., 2019). Consequently, a new role for extracellular ROS has been proposed, inducing
inflammatory cytokines and collaborating with infectious parasites to activate the
inflammasome in macrophages. Inhibiting this pathway by impeding ROS could present new
possibilities for designing anti-disease remedies where pathology is driven by oxidative stress-
induced inflammation (Ty et al., 2019). As indicated by these findings, the highest levels of
ROS in B. rodhaini-infected mice might have adversely affected the host, leading to erythrocyte
lysis, contributing to the pathology of B. rodhaini.

There are certain limitations in this study. Immunohistochemistry analysis of the spleen and
immunophenotyping of immune cells in blood, which could have substantiated the splenic cell
population results, were not conducted in this research. Additionally, the involvement of ROS
in erythrocyte lysis needs confirmation. Considering the potential adverse effects of ROS on
the kidneys, it is essential to investigate how this organ is affected during babesiosis.
Addressing these gaps in future studies would provide a more accurate and comprehensive
understanding of the immune mechanisms involved during co-infection, aiding in the

development of effective vaccines in the future.

1.5 Summary

The undertaken study illustrated that, at specific time points in the acute stage of co-infection,
the initiation of the innate immune response by B. microti diminished B. rodhaini parasitemia,
ultimately ensuring the survival of co-infected mice. The results unveiled that B. microti

negatively influenced the adaptive immune response by reducing populations of splenic B and
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T cells, a phenomenon reflected in the compromised humoral immunity against both parasites.
Consequently, a prevalence of Thl immune response was observed, with IL-10 and IFN-y

emerging as pivotal contributors to the pathology associated with B. rodhaini.
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Table 1.1. Antibody panel used for sorting antibody-tagged splenocytes.

Immune cell population Anti-mouse antibody Fluorophore Antibody dilution Manufacturer (catalog
markers (vol/vol pL) no.)

Total leukocytes CD45 FITC 0.5/200 BioLegend (147709)
T lymphocytes CD3 PE/Cyanine7 1/200 BioLegend (100219)
B lymphocytes CDI19 Brilliant Violet 421™ 1/200 BioLegend (115537)
Macrophages F4/80 PE 1/200 BioLegend (123109)
Natural killer cells CD49% PerCP-Cy5.5 1/200 BioLegend (108915)
Dendritic cells CDllc Brilliant Violet 510 ™ 1/200 BioLegend (117337)
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1 Table 1.2.

Estimated total count and percentage of immune cell populations.

Immune cell

Immune cell

Group Total count” Percentage Group Total count” Percentage
marker marker
Br CD45 15,176 bm/br4 CD45 38,385
F4/80 1,604 10.57 F4/80 5,009 13.05
CDllc 2,000 13.19 CDll1c 6,360 16.57
CDI19 2,929 19.30 CD19 4,291 11.18
CD3 4,184 27.57 CD3 8,625 22.47
CD49b 1,199 7.91 CD49%b 4,265 11.11
Bm CD45 14,682 bm/br6 CD45 15,868
F4/80 2,525 17.20 F4/80 2,456 15.48
CDllIc 1,220 8.31 CDllc 1,903 11.99
CDI19 4,174 28.43 CD19 3,083 19.43
CD3 4,352 29.64 CD3 2,034 12.82
CD49b 1,321 9.00 CD49b 1,254 8.79
Naive CD45 35,605
F4/80 2,642 7.42
CDllIc 367 1.03
CD19 13,252 37.22
CD3 17,201 48.31
CD49b 1,264 3.55

2 "Estimated numbers obtained from the mean percentage of immune cell populations.
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Figure 1.1. The course of B. rodhaini challenge infection in BALB/c mice undergoing acute
B. microti infection. Test BALB/c mice were initially infected with B. microti and then
challenge infected with B. rodhaini at different time points (on days 2, 4, 6) post-primary
infection. (A) Overall experimental plan. (B) Survival curve, (C) course of parasitemia, (D)
body weight, (E) red blood cell (RBC) count, and (F) hematocrit values were monitored for 28
days after challenge infection. Mean percent parasitemia, body weight, RBC, and hematocrit
values were calculated from individual values taken from all surviving mice at each specific
time point. Results are expressed as the mean values + standard deviation (SD) of six mice
(n=6). Ordinary one-way analysis of variance (ANOVA) with Tukey’s test was used for the
comparison of parasitemia between Br and co-infected groups, while the Kaplan-Meier non-
parametric model was used for the survival analysis. Asterisks indicate statistical significance

(*P<0.05; **P<0.01; ***P<0.001).
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Figure 1.2. Gating scheme for fluorescence-activated sorting (FACS) analysis of immune cells. A total of 50,000 events were analyzed. Each panel

is a representative image of gating for (A) singlets, (B) CD45+ (immune cells), (C) CD45+ F4/80+ (macrophages), (D) CD45+ CD11c+ (dendritic
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Figure 1.4. Giemsa-stained thin blood smear showing (A) 1, B. microti; 2, B. rodhaini infecting mouse erythrocytes and (B) 1, B. microti and B.
rodhaini infecting the same erythrocyte; 2, crisis form of Babesia. Bars represent 10 um. (C) Mean copy numbers of B. rodhaini p-tubulin in
mouse DNA samples (n=4 per group at day 4 post-challenge infection) were transformed to log values. Individual values are the mean of duplicate

samples. Log values were analyzed using one-way ANOVA and Tukey’s multiple comparison post-hoc test; ***P<0.001.
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B. microti

Figure 1.5. Immunofluorescence microscopy images of blood smears from (A) co-infected mouse challenged at day 4 post-primary B. microti

infection and (B) mouse with B. rodhaini infection only. Alexa Fluor® 594-conjugated goat anti-rabbit IgG (green) and Alexa Fluor® 488-

conjugated anti-mouse IgG (red) were used as parasite markers.
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Figure 1.6. Fluorescence-activated sorting (FACS) analysis of splenic immune cells of mice at day 6 post-challenge infection. Percentage
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Figure 1.7. The kinetics of serum cytokines of protected and susceptible mice after B. rodhaini challenge infection. Test mice were initially infected
with B. microti and challenge infected with B. rodhaini on days 4 and 6. On day 6 post-challenge infection, serum was collected from all groups
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The results are expressed as means = SD. Ordinary one-way analysis of variance (ANOVA) with Tukey’s test was used for the statistical analysis.

Asterisks indicate statistical significance (*P< 0.05; **P<0.01; ***P<0.001).

28



A
0.45
. Br
0.3 Hm bm/brd
N bm/bré

QD value of IgM (415nm)
b=
T

Day 2 Day 4

0.154

-
0.104

0.05

0D value of IgG2a (415nm)

Day 2 Day 4 Day 6

Day 6

0.159

0.10+

0.054

QD value of IgG2b (415nm)

0.00-

Day 2

0.6

0.4+

0.2

0D value of IgG (415nm)

0.0-

Day 2

Day 4

Day 4

Day 6

0D value of IgG2c¢ {415nm)

0.154

0.104

0.05+

Day 2

0.20+

0.154

0.104

0D value of IgG1 (415nm)
o
=]
T

0.00-

Day 4

Day 2

Day 6

Day 4

0D value of IgG3 (415nm)

0.20+

0.154

=]

=

a
1

0.05

0.00-

Day 6

Day 2 Day 4 Day 6
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antibodies against B. rodhaini, rBrP26 protein was used as the detection antigen in ELISA assays. The results are expressed as mean values =+ the

SD for six mice. Ordinary one-way analysis of variance (ANOVA) with Tukey’s test was used for the statistical analysis. Asterisks indicate

statistical significance (*P< 0.05; **P< 0.01; ***P<0.001).
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Figure 1.9. Kinetics of serum antibodies specific to B. microti after B. rodhaini challenge infection. The production of (A) IgM, (B) IgG, (C) IgG1,
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results are expressed as mean values + the SD for six mice. Asterisks indicate statistical significance (*P< 0.05; **P< 0.01; ***P<0.001).
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Figure 1.10. Histopathological analysis of the spleen depicting the impact of B. microti, B. rodhaini, and co-infection on the spleen compared to
uninfected mice. Sections collected on day 6 post-challenge infection were stained with H & E, 100x and 200x. Black arrowheads indicate the
variations in the marginal zone relative to (A) Naive mouse group. Erosion of the marginal zone in terms of loss of cellularity was found to be
more pronounced in (B) Br mice compared to (C) bm/br4, and (D) bm/br6 mice. Bars in upper and lower images represent 200 and 100 pm,

respectively.
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Chapter 2
Babesia microti alleviates disease manifestations caused by Plasmodium berghei ANKA

in murine co-infection model of complicated malaria

2.1 Introduction

In spite of numerous endeavors to eradicate malaria, it remains widespread in numerous
nations, causing over 200 million instances of infection annually. The World Malaria Report of
2022 estimated approximately 619,000 deaths attributable to malaria. Predictions suggest a rise
in the geographic spread of malaria in tropical regions due to climate change (Cella et al.,
2019). The causative agent for malaria is the intracellular parasite Plasmodium, which
infiltrates the host through the bite of an infected carrier, Anopheles mosquitoes (Sanches-Vaz
et al., 2019). Five different Plasmodium species affect humans, with Plasmodium falciparum
being notably lethal, leading to a spectrum of clinical symptoms ranging from asymptomatic
to severe manifestations of the disease (Mishra & Newton, 2009; Hunt et al., 2006). The term
"severe malaria" encompasses various syndromes in humans, including acute respiratory
distress (pulmonary edema), hyperparasitemia, severe anemia, liver dysfunction, acute renal
failure, hypoglycemia, multiorgan failure, and ultimately, cerebral malaria (CM), with a
mortality rate ranging from 15% to 20% (Dondorp et al., 2000; De Oca et al., 2013). In adults,
pulmonary edema, acute renal failure, and jaundice are common occurrences, while children
frequently experience anemia, hypoglycemia, and convulsions (Dondorp et al., 2000). Malaria-
associated hematological changes involve anemia, thrombocytopenia, and disseminated
intravascular coagulopathy. Complicated malaria often manifests liver involvement, presenting
clinical symptoms such as jaundice, liver enlargement, and elevated levels of liver enzymes,
including aspartate and alanine transaminases (Al-Salahy et al., 2016). Cerebral malaria,
known for its catastrophic consequences (Ghazanfari et al., 2018), predominantly affects
children under the age of 5, with morbidity and mortality rates ranging from 15% to 20%. Even
if children survive this threat, they may suffer lifelong neurological sequelae (Pais et al., 2022).
Currently, there is no cure for cerebral malaria, emphasizing the crucial need to explore host
and parasite interactions to comprehend the pathogenesis for the development of novel

therapeutic interventions (Mineo et al., 2013; Briquet et al., 2015).

