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Abstract
THE DETRIMENTAL EFFECTS OF MALNUTRITION AND PLASMODIUM
CHABAUDI INFECTION ON GUT INTEGRITY AND IMMUNITY
Noah Joseph Murr
B.S., Appalachian State University
M.S., Appalachian State University
Chairperson: Dr. Michael M. Opata
Plasmodium falciparum is a protozoan parasite that causes malarial disease in
humans, which resulted in approximately 405,000 deaths 2018. P. falciparum infections
commonly occur in Sub-Saharan Africa, a region with high rates of micronutrient
malnutrition due to poverty, poor crop management, and droughts. Micronutrient
malnutrition is known to cause wasting and immunological defects, which leaves the host
susceptible to infection and disease. The prevalence of endemic malarial disease and
micronutrient malnutrition in rural Sub-Saharan Africa has exacerbated morbidity and
mortality. Despite their prevalence, there is a disparity in knowledge about the relationship
and outcomes associated with malaria and malnutrition, especially in the gut. Therefore,
we aimed to elucidate this complex relationship and hypothesized that malnutrition
hampers innate mucosal immunity and leads to increased morbidity during malaria
infection.

The complex relationship between malaria and malnutrition and their effects on
gut immunity and physiology are poorly understood. Thus, we investigated the effects of
moderate malnutrition and malaria infection in the guts of mice. We utilized a well-
established low protein diet that is deficient in zinc and iron to induce moderate

malnutrition and investigated intestinal permeability and mucosal innate immunity in the

gut. We first performed macroscopic analyses on the gut tissues of the mice and found that

v



the moderately malnourished mice had increased yellowing of their gut tissues, which is
indicative of lymphangiectasia. This effect was only exacerbated by malaria infection.
Upon microscopic evaluation of the small intestine, we observed deformed epithelial
mucosal cells in the moderately malnourished mice. Next, we administered FITC-dextran
to these mice via oral gavage and found that the moderately malnourished mice also had
increased intestinal permeability, which was again exacerbated by malaria infection. We
also saw shortening of the small and large intestine. This effect indicates increased
intestinal permeability (IP), which occurs due to inflammation and malnutrition.

To determine if these effects impacted mucosal innate immune cells, we
investigated the expression of CD11b or CD11c cells in the small intestine, large intestine,
and cecum. We found that the malnourished mice had decreased numbers of these cells
during malaria infection. To further investigate the functionality of these cells, we
delineated them using F4/80, and determined their activation by examining MHCII
expression. Surprisingly, an increased proportion and number of CD11b"F4/80" cells
expressed MHCII, indicating that more macrophages were activated. Furthermore, there
was also an increased proportion and number of CD11b"F4/80" macrophages secreting
IFNy. These data suggest that moderate malnutrition decreases mucosal innate immune cell
numbers in the guts of mice during malaria infection. Despite the decrease in mucosal
innate immune cells, they are increasingly activated and secreting inflammatory cytokines,

which could be causing increased intestinal permeability and shortening.
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Chapter 1
INTRODUCTION

Malaria is a morbid disease that is caused by infection from the protozoan
Plasmodium parasite. There are four different strains of Plasmodium that can infect
humans, P. vivax, P. ovale, P. malariae, and P. falciparum, the most prevalent and deadly
of the four (1, 2). P. falciparum was estimated to have evolved to infect humans
approximately 10,000-100,000 years ago in early hominids (3). To this day, the parasite
has evolved with us, incurring drug resistance and insecticide resistance that allows it to
continually cause disease in approximately 229 million people, killing almost half a million
people in 2019 (4). Sub-Saharan African is home to 94% of all malaria cases, due to
political turmoil, poor health care, lack of education, and malnutrition (5). These issues are
compounded by the complexity of the Plasmodium life cycle that grant it endemicity,
effectively evading vaccine and treatment efforts.

The Plasmodium parasite grows intracellularly in two phases, a sexual phase in the
carrier, a female Anopheles mosquito, and an asexual phase in the human host (6). The life
cycle is considered to begin when the mosquito vector ingests gametocytes during a blood
meal, resulting in gametogenesis in the midgut of the mosquito, however the factors that
regulate formation and initiation are not well understood (7). These gametes develop into
ookinetes, which become motile and embed themselves in the midgut lumen of the
mosquito and form oocysts (8). Within the oocysts, thousands of sporozoites develop and
mature, resulting in the oocyst bursting (9). The sporozoites then travel via hemolymph to
the salivary glands of the mosquito, which are then infectious to the mosquito’s next blood

meal, usually a human (10).



Inoculation of sporozoites within a human host begins the asexual phase of the
Plasmodium life cycle. When a human is bitten by the mosquito vector, hundreds of
sporozoites are released from the salivary gland into the blood stream. Many of the
sporozoites will be destroyed by macrophages and other innate immune responders (11).
Successful sporozoites will traverse capillary networks and across endothelial barriers to
enter the hepatic parenchyma (12). Once inside, the sporozoite will induce proteolytic
cleavage and processing of the circumsporozoite protein in order to invade hepatocytes
(13). Through this process, known as the exoerythrocytic or liver stage, the parasite
undergoes asexual reproduction to form schizonts within parasitophorous vacuoles,
protecting it from the immune system (14). Schizogony takes approximately 5-7 