The utilization of Plasmodium berghei ANKA infection in C57BL/6]J mice has been
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acknowledged as an experimental model for cerebral malaria (ECM), replicating most of the
pathologies observed in complicated malaria (De Oca et al., 2013). The characteristic feature
of human cerebral malaria (HCM) is the infiltration of infected red blood cells (iRBCs) in the
brain and lung microvasculature. Despite the association of iRBC-endothelium interaction with
malaria severity, the infiltration of iRBC by P berghei ANKA remains incompletely
characterized (El-Assaad et al., 2013). Several other pathophysiological aspects of severe
malaria remain elusive (Dondorp et al., 2000). To effectively combat malaria, a deeper
understanding of its pathogenesis is imperative (Mawson, 2013; Junaid et al., 2017). The
establishment of a successful therapeutic strategy against this ailment is yet to be achieved.
Therefore, unraveling the mechanism of protection against Plasmodium infection is crucial
(Yoneto et al., 1999). Intriguingly, protection against malaria can also be conferred by previous
parasite infections. Co-infection mouse models have demonstrated instances of cross-
protection between Babesia and Plasmodium (Miyagami et al., 1987; Efstratiou et al., 2020).
Babesiosis, an underexplored tick-transmitted zoonotic disease, is caused by the
intraerythrocytic parasite Babesia, predominantly Babesia microti, resulting in a malaria-like
disease that can be asymptomatic (Elton et al., 2019; Homer et al., 2000). Immunity to Babesia
spp. can be established by the host post-infection, with both cell-mediated and humoral
immunity playing roles in protection against babesiosis (Homer et al., 2000; Elton et al., 2019).
Instances of mixed infection with B. microti and other pathogens are on the rise, where Babesia

parasites themselves act as immunomodulators (Lobo et al., 2013; Swanson et al., 2023).

There is a shortage of information regarding co-infections and their implications for health
(McArdle et al., 2018). Co-infections with certain pathogens can hinder the diagnosis of
diseases. A more profound understanding of the influence of co-infections on the host's immune
response and the outcomes of diseases will enhance both diagnosis and the development of
innovative clinical interventions (Mabbott, 2018). The initial case of co-infection involving
both Plasmodium and Babesia parasites in humans was documented in 1983 (Vermeil et al.,
1983). Instances of co-infections with Babesia spp. and Plasmodium spp. have been reported
in regions where malaria is endemic (Ahn, 2010; Zhou et al., 2013; Na et al., 2014; Gabrielli
et al., 2016). In mice, B. microti has effectively provided cross-immunity against Plasmodium
spp. (Cox, 1972; Zivkovic et al., 1984). Additional instances of cross-protection have been
observed between B. microti and P. vinckei (Cox, 1978), P. berghei ANKA and P. berghei NK65
XAT (Miyagami et al., 1987), and P. berghei XAT (Pb XAT) and P. berghei NK65 (Pb NK65)
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(Niikura et al., 2008). B. microti has also demonstrated protective effects against P. cynomolgi
(Van Duivenvoorde et al., 2010) and P. chabaudi (Efstratiou et al., 2020) infections. The
sequestration of infected red blood cells (iRBCs) in various organs through cytoadherence has
not been observed in Babesia yet. While antibodies appear to play a minor role in resolving
these iRBCs, macrophages contribute not only to resolving both infections but also to providing
cross-protection against these parasites (Djokic et al., 2021).

However, there is a lack of information regarding the immunology of co-infections, and the

inhibitory effect of babesiosis on malaria is not fully understood (Efstratiou et al., 2020).

The development of a malaria vaccine stands as a primary goal in biomedical research. RTS,S
is a subunit vaccine derived from the circumsporozoite protein (CSP) of P. falciparum (Nunes-
Cabaco et al., 2022). Nevertheless, RTS,S does not confer protection against other malaria
parasites, specifically P. vivax, P. ovale, P. malariae, and P. knowlesi (Venkatesan, 2022).
Protein subunit and/or DNA-based vaccines have shown limited efficacy and disappointing
outcomes so far (Douradinha et al., 2008). An alternative type of vaccine is the whole-organism
vaccine. Immunization using complete irradiated sporozoites is one of the most effective
vaccinations against the same parasite strains, providing 100% protection. However, irradiated
sporozoites exhibit reduced efficacy when faced with different parasite strains. Unlike liver-
stage vaccines, the application of a blood-stage genetically attenuated malaria parasite (GAP)
is not yet available for human use. Nevertheless, there are advantages to employing whole-
pathogen vaccines. For instance, whole organism vaccines encompass the complete spectrum
of parasite proteins, whereas subunit vaccines typically consist of only one or a few specific
target proteins. Consequently, if the primary malaria parasite undergoes a mutation in the gene
targeted by the subunit vaccine, the vaccine is susceptible to losing its effectiveness. In contrast,
a whole-organism vaccine will maintain its stability against single gene mutations (Imai et al.,

2020).

There is a pressing need for a vaccine capable of providing cross-protection against various
plasmodial species, including P falciparum and P. vivax. Such a vaccine would yield
significant economic, safety, and manufacturing advantages. Nonetheless, cross-species
immunity in malaria, particularly concerning the protection offered by live attenuated whole-
organism-based approaches, has been overlooked in recent decades. Regrettably, none of the

documented instances of human co-infections have succeeded in identifying the pathogens
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beyond the species level. Consequently, the impact of the genetic background of pathogens on
subsequent pathogenicity remains unknown (Efstratiou et al., 2020). In conclusion, it is crucial
to thoroughly investigate and evaluate the potential for inducing cross-species immunity by
employing the whole-organism approach in the development of malaria vaccines. Given this
objective, future research is necessary to explore the immunological mechanisms responsible
for initiating and sustaining cross-protection through the utilization of heterologous parasites

(Douradinha et al., 2008).

It is important to note, that co-infection involving B. microti Peabody mjr, a human isolate, and
P. berghei ANKA using the C57BL/6J murine model has not been explored to date. Based on
the aforementioned information, I hypothesized that the primary infection of B. microti during
the acute stage might impact the susceptibility of mice to P. berghei ANKA challenge infection.
Therefore, in the pursuit of unraveling the host immune mechanisms and enhancing our
understanding of host-parasite interactions in a co-infection model, the present study was
conducted. Herein, I shed light on the immune dynamics and various aspects of disease

manifestations in a co-infection disease model tailored for complicated malaria.

2.2 Materials and methods

Experimental animals

To analyze co-infection and experimental cerebral malaria (ECM), 5 weeks old female,
C57BL/6J mice were bought from CLEA, Japan. To avoid any discrepancy that may arise due

to the effect of testosterone, female mice were used (Djokic et al., 2019).

Parasite maintenance and experimental design

Cryostabilates of B. microti (Peabody mjr) were obtained from the cell bank whereas,
Plasmodium berghei ANKA was provided by Nagasaki University with support in part by
National BioResource Project (NBRP), MEXT, Japan. After thawing the frozen stabilates, mice
were intraperitoneally inoculated to passage and were maintained for experiments. One group
of mice (n= 6) was infected by intraperitoneal injection with 10® B. microti-infected red blood
cells (iRBCs). The research was performed to investigate the influence of a non-lethal B.

microti primary infection on a consequent lethal P. berghei infection. One group of mice (n=

35



6) was infected by intraperitoneal injection with 10® B. microti-infected red blood cells
(iRBCs). Then, the same group was challenge infected with 10° P. berghei-infected RBCs at
day 7 (henceforth mentioned as Bm/PbA7; n=6). Likewise, one more group (n= 6) was
intraperitoneally inoculated with 103 P. berghei-infected RBCs only (henceforth mentioned as
PbA) (n=6) and an additional group with B. microti-infected RBCs only (henceforth mentioned
as Bm) (n=6).

A series of experiments was undertaken to probe the effects of co-infection. Preliminary
experiments were conducted to optimize the infection dose. Out of the four doses tested
(10%,10%,10%, 10° iRBCs), the minimum infection dose of 10* iRBCs was selected for P. berghei
infection. Similarly, for B. microti infection, two doses were evaluated during the preliminary
trial, and out of those, 10® iRBCs was selected as the primary infection dose (Mordue &
Wormser, 2019) (Figure 2.1). After preliminary experiments, the initial study was executed
with four groups including, B. microti-infected group (Bm), co-infected group (Bm/PbA7), a
control group (PbA), and a Naive mouse group (injected with PBS) in a quest to investigate
the progression of parasitemia, ECM signs, and other parameters. The subsequent trial was
conducted including co-infected (Bm/PbA7), control (PbA), and Naive groups (n=5) wherein
the extent of blood-brain barrier (BBB) disruption and the integrity of the vascular endothelial
barrier in the lungs were assessed using the Evans blue assay. Another trial was conducted with
Bm, PbA, Bm/PbA7, and Naive mouse groups (n=5) to determine the parasite burden in tissues
and the host immune response against infections. At the end, mice were again infected
according to the aforementioned experimental design for performing the histopathological

analysis.

Monitoring mice for parasitemia and hematological parameters

Regular monitoring of mice was done, and parameters including parasitemia, and body weight
were recorded. RBCs and hematocrit (HCT) values were measured by Celltac Alpha MEK-
6550K (Nihon Kohden) (Li et al., 2012). To determine the parasitemia percentage, thin blood
smears were made, after staining with Giemsa, the percent parasitemia was assessed from 10°
IRBCs after examining under 100 x oil immersion Eclipse E200 microscope (Nikon, Tokyo,

Japan). As we assessed the parasitemia using blood smears, it was challenging to differentiate
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the levels of parasitemia specifically for Babesia and Plasmodium parasites in Bm/PbA7 mice.

Consequently, we presented the combined parasitemia levels as an overall representation.

Assessment of experimental cerebral malaria (ECM) and survival rates

Mice were monitored daily for survival rates, and symptoms were recorded for the
development of ECM by the use of the rapid murine coma and behavior scale (RMCBS) score,
as explained by (Carroll et al., 2010). When the RMCBS score was <5/20, mice were
categorized as exhibiting ECM symptoms (Sanches-Vaz et al., 2019).

Use of flow cytometry to determine the immunophenotype of organs

In a new trial, brain, liver, lungs, kidney and spleen were harvested aseptically, weighed and
photographed at day 8 post-challenge infection from Bm/PbA7 mice (day 15 post-primary
infection), at day 8 from PbA, Bm, and Naive mice (n=5) following P. berghei, B. microti and
PBS inoculation respectively. For single cell suspension, PBS was used for spleen and digest
solution was used for rest of the organs (Liu et al., 2020). Then, organs were cut and triturated
to make single cell suspension. Ground spleen tissues were strained a in 50 um tube through a
70 uM nylon sterile cell strainer, whereas other organ tissues were incubated in digest solution
for 1 h at 37°C. After digestion, the rest of the organ tissues were strained as described earlier.
Single-cell suspensions of liver, lungs, kidney, and spleen were washed with PBS by
centrifugation at 375 x g for 5 min at 4°C and RBCs were lysed with 1x ACK lysis buffer
(Gibco, Massachusetts, USA) for 5 min at 25°C. After lysis was stopped by adding cold PBS,
centrifugation was performed at 375 x g for 5 min at 4°C, 2 mL cell staining buffer (CSB,
BioLegend, California, USA) was used to resuspend the cell pellet and kept at 4°C until the
next step. Cell suspension of brain tissues was processed differently. The strained brain tissue
suspension was washed with PBS and the pellet was resuspended with 8 mL of 40% Percoll
(Cytiva, Tokyo, Japan). Then, 5 mL of 80% Percoll was taken into a round bottom tube and 8
mL of 40% Percoll was layered on top of it. After centrifugation at 1,578 x g for 20 min at
25°C with low acceleration (acceleration 1) and no brake, the middle interface layer was
collected and transferred into a new tube containing 10 mL PBS. Later, centrifugation was

carried out at 375 x g for 5 min at 4°C, and 2 mL CSB was used to resuspend the pellet. Two
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antibody panels were used for each sample and approximately one million cells were
reconstituted in CSB (Table 2.1-2.2). After Fc block was performed by resuspending the
reconstituted cells with 70 uL. CSB containing CD16/CD32 monoclonal antibody (Invitrogen,
Massachusetts, USA) at 4°C for 25 min. Later, staining of samples was carried out, wherein
the cells were labeled with fluorophore-tagged, marker antibodies for each type of immune cell
and incubated at 4°C for 30 min in the dark. Then, samples were fixed with 4%
paraformaldehyde (PFA) solution for 15 mins and washed two times with CSB and centrifuged
at 375 x g for 5 min at 4°C. Finally, 200 pL CSB was used to resuspend the cells. Above
mentioned protocol was described by (Rico et al., 2021). Sorting of stained and fixed cells was
conducted by employing the CytoFLEX flow cytometer (Beckman Coulter, California, USA)
and data were carefully evaluated by CytExpert 2.4 software (Beckman Coulter, California,
USA) (Figure 2.2). The representative of the cell sorting strategy is shown in Figure 2.3,
followed according to (Bayne & Vonderheide, 2013).

Evaluation of organ damage by histopathology

After harvesting the organs from experimental groups (n=1), the fixation of tissues was done
in 4% paraformaldehyde, followed by dehydration in graded alcohol, and embedding in
paraffin. Next, 5 pm thick slices were made. Subsequently, the sections were deparaffinized,
and stained using hematoxylin & eosin (H & E). Eventually, the sections were mounted on
MGK-S with coverslips. Changes in tissue histology were examined by the histopathologist in
a blinded manner, by utilizing a Microphot-FX from Nikon, and images were captured using a

Digital Sight DS-5M camera also from Nikon.

Quantification of serum cytokine levels

All groups of mice (Bm, PbA, Bm/PbA7, and Naive n=5), were exsanguinated by withdrawing
the blood from the heart at day 8 post-primary infection or day 8 pci with P. berghei. Later, the
serum was collected by centrifugation at 1500 x g for 15 mins at 4°C. To detect and quantify
serum cytokines, commercial enzyme-linked immunosorbent assay (ELISA) kits (Thermo
Fisher Scientific, Massachusetts, USA) were used, and the assay was performed according to
the manufacturers’ guidelines and methods. To detect the cytokine levels in serum samples,

1:100 dilution was made in PBS. The MULTISKAN SkyHigh plate reader (Thermo Fisher
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Scientific) was employed to determine the optical density. The serum cytokines (IFN-y, TNF-
a, IL-2, IL-6, IL-10, IL-12p70) were quantified by extrapolating the standard curves.

Preparation of P. berghei ANKA lysate

Previously established protocol by (Kim et al., 2022) was used to prepare P. berghei ANKA
crude antigen. Concisely, P. berghei infected-blood was withdrawn intracardially when the
parasitemia was more than 30%. Collected blood was centrifuged at 3,000 x g for 5 min and
lysed chemically. For lysing, 0.15% saponin in PBS was mixed with equal volume of pelleted
RBCs at room temperature for 5 mins. Followed by centrifugation, the pelleted parasites were
washed 3 times with 1x PBS and re-suspended in 1x PBS. Released parasites were subjected
to mechanical disruption by 2 cycles of sonication for 30 seconds, at 40% amplitude. Protein
quantity of the lysate was measured by Pierce™ BCA Protein assay kit (Thermo Fisher
Scientific, USA). The lysate was. kept at =20 °C and later used as coating agent for ELISA
plates.

Determination of humoral immunity

To assess the humoral immune response, antibodies against B. microti and P. berghei were
measured by ELISA. We had sera from Bm, PbA, Bm/PbA7, and Naive mice (n=5) collected
at day 8 pci. Co-infected mouse serum was detected for antibodies against each parasite. A
previously described protocol was followed to measure the antibody response. In brief, either
50 uL P. berghei lysate or GST-fused rBmP32 antigen was used to coat microtiter plates (Nunc,
Roskilde, Denmark) and kept at 4°C overnight. Washing was performed with 0.05% Tween 20-
PBS (PBST) and blocking with 3% skim milk in PBS for 1 h at 37°C. After washing, the plates
were incubated with 50 pL of 1:100 diluted serum samples in a blocking solution for 1 h at
37°C. While the samples were put in incubation, goat anti-mouse-Immunoglobulin HRP-
conjugated secondary antibody (IgG, IgG1, Ig2a, IgG3, and IgM) were prepared. Secondary
antibodies were diluted in a blocking solution to a concentration of 1:4,000. After incubation
with diluted mouse serum, plates were washed 6 times. Then, incubated for 1 h at 37°C with
secondary antibody and again washed for 6 times. Finally, plates were incubated with
tetramethylbenzidine (TMB) substrate for 1 h at room temperature (RT) to detect bound
antibodies. Absorbance values were read at 415 nm using the MULTISKAN SkyHigh plate
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reader (Thermo Fisher Scientific). To ensure the consistency of results and avoid any

discrepancy, triplicates of each sample were used.

Absolute Quantification of P. berghei Parasites

At day 8 pci, organs were harvested and blood was collected from mouse groups (PbA and
Bm/PbA7; n=5). DNA was extracted from tissues and blood using NucleoSpin® Tissue Kit
(Takara, Japan), and QIAamp® DNA Blood Mini Kit (Qiagen, Hilden, Germany), respectively,
adhering to the directions specified by the manufacturer. The DNA was eluted to a final volume
of 100 pL. To quantify the parasites, a pair of specific primers (F: 5°-
AAGCATTAAATAAAGCGAATACATCCTTAC-3%; R:
5"GGAGATTGGTTTTGACGTTTATGTG-) was used to amplify a part of the 18S rRNA gene
(134 bp) of P. berghei (Baptista et al., 2010). A final volume reaction of 10 uL. was run in
duplicates, composed of 5 pL 1 x PowerUp™ SYBR™ Green Master Mix (Applied
Biosystems, Massachusetts, USA), 0.8 uM primers, 1 uL DNA, and 2.4 uL UltraPure™
DNase/RNase-free water (Thermo Fisher Scientific). The cycling regimen employed was 50 °C
for 2 min, 95 °C for 2 min, 40 cycles of 95 °C for 15 sec and 60 °C for 45 sec, with a dissociation
stage. The reactions were run in the QuantStudio™ 5 Real-time PCR System water (Thermo
Fisher Scientific). Serially diluted standards prepared from plasmids served as reference
samples. Gene copy values were derived from the average quantified cycle values of the
replicates relative to the obtained values from the standards. Values were converted to their

corresponding log values followed by statistical analysis.

Evans Blue Assay for Assessment of the BBB Disruption and Lungs Vascular Integrity

To measure the disruption of BBB in C57BL/6 mouse groups (n=5), either single infected or
challenge-infected with P. berghei ANKA and in Naive, we followed the previously stated
protocol by (Baptista et al., 2010). Concisely, 200 pL of 2% Evans blue (EB) in PBS was
injected intravenously (iv) in the mouse tail after the onset of clinical symptoms of ECM. One
group of Naive mice was injected with PBS as the negative control to distinguish morphology.
One hour later, mice were euthanized and perfused with PBS. Harvested brains and lungs were
weighed, photographed, and kept in 2 ml formamide (Merck, New Jersey, USA) for 48 h at
37°C to recover the Evans blue dye from the tissue. The extent of BBB and lung damage was

assessed by measuring the absorbance at 620 nm. Evans blue concentration was quantified by

40



calculations using a standard curve.

Statistical Analyses

GraphPad Prism 8 software (GraphPad Prism, California, USA) was used for statistical
analyses of all data. To make a comparison among groups, ordinary one-way analysis of
variance (ANOVA) followed by post hoc Tukey’s multiple-comparisons test and two-tailed
unpaired student t-test was used. A P-value less than 0.05 was considered significant at a 95%

confidence interval.

2.3 Results

Extended survival of co-infected mice with B. microti primary infection against P. berghei
deadly challenge

In this investigation, Bm/PbA7 mice exhibited prolonged survival compared to PbA mice. All
PbA mice succumbed to the infection by day 12, as depicted in Figure 2.4A, whereas Bm/PbA7
mice survived until day 21 and ultimately perished at day 22 post-challenge infection (pci).
Notably, PbA mice displayed clinical signs such as piloerection, shivering, convulsions,
seizures, and coma, while co-infected mice managed to survive without manifesting any overt
signs of experimental cerebral malaria (ECM) (Figure 2.4B). These findings clearly indicate
that although complete survival was not achieved, the primary infection with B. microti
conferred immunity, enabling co-infected mice to survive for a more extended period compared

to PbA mice.

Parasitemia and hematologic indices during acute stage of B. microti and P. berghei co-

infection

Throughout the experiment, the levels of parasitemia were monitored through Giemsa-stained
blood smears. The curves illustrated in "Figure 2.4C" were utilized to compare parasitemia
levels among the three groups. This comparison unveiled that at day 0 of post-challenge
infection, the Bm/PbA7 mice exhibited a parasitemia level of 32.5%, resulting from a prior B.
microti infection. Subsequently, the parasitemia declined by day 6 post-challenge infection
(pci) (equivalent to day 13 post-primary infection), only to peak again. This subsequent
increase in parasitemia was attributed to the P. berghei challenge-infection. It is crucial to
acknowledge that the observed parasitemia reflects combined parasitemia caused by both
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Babesia and Plasmodium parasites. Notably, co-infected mice displayed the highest
parasitemia (38%), while the peak parasitemia in PbA mice was 32.47%. In the case of Bm
mice, the peak parasitemia level reached 36.39% and was observed on day 8 post-infection (pi)
(Figure 2.4C). The body weights of the Bm mice indicated transient loss that was subsequently
recovered after the resolution of parasitemia. In PbA mice, a drastic weight loss was observed
from the initial weight (20.058 g) to the final weight (14.887 g) before their demise. In contrast,
co-infected mice exhibited a gradual decline in weight from (16.98 g) to (14 g) (Figure 2.4D).
Furthermore, all groups developed anemia, with Bm and Bm/PbA7 mice experiencing
particularly intense anemia, evidenced by lower-than-normal RBCs and hematocrit indices.
Prior to the day of death, Bm/PbA7 mice displayed severe anemia, whereas hematologic
parameters were rehabilitated and sustained until day 28 pci in Bm mice (Figures 2.4E and
2.4F). Our findings substantiate that the escalation in blood parasites hastened the breakdown

of infected red blood cells (IRBCs) and reduced hematologic indices, leading to anemia.

Immune microenvironment in the spleen, brain, liver, lungs, and kidneys of mice

The aforementioned vital organs were investigated using flow cytometry to elucidate the
dynamics of immune cell populations. The objective was to explore the impact of co-infection
on immune cell dynamics during the early stages of infection, thereby elucidating the role of
innate immunity in this study. Spleen, brain, liver, lungs, and kidneys were aseptically
extracted, and after processing the samples, data were collected (Figure 2.5). While the brain
of PbA mice exhibited the lowest population of NK cells, DCs, and macrophages, the
populations of CD4+ and CD8+ T cells significantly increased compared to the other groups
(Figure 2.5B). Co-infected mice showed a significantly higher number of B cells than PbA
mice (Figure 2.5A). There were notable differences in the macrophage population between PbA
and Bm/PbA7 mice. In co-infected mice, macrophages were the predominant immune cells in
all probed organs compared to PbA mice. Particularly, macrophages were significantly higher
in co-infected (5.36%) spleen compared to PbA (0.13%) mouse spleen (Figure 2.5A). Among
all organs, the liver had the greatest percentage of macrophages in all the groups: 2.56%,
7.41%, 6.67%, and 13.27% in PbA, Bm, Bm/PbA7, and Naive mice, respectively (Figure
2.5C). PbA mice exhibited a comparatively low immune cell population in kidneys and lungs
than Bm/PbA7 mice (Figures 2.5D and 2.5E). In summary, the percentages of B cells, CD4+
and CD8+ T cells, macrophages, NK cells, and DCs varied among all groups, with the spleen
of PbA mice having the lowest immune cell population (except for CD8+ cells), and Bm/PbA7
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being comparatively higher (Table 2.3).

The interplay between pro-inflammatory and anti-inflammatory cytokines might drive
the outcome of B. microti and P. berghei co-infection in mice

In an effort to comprehend the cytokine interplay in mice, the serum levels of cytokines (IFN-
v, TNF-a, IL-6, IL-12p70, IL-2, IL-10) (Figure 2.6G) were assessed. Co-infected mice
displayed diminished levels of pro-inflammatory cytokines (IFN-y, TNF-a, IL-12p70), while
the anti-inflammatory cytokine (IL-10) exhibited an elevation during the acute phase of co-
infection (Figure 2.6). Although the reduction in the level of IL-12p70 did not reach statistical
significance, it is noteworthy that PbA mice demonstrated a slightly higher level compared to
co-infected mice: 58.7 pg/ml in PbA mice and 57.5 pg/ml in Bm/PbA7 mice, respectively. Our
results suggested a protective role of IL-10 against ECM, as co-infected mice had significantly
higher levels of IL-10 compared to PbA mice (Figure 2.6F). Additionally, the absence of early
IFN-y secretion led to fatal infection, as significantly elevated levels of IFN-y were observed
in PbA mice at day 8 post-infection (pi) (Figure 2.6A) compared with Bm/PbA7 mice.
Relatively higher levels of TNF-o and IL-12p70 were observed in PbA mice, although a
significant difference was not noted in the levels of IL-12p70 (Figure 2.6B and 2.6D). In PbA
mice, the serum level of TNF-o was enhanced compared to other groups (Figure 2.6B).
Elevated levels of IL-6 (Figure 2.6C) and IL-2 (Figure 2.6E) were also observed in mice with
P. berghei infection. Overall, these findings indicate that IL-10, IFN-y, and TNF-a are pivotal
cytokines, where high levels of IFN-y and TNF-a contribute to the lethality of the disease, and

IL-10 acts as a protective factor during B. microti and P. berghei co-infection.

Modification of humoral response during B. microti and P. berghei co-infection

Subsequently, the objective was to verify whether the surge in B and T cells corresponded to
the species-specific antibody response (Figure 2.5). To achieve this, antibodies targeting B.
microti and P. berghei (Figure 2.7) were assessed on day 8 post-cerebral infection (pci). For
singly infected mice, day 8 pci represented 8 days post-infection, while for co-infected mice,
denoted day 14 post-B. microti primary infection, coinciding with day 8 pci at the time of serum
collection. Consequently, co-infected mice exhibited prominent IgG-specific antibody

responses against B. microti (Figure 2.7A). Although the levels of IgM in singly infected Bm
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and PbA mice were elevated compared to co-infected mice, this difference did not reach
statistical significance (Figure 2.7E and 2.7J). The production of specific antibodies against P
berghei was comparable between co-infected and PbA mice. Our findings suggested that there
was minimal disparity in serum antibody production between PbA and co-infected mice. In
summary, our results indicated that mice during the acute stage of infection displayed a

diminished humoral immune response.

Alterations in structure of organs during acute stage of Babesia co-infection

In H & E-stained spleen sections, Naive mice exhibited typical, normal histology with well-
defined red and white pulps (Figure 2.8C). In spleens infected with P. berghei ANKA, the
demarcation between red and white pulps became indistinct due to the accumulation of immune
cells in the red pulp. Conversely, in co-infected spleens, the formation of the marginal zone
made the white pulp more discernible (Figure 2.8C). In the livers of Naive mice, a normal
structure featuring liver lobules with a well-organized arrangement of hepatocyte plates was
evident (Figure 2.8A). This arrangement and morphology of hepatocytes were severely
compromised in livers infected with P. berghei ANKA, whereas in the livers of co-infected
mice, these features appeared normal (Figure 2.8A). The lungs of Naive mice displayed an
intact and typical structure with normal histology, characterized by pulmonary alveoli
separated by thin septa (Figure 2.8B). Lungs infected with P. berghei ANKA exhibited severe
and moderate interstitial pneumonia, accompanied by interstitial thickening. This abnormality
was mitigated in co-infected lungs (Figure 2.8B). Overall, these observations suggest that co-

infection alleviated disease manifestations in the spleen, liver, and lungs of mice.

B. microti primary infection reduces subsequent tissue sequestration of P. berghei

The findings of flow cytometry indicated a potential role of innate immune cells in conferring
protective immunity (Figure 2.5). Similarly, qPCR outcomes underscored the defensive
function of innate immune cells against P. berghei infiltration in various organs, as evidenced
by the reduced P. berghei burden in tissues such as the liver, spleen, kidneys, lungs, and brain.
To investigate whether the exacerbated manifestation of severe disease in PbA mice resulted
from the accumulation of P. berghei-infected red blood cells (iRBCs) in organs, qPCR analysis

was conducted on DNA extracted from the brain, liver, lungs, spleen, kidneys, and blood of
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PbA and co-infected mice at day 8 post-infection (pci) (Figure 2.9). Our results demonstrated
a direct correlation between tissue injury extent (Figure 2.8) and P. berghei sequestration in the
tissues, with a significantly lower P. berghei burden in the liver, spleen, kidneys, lungs, and
brain of co-infected mice (Figure 2.9A-2.9E). Interestingly, mouse blood exhibited the opposite
trend, with a higher parasite load in co-infected mice compared to PbA mice (Figure 2.9F). The
increased P. berghei load in the organs of PbA mice, as compared to co-infected mice,
emphasized the protective immune response preventing the sequestration of a high load of
iRBCs in co-infected mice. The lower parasite burden in the liver, spleen, kidney, lung, and
brain of co-infected mice correlated with the prevention of tissue injury (Figure 2.9A-2.9E).

These findings were statistically significant.

Disruption of BBB and lungs vascular permeability is concomitant with ECM in PbA

mice

The disruption of the blood-brain barrier (BBB) and increased vascular permeability in the
lungs were concurrent with experimental cerebral malaria (ECM) in PbA mice. To confirm that
co-infected mice survived longer without ECM, the integrity of the BBB and changes in lung
vascular endothelial barrier function were assessed by measuring Evans blue infiltration in
respective tissues. As expected, co-infected mice exhibited intact BBB and lungs vascular
endothelial barriers, while in PbA mice, the BBB became more permeable with the onset of
ECM (Figure 2.10A and 2.10B). A notably higher extravasation of Evans blue was observed in
PbA mice compared to co-infected mice (Figure 2.10C). Overall, results suggest that the
severity of cerebral malaria, characterized by compromised BBB integrity due to P. berghei
infection, substantially decreased in co-infected mice. Additionally, the function of the lung
vascular endothelial barrier was impaired in PbA mice compared to co-infected mice, as

indicated by the higher infiltration of Evans blue dye (Figure 2.10D).

2.4 Discussion

This study was conducted to examine co-infections and to determine their potential
involvement in the onset or evasion of complicated malaria and associated pathologies.

Previous studies in mice have reported evidence of pathology in the brain, liver, lung, and

45



spleen, along with instances of anemia and parasite sequestration in tissues (Briquet et al.,
2015). The outcomes of this research revealed modifications in disease progression and
immune responses within a mouse co-infection model. In Bm/PbA7 mice, elevated parasitemia
at day 0 of the challenge infection, attributed to B. microti, was deemed advantageous for the
early activation of innate immunity. Additionally, P. berghei has preference for reticulocytes, a
factor believed to contribute to the elevated parasite burden leading to severe anemia and vice
versa (Thakre et al., 2018). Ultimately, Bm/PbA7 mice were observed to succumb to infection
due to anemia. The sequestration of Plasmodium in tissues is thought to benefit the parasite by
evading recognition and clearance of infected red blood cells (iRBCs) by macrophages in the
spleen (Lagassé et al., 2016). This sequestration of iRBCs is evidently associated with
pulmonary pathology in the murine model (Franke-Fayard et al., 2005; Lovegrove et al., 2008).
The infection of hepatocytes by Plasmodium sporozoites can lead to congestion, sinusoidal
blockage, and cellular inflammation (Al-Salahy et al., 2016). Our results also indicated a
proportional relationship between the intensity of malaria-induced lung pathologic features and

the increased levels of iRBC sequestration, aligning with the findings of Lagassé et al. (2016).

The observed organ damage in PbA mice, including the brain, liver, and lungs, stemmed from
diminished microcirculatory blood flow resulting from structural and functional alterations of
infected red blood cells (IRBCs) (Dondorp et al., 2000). Therefore, the insufficiency of
antimalarial immunity by Plasmodium may be elucidated by the evasion of the immunological
defenses through infiltration into organs and reduced immunogenicity (Dondorp et al., 2000).
A notable feature of severe malarial syndrome is the significantly increased parasite loads
compared to individuals with uncomplicated malaria. This suggests that the parasite load plays
a crucial role in the development of brain, lung, and liver diseases during malaria (Bagot et al.,
2002; Haque et al., 2011; Strangward et al., 2017). Despite higher peripheral parasitemia in
Bm/PbA7 mice, our qPCR results indicated less sequestration of P. berghei in the brain, liver,
lungs, spleen, and kidneys compared to PbA mice. This observation might account for the

prolonged survival and evasion of severe malaria in Bm/PbA7 mice compared to PbA mice.

Macrophages have been identified as pivotal cell types involved in the host immune response
against malaria infections. In addition to their role in phagocytosing infected red blood cells
(1IRBCs), they influence the surrounding tissue environment by releasing both pro-

inflammatory and anti-inflammatory cytokines (Ozarslan et al., 2019). Mice lacking
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macrophages displayed more malaria complications, such as disruption in the blood-brain
barrier (BBB) and increased vascular permeability in the lungs (Gupta et al., 2016). These
studies strongly suggest the crucial role of macrophages in immunity against malaria,
emphasizing that their activation can modulate the disease outcome. However, the mechanisms
governing their activation remain unknown. With a few exceptions, the populations of innate
immune cells (including B cells, NK cells, DCs, and macrophages) in PbA mice organs
declined, while those in co-infected mice organs increased (Table 2.3). Despite Plasmodium-
induced immunosuppression (Millington et al., 2007), mice with primary B. microti infection
appear to evade the immunosuppressive effect of Plasmodium in co-infected mice. Therefore,
depending on the organ, the innate immune response determines the course of infection. This
clarifies the prolonged survival and partial protection of co-infected mice, as they were exposed
to a Plasmodium-like parasite to activate the first line of defense. There is consensus that the
presence of CD8+ T cells and sequestration of infected red blood cells in the brain are crucial
for the progression of experimental cerebral malaria (ECM). The activation of brain endothelial
cells could lead to the phagocytosis of the pathogen and the presentation of antigens to CD8+
T cells. This, in turn, might initiate the killing of endothelial cells through the perforin pathway
by CD8+ T cells, ultimately resulting in BBB breakdown (Baptista et al., 2010).

Additional studies have emphasized that the presence of CD8+ T and CD4+ T cells in the brain
is a distinctive feature of cerebral pathology (Grau et al., 1986; Belnoue et al., 2002). Liver
damage occurs in experimental cerebral malaria (ECM) before the manifestation of
neurological symptoms. Consequently, the liver is considered a significant reservoir of CD8+
T cells during the symptomatic stages of ECM (Haque et al., 2011). In alignment with our flow
cytometric and qPCR analyses, PbA mice exhibited significantly higher infiltration of CD8+ T
cells in the brain, liver, and lungs, while co-infected mice displayed reduced infiltration of
CD8+ T cells and infected red blood cells (iRBCs). Therefore, both the parasite burden and

CD8+ T cells play crucial roles in exacerbating multiorgan injury in PbA mice.

Alterations in the balance between pro-inflammatory and anti-inflammatory responses can
significantly influence the disease outcome (Beiting, 2014). The secretion of IL-10 stands out
as a crucial characteristic of tissue-resident macrophages (Gupta et al., 2016; Kumar et al.,
2019). Malaria complications are enhanced in the absence of macrophages (Ozarslan et al.,
2019). Stimulation of B cells or infection with B. microti leads to the production of IL-10, with

the numbers of IL-10-producing B cells increasing with B. microti infection (Jeong et al.,
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2012). In the context of malaria, IL-10 production serves to protect tissues from injury. It exerts
its anti-inflammatory effects by suppressing the secretion of pro-inflammatory cytokines and
by reducing the expression of MHC-II molecules on antigen-presenting cells (APCs) (Sanni et
al., 2004; Couper et al., 2008; Kumar et al., 2019). An insufficient pro-inflammatory response
may lead to uncontrolled parasite replication, while an excessive pro-inflammatory response
can result in tissue injury. In summary, cytokine findings illustrated the protective role of IL-
10 against experimental cerebral malaria (ECM) (Freitas Do Rosario & Langhorne, 2012). The
FACS data corroborate these results, as evidenced by the significant decrease in B cell and
macrophage populations in PbA mice, leading to a reduction in IL-10 production, whereas B
cell and macrophage populations increased in co-infected mice, accompanied by a
simultaneous rise in IL-10 cytokine levels.

The early release of IFN-y has been identified as a protective factor against experimental
cerebral malaria (ECM) (King & Lamb, 2015), while the absence of timely IFN-y release can
result in lethality (Stevenson & Riley, 2004). IL-10 serves to inhibit the excessive secretion of
IFN-y and TNF-a during B. microti infection (Djokic et al., 2018), simultaneously enhancing
the immune response to eradicate the parasite (Trinchieri, 2007; Couper et al., 2008; Redpath
et al., 2014). Malaria pathology has been linked to the overproduction of IFN-y and IL-12
(Engwerda et al., 2002). In a separate investigation, protected mice exhibited minimal levels
of IFN-y and TNF-o, along with an increased concentration of IL-10 following P. chabaudi
challenge infection. The cytokine outcomes suggest that the protection afforded by B. microti
against P, berghei is attributed to the absence of elevated levels of IFN-y, TNF-a, and IL-12p70.
In contrast, these cytokine levels peaked in PbA mice compared to co-infected mice. A potential
mechanism through which pro-inflammatory mediators such as TNF-a and IFN-y induce tissue
pathology is by upregulating adhesion molecules like [ICAM-1, VCAM-1, and P-selectin on
endothelial cells, leading to the accumulation of leukocytes and infected red blood cells
(1IRBCs). This implies that the sequestration of iRBCs and leukocytes may play a pathogenic
role (Bagot et al., 2002; Claser et al., 2019).

This study has some limitations. One constraint is the absence of a green fluorescent protein
(GFP) parasite, which would have allowed us to distiguish the impact of co-infection solely on
PbA parasitemia. Furthermore, the use of a GFP parasite would have facilitated the convenient
visualization and tracking of the parasite's location and behavior within tissues. Another aspect

that warrants exploration is the influence of co-infection on the prepatent period. In contrast to
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a previous investigation (Efstratiou et al., 2020) demonstrating 100% cross-protection by B.
microti against lethal P. chaubadi, our study indicates that primary infection with B. microti is
associated with mitigating disease manifestations in complicated malaria compared to a sole
infection with P. berghei. Given that co-infected mice did not exhibit complete cross-protection,
it is imperative to investigate other factors that might enhance the immune response and further
fortify the host defense. To validate the protective role of macrophages in controlling and
resisting infections, it is essential to transfer bone marrow-derived macrophages (BMM) from
naive mice to co-infected mice. This approach will help determine whether co-infected mice
exhibit enhanced survival and improved recovery from parasitemia compared to PbA mice that
did not receive BMM. Further exploration is also necessary to unravel the contribution of
distinct macrophage subtypes, such as M1 and M2, in orchestrating the balance between pro-

and anti-inflammatory cytokines, a phenomenon hypothesized to facilitate the cross-protection.

2.5 Summary

In this study, a murine co-infection model of severe malaria was utilized. The research findings
revealed that primary B. microti infection extended the survival of co-infected mice and
mitigated the severity of the disease compared to P. berghei control mice. Additionally, the
immune cell compositions in the liver, lungs, kidneys, brain, and spleen of all experimental
groups of mice were quantified and compared, providing a detailed insight into the immune
microenvironment within organs. These results suggest that innate immunity is crucial for
cross-protection, with macrophages appearing to play a role in conferring immunity in co-
infected mice. Alongside the higher parasite burden in the organs, a substantial population of
CD8+T cells was linked to organ damage. Co-infected mice exhibited reduced levels of pro-
inflammatory cytokines (such as I[FN-y, TNF-a, IL-12p70), contrasting with the elevated levels
of the anti-inflammatory cytokine IL-10 in mouse serum, indicating a protective function of
IL-10 against complicated malaria. Further investigation is necessary to explore the malaria-
suppressing effects of Babesia, aiming to gain a better understanding and develop novel

therapeutic tools to combat malaria.
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Table 2.1. Antibody panel 1 used for FACS analyses

Anti-mouse antibody Antibody dilution Manufacturer (catalog
Immune cells Fluorophore
markers (vol/vol pL) no.)

Total leukocytes CD45 FITC 0.5/200 BioLegend (147709)
T lymphocytes CD3 PE/Cyanine7 1/200 BioLegend (100219)
B lymphocytes CDI19 Brilliant Violet 421™ 1/200 BioLegend (115537)
Natural killer cells CD49%b PerCP/Cyanine5.5 1/200 BioLegend (108915)
CD4 cells CD4 PE 1/200 BioLegend (100408)
CD8 cells CD8a Brilliant Violet 510™ 1/200 BioLegend (100751)
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Table 2.2. Antibody panel 2 used for FACS analyses

Anti-mouse antibody Antibody dilution Manufacturer (catalog
Immune cells Fluorophore
markers (vol/vol pL) no.)
Total leukocytes CD45 FITC 0.5/200 BioLegend (147709)
Macrophages F4/80 PE 1/200 BioLegend (123109)
Dendritic cells CDllc Brilliant Violet 510 ™ 1200 BioLegend (117337)
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Table 2.3. Percentage of immune cell populations in test organs.

ORGANS _lIMMUNE CELLS% | PbA | BM __| BmPbA7 | Naive |

B lymphocytes 54.688 53.463 59.760 62.256

CD8 13.332 10.207 10.280 10.886

Sl CD4 16.967 21.680 17.144 23.338
NK cells 1.042 3.203 7.490 6.734
Dendritic cells 2.794 2.113 2.932 5.762
Macrophages 0.138 6.433 5.366 8.134

B lymphocytes 12.642 12.304 13.100 12.496

CD8 44.378 3.982 15.048 3.602

Brain CD4 12.034 1.962 10.220 5.966
NK cells 0.348 0.988 0.504 1.079
Dendritic cells 0.028 0.030 0.048 1.116
Macrophages 0.078 0.780 0.705 2.020

B lymphocytes 17.622 16.464 23.154 24.776

CD8 24.602 23.838 14.050 10.506

Liver CD4 11.068 11.200 14.474 9.640
NK cells 1.954 12.360 2.956 7.176
Dendritic cells 3.748 5.200 4.076 6.750
Macrophages 2.560 7.416 6.676 13.270

B lymphocytes 6.290 24.538 13.610 14.598

CD8 26.794 22.856 27.012 38.860

Lung CD4 7.398 10.700 4.148 11.918
NK cells 5.054 3.142 5.168 1.796
Dendritic cells 1.432 11.501 1.204 1.846
Macrophages 0.322 4.882 4.480 2.884

B lymphocytes 10.072 14.152 12.598 30.958

CD8 11.496 22.274 28.270 4.456

Kidney CD4 8.578 12.200 13.108 9.782
NK cells 7.272 3.374 3.360 3.788
Dendritic cells 7.544 4.500 3.924 2.070

Macrophages 0.506 3.646 3.725 0.840
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Figure 2.3. Gating scheme for fluorescence-activated sorting (FACS) analysis of immune cells. A total of 50,000 events were analyzed. Each
panel is a representative image of gating for (A) singlets, (B) CD45" (immune cells), (C) CD45" leukocytes, (D) CD45" CD3* (T cells), CD19*
(B cells), (E) CD45" F4/80" (macrophages), (F) CD45" CD11¢" (dendritic cells), (G) CD45" CD49b" (natural killer cells), and (G) CD45" CD8a"
(CD8 T cells), CD45" CD4* (CD4 T cells).
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Figure 2.4. Monitoring the course of disease in C57BL/6J mice in Bm, PbA7, Bm/PbA7, and Naive mice groups (n=6). In the first trial test mice
were initially infected with B. microti and then challenge infected with P. berghei at day 7 post-primary infection. (A) Survival curve, (B) RMCBS
score, (C) course of parasitemia, (D) body weight, (E) red blood cell (RBC) count, and (F) hematocrit values were monitored until PbA and
Bm/PbA7 mice died and for 28 days for Bm and Naive mice. Mean percent parasitemia, body weight, RBC, and hematocrit values were calculated
from individual values taken from all surviving mice at each specific time point. Results are expressed as the mean values + standard deviation
(SD) of six mice (n = 6). Ordinary one-way analysis of variance (ANOVA) with Tukey’s test was used for the comparison of parasitemia between
Br and co-infected groups, Two-way ANOVA followed by Tukey's multiple comparison test was used for the analysis of clinical score, whereas

for the survival analysis the Kaplan-Meier non-parametric model was used. Asterisks indicate statistical significance (*P < 0.05; **P <0.01; ***pP
<0.001).
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Figure 2.5. A subsequent trial conducted to perform immunophenotyping of different types of immune cells in mice spleen, brain, liver, kidney
and lungs at day 8 post-challenge infection based upon surface markers by FACS. (A) Spleen (B) Brain, (C) Liver, (D) Kidney, and (E) Lungs in
PbA, Bm, Bm/PbA7, and Naive mice (n=5). Markers used were CD45+ CD3+ cells (T cells), CD45+ CD19+ cells (B cells), CD45+ CD49b+ cells
(natural killer cells), CD45+ CD11c+cells (dendritic cells), and CD45+ F4/80+ cells (macrophages). Analysis of variance (ANOVA) followed by
post hoc Tukey’s multiple comparison test. The percentage population of each cell type is presented as mean £+ SD. Asterisks indicate statistical

significance (* P < 0.05; **P < 0.01; ***P <0.001).
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Figure 2.6. The kinetics of serum cytokines of experimental PbA, Bm, Bm/PbA7, Naive mice

groups (n=5). Test C57BL/6J mice were initially infected with B. microti and then challenge

infected with P. berghei at day 8 post-primary infection. Serum was collected from all groups
at day 8 pci and levels of (A) IFN- g, (B) TNF-a, (C) IL-6, (D) IL-12p70, (E) IL-2, and (F) IL-

10 were measured. (G) Heatmap representing the progression of secretion of the six cytokines.

The results are expressed as means + SD. Ordinary one-way analysis of variance (ANOVA)

with Tukey’s test was used for the statistical analysis. Asterisks denote statistical significance

(*P <0.05; #*P<0.01; ***P <0.001).
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Figure 2.7. The dynamics of serum antibodies against B. microti and P. berghei in Bm, PbA mice, Bm/PbA7, and Naive mice groups (n=5). The
production of (A), IgG (B), IgG1 (C), IgG3 (D), IgG2a and (E), IgM showed B. microti-specific while (F), IgG (G), IgG1 (H), IgG3 (1), IgG2a
and (J), IgM showed P. berghei-specific antibodies in mice serum collected at day 8 pci post-challenge infection. Results of ELISA indicated a
significant increase in the specific antibodies in the serum of co-infected mice. Ordinary one-way analysis of variance (ANOVA) with Tukey’s test

was used for the statistical analysis. Asterisks indicate statistically significant differences (*, P < 0.05; **, P <0.005; ***, P <0.0001. The results
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Figure 2.8. Histopathological analysis of the (A) liver, (B) lung, and (C) spleen depicting the impact of P. berghei and Bm/PbA7 mice compared
to Naive mice (n=1). Sections of 5 um thickness were collected and stained with H & E. Black boxes indicate (A) Naive mice showed liver lobules
with an orderly arrangement of hepatocyte plates. This arrangement and morphology of hepatocytes were severely damaged in PbA mice livers,
in Bm/PbA7 mice morphology was normal. (B) Lung of Naive mice had intact structure, containing pulmonary alveoli separated by thin septa.
PbA mice showed severe and moderate interstitial pneumonia, with the thickening of the interstitium. Mild abnormality was seen in the Bm/PbA7
mice. (C) Naive mice spleen showed distinct red (r) and white (w) pulps, PbA mice indicated the blurred boundary between red and white pulp

because of repletion of immune cells in the red pulp. In Bm/PbA7 mice spleen, the marginal zone (*) distinguished by the white pulp clearly.
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Figure 2.9. Measure of P. berghei burden in mice (A) Liver (B) Spleen, (C) Kidney, (D) Lung, (E) Brain, and (E) Blood of PbA and Bm/PbA7
mice (n=5). Mean copy numbers of P. berghei 18S in mouse DNA samples (n = 5 per group at day 8 post-challenge infection) were transformed
to log values. Bm/PbA7 mice have less sequestration of P. berghei in organs than PbA mice. Individual values are the mean of duplicate samples.

Log values were analyzed using one-way ANOVA and Tukey’s multiple comparison post hoc test; ***P < 0.001.
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Figure 2.10. Second trial was conducted employing PbA, Bm/PbA7 and Naive mice (n=5). Following the protocol as described in the method
section harvested brains and lungs from mice were weighed, and photographed. The morphology and color of the (A) brain (B) lungs. The amount
of Evans blue dye that infiltrated the (C) brain and (D) lungs was measured. Co-infected mice showed less extravasation of Evans blue dye in the
brain and lungs as compared to the PbA mice. Analysis of variance (ANOVA) followed by post hoc Tukey’s multiple comparison test. Results are

expressed as means + SD. Asterisks indicate statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001).
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General discussion

In the realm of parasitic diseases, co-infections can be particularly challenging to unravel due
to their potential to elicit complex and intertwined immune responses. This complexity is
exemplified in the co-infection of rodents with two protozoan parasites: Babesia and
Plasmodium. Two separate research projects have been conducted to investigate co-infections
involving both Babesia and Plasmodium parasites and their impact on disease outcomes,
immune responses, and related pathologies, as well as the potential for cross-protection against

severe malaria.

In the first study, the immune mechanisms responsible for protection against Babesia and the
consequences of co-infections were explored to examine the impact of B. microti acute co-
infection on B. rodhaini. The findings of this study demonstrated that B. microti primary
infection had a mitigating effect on parasitemia peaks while exacerbating anemia in B.
rodhaini-challenged mice. In contrast, mice infected solely with B. rodhaini exhibited a rapid
increase in parasitemia and exacerbated anemia (Wang et al., 2016). These results validated the
previously established cross-protection observed during chronic B. microti-B. rodhaini co-
infections and elucidated that this phenomenon commences at a specific point during the acute
stage co-infection. The role of mature erythrocytes in curtailing parasitemia was also
highlighted (Li et al., 2012). A decline in antibody production during the acute co-infection
phase was observed in the results, consistent with findings from a previous study (Li et al.,
2012). Previous B. microti-B. rodhaini co-infection studies did not address dynamics of the
spleen in co-infected models. Spleen disorganization and splenomegaly are known to occur
during human and murine malaria infections, driven by innate immune activation, monocytic
cell expansion, and the removal of infected red blood cells (RBCs) (Weiss, 1989; Weiss et al.,
1989; Villeval et al., 1990). These structural alterations, especially in the germinal centers of
the spleen, can affect antibody responses during malaria and influence the development of
immunity (Cadman et al., 2008). B. microti infection activates macrophages early in the
infection, which helps control parasite replication (Terkawi et al., 2015). Studies have shown
that B. microti can confer immunity against other Babesia and Plasmodium infections,
primarily through macrophages (Li et al., 2012; Efstratiou et al., 2020). The results of this study
support these findings, with a significant increase in the macrophage population in splenocytes

during co-infection (Li et al., 2012; Djokic et al., 2018a). Additionally, histopathology
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observations confirmed the impact on spleen structure. However, B and T cell populations
decreased during co-infection, consistent with previous studies (Djokic et al., 2018a; Djokic et
al., 2019). This highlights the role of innate immunity during the acute phase of Babesia co-
infection in mouse models. IFN-y and IL-10, classic double-edged sword cytokines, were found
to have varying levels in cross-protected mice compared to control mice (Li et al., 2012). The
study showed that elevated IL-10 levels may have contributed to relatively lower levels of IFN-
vy and TNF-a in co-infected mice, affecting the outcome (Li et al., 2012). The consequence of
IL-10 production depends on the timing, location, and the cell type producing it (Kumar et al.,
2019). Lower IFN-y production during co-infection may have contributed to reduced
parasitemia and increased survival (Li et al., 2012). High ROS levels in B. rodhaini-infected
mice may have contributed to erythrocyte lysis, leading to severe pathology (Li et al., 2012).
The role of oxidative stress and ROS during malaria remains a subject of debate, with oxidative
stress potentially exerting both protective and pathophysiological effects (Percério et al., 2012).
These findings contribute to our understanding of the host's immune response during co-
infection and highlight the complex interplay of various factors that can influence the outcome

of Babesia infections.

The second study aimed to explore the impact of co-infections on the development and evasion
of severe malaria and related pathologies. Evidence of pathological changes in various organs,
anemia, and tissue-sequestration of parasites in mice has been documented (Briquet et al.,
2015). This research highlighted the modification of disease outcomes and immune responses
in a mouse co-infection model. The Bm/PbA7 mice exhibited high parasitemia levels at the
onset of B. microti infection, which was believed to activate innate immunity early. P. berghei,
known for its preference for reticulocytes, resulted in an increased parasite burden and,
consequently, severe anemia. The sequestration of Plasmodium in tissues, particularly the lungs,
was associated with pulmonary pathology. The infection of hepatocytes by Plasmodium
sporozoites led to congestion, sinusoidal blockage, and cellular inflammation (Al-Salahy et al.,

2016).

The intensity of malaria-induced lung pathology was proportional to the levels of iRBC
sequestration. Organ damage observed in PbA mice, including in the brain, liver, and lungs,
was attributed to diminished microcirculatory blood flow caused by structural and functional

changes in iRBCs (Dondorp et al., 2000). This allowed the parasites to evade the host's immune
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response by infiltrating organs and reducing immunogenicity. Higher parasite loads were
associated with the development of brain, lung, and liver diseases during malaria (Bagot et al.,
2002; Haque et al., 2011; Strangward et al., 2017). Notably, the qPCR results indicated lower
sequestration of P. berghei in co-infected mice's organs compared to PbA mice, explaining the
prolonged survival and reduced severity of malaria in co-infected mice. Macrophages were
identified as crucial cells in the host's immune response against malaria infections, involved in
phagocytosis and cytokine release. Mice lacking macrophages experienced more malaria
complications, indicating the critical role of macrophages in immunity (Gupta et al., 2016).
Co-infected mice exhibited increased innate immune cell populations compared to PbA mice,
suggesting that the innate immune response determined the outcome of infection, depending
on the organ. This provides insight into the mechanisms modulating macrophage activation
(Ozarslan et al., 2019). In the context of cerebral malaria, CD8+ T cells and iRBC sequestration
in the brain were essential for the progression of experimental cerebral malaria (ECM). Brain
endothelial cells activated CD8+ T cells, leading to BBB disruption (Baptista et al., 2010).
Higher infiltration of CD8+ T cells in the brain, liver, and lungs was observed in PbA mice
compared to co-infected mice, explaining the multi-organ injury in PbA mice (Grau et al., 1986;
Belnoue et al., 2002; Haque et al., 2011). The balance between pro-inflammatory and anti-
inflammatory responses played a crucial role in determining disease outcomes. IL-10
production by tissue-resident macrophages protected against tissue injury in malaria. A low
pro-inflammatory response allowed unrestrained parasite replication, while an excessive pro-
inflammatory response led to tissue damage. The cytokine results indicated that IL-10 protected
against ECM, while high levels of pro-inflammatory cytokines, such as IFN-y and IL-12, were
associated with pathology (Trinchieri, 2007; Couper et al., 2008; Redpath et al., 2014).

Overall, these two studies provide comprehensive insights into the complexities of co-
infections involving Babesia and Plasmodium parasites. They highlight the interplay between
the parasites, the immune responses of the host, and the resulting disease outcomes. The
findings emphasize the potential for cross-protection, the influence of parasite load, the
importance of macrophages, and the delicate balance between pro- and anti-inflammatory
responses. These insights are critical for understanding the mechanisms of co-infections and
could inform the development of more effective strategies for managing and preventing these

debilitating diseases in the future.
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General summary

Babesiosis and malaria are two significant vector-borne diseases that cause high morbidity and
mortality, particularly in immunocompromised individuals. Babesiosis causes high morbidity
and mortality in immunocompromised individuals. Previous studies suggested that lethal
Babesia rodhaini and Plasmodium infection in murine can be evaded by Babesia microti
primary infection via activated macrophage-based immune response. On the other hand,
malaria remains one of the most significant health issues worldwide, accounting for 2.6% of
the total global disease burden, and efforts to eliminate this threat continue. Key focus of global
research is to develop an efficient and long-term immunity to this disease via vaccination or
therapeutic approach, and innovative strategies would enable us to achieve this target. This
study aimed to investigate the immune dynamics and pathology associated with acute co-

infection of these two diseases in murine models.

Chapter 1 focused on the interaction between two species of Babesia, Babesia microti, and
Babesia rodhaini, of different pathogenicity. This study was planned to investigate the immune
dynamics and pathology associated with acute co-infection of these two diseases in murine
models. Female wild-type BALB/c mice were used to investigate the dynamics of Babesia
infections. Babesia microti (Munich strain) and Babesia rodhaini (Australia strain) stabilates
were utilized for intraperitoneal infections. Mice were infected with B. microti and
subsequently challenged with B. rodhaini at different time points. Parasitemia, body weight,
hematocrit values, and survival rates were monitored regularly. Immunofluorescence
microscopy and flow cytometry were employed to assess the immune response and cell
populations. Spleen histopathological analysis examined tissue changes, and serum cytokines
and antibody responses were quantified. Absolute quantification of B. rodhaini parasites was
performed using real-time PCR. These comprehensive methods shed light on the interactions
and immune responses in co-infections of Babesia parasites. It was found that primary infection
with B. microti during the chronic stage of B. rodhaini infection resulted in significantly
attenuating parasitemia and conferring immunity against the challenge infection. This
attenuation was marked by a decrease in splenic B and T cells, a reduction in antibody levels,
and a decline in humoral immunity. Interestingly, increased populations of macrophages and
natural killer cells were observed, suggesting their subtle role in protection. The cytokines [FN-

v and IL-10 were found to be major players in the lethality caused by B. rodhaini infection.
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Even a two-day delay in challenge infection had a significant impact on the resulting pathology.
Oxidative stress in the form of reactive oxygen species also contributed to disease severity.
Histopathological examination revealed differences in the spleen's marginal zone between B.
rodhaini infection and co-infection. Further research is needed to investigate the roles of

various immune cell subtypes in the protection of co-infected hosts.

Chapter 2 aimed to understand the impact of acute B. microti Peabody mjr and Plasmodium
berghei ANKA co-infection on the consequence of complicated malaria in the C57BL/6J
mouse model of malaria. In the conducted research, mice were divided into several groups,
including B. microti-infected (Bm), co-infected (Bm/PbA7), P. berghei-infected (PbA), and a
Naive control group. Parasitemia, body weight, RBCs, and hematocrit, were regularly
monitored. Survival rates and experimental cerebral malaria (ECM) were assessed. Flow
cytometry was used to determine the immunophenotype of various organs. Pathological
features were examined for the extent of tissue damage. Serum cytokine levels were quantified,
and humoral immunity was evaluated through ELISA. Absolute quantification of P. berghei
parasites was performed by qPCR. The Evans Blue assay assessed blood-brain barrier
disruption and lung vascular integrity. These methods allowed for a comprehensive
investigation of the impact of co-infection on the immune response and pathology in the murine
models of babesiosis and malaria. Bm/PbA7 mice survived longer than PbA mice. All the PbA
mice succumbed to infection within day 12. It was established that acute B. microti infection
activated immunity which was otherwise suppressed by P. berghei. The immunosuppressive
tissue microenvironment was counteracted as evidenced by the enhanced immune cell
population in co-infected mice, in contrast to P berghei-infected control mice. Parasite
sequestration in the brain, liver, lung, and spleen of co-infected mice was significantly
decreased and tissue injury was ameliorated. Meanwhile, the serum levels of IFN-y, TNF- a,
and IL-12p70 were reduced while the secretion of IL-10 was promoted in co-infected mice.
Eventually, co-infected mice showed an extended rate of survival. Hereby, the principal
cytokines associated with the severity of malaria by P. berghei infection were TNF- a, [FN-y,
and IL-12p70. Moreover, it was evident from our flow cytometry results that innate immunity
is crucial against P. berghei infection. This study recommended further investigations to shed
light on the effects of babesiosis in suppressing malaria with the goal of developing Babesia-

based therapy against malaria.
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In conclusion, these studies explore the immune responses and pathological features of co-
infection with Babesia and Plasmodium. The results of this research shed light on potential
strategies for mitigating the impact of these diseases, characterized by innate immunity being
crucial in providing protection and macrophages at the frontline of protection. These findings
warrant future research to explore the potential of using Babesia-based therapy to suppress
babesiosis and malaria and improve survival rates with the aim of developing novel therapeutic

tools to control these diseases.
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feld. gD B fifas & O T MDRA. FUEL ~NLDET, L OEERERED
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BEFICL>TEHESITSNG, BIRKENZEIC, 7R 77—V 8 FFaILFS
— Ml OEMOBEBMMNER N, BHEICEIT2ZEN o ORFEINRE I Nz, A
NhA Y IEN-y B L OV IL-10 1. B. rodhaini BFEIZ £ - TH| TR I SN HBIEXIC
FEREREAL D, EUBRZFEORTOBIR ML AHEEOEEIICHTEST 5,
ERRESRRIREICE Y. B rodhaini Bk & RIR R TILBEIB O DBEE I HEWA S
LZENBEONTHE Tz, FIREELICBEEDORHEICEIT 2 S F I FaREiligt
TRATORENEHAET HICI1E. SRRV DEE LD,

% 2 ETIL. C5TBL/6] ¥ 7 ZAETILIZE T 5214 B. microti (Peabody mjr) &
Plasmodium berghei ANKA D RIFFEENEMIE~Y T ) TICKITTHEOEEZ BN &
L7ze ¥ A% B. microti B (Bm), R (Bm/PbAT). P berghei FX4% (PbA).
BEOTA—THBIIN -T2 ELWLODDTIN—TICH Tz, BEEK KE,
RMER, ~~ b7 Uy b REHEREROERNLE=RXY V7 %177, H£FE
EEBIIM~Z YT (BECM) ZFHf L7, S XS £ AR ORRRITAE L RET 57
7A=Y A AN —ZFA LT, HROBEZRANDOHICHBREF 21T
Too MBYA bHA LN ZEEEI L, BLISA ICK > THRERMEREZ ML 7=, P
berghei DFEXIEE% qPCR ICK > TEIT LTz TNV X TIIL—T v TlE, MK
BEPIDHIE L M E D AREEATML7ze INHLDOAKICEY, IRUTEE
SUTDORIRAETICE T 2REIGEEREBICHT 2RBELOFEL IR IC
AET D ENABEE o7z, BVE B microti B\L. P berghei |2 £ - THIH =41 C
Wzt a G L L7, BIRRE Lz~ 7 RGBSR ILERI N, K. FTHRE.
i, BREICH T 2FERDRBEA RS L. HBIEED RS Lic, ¥4 bAA o
IZ& Y. TNF-a. IFN-y . IL-12p70 »' P. berghei B L 2~ 2 U 7 O EIEE ICB&

TEHEELRYA M HATHE I ENREIN, BARE. BHiixrso7 77—,
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P, berghei BFICTT 2B HEICE W TEEARE & B/ L7,

Bwme LT, INOLOEIL. NIRRT ETIRET 4 T LDORBRLEDR
EIGE CIREBFNBEORAER T o7, INODOHERIZ, NI TEETT T %
WL, RIECMICIFETXRZREL, INOOEREEGIET 27200FH LULVAEY

—LVERHETD/OIC. BRELERT — X 2R/ HIT2EDEEI NS,
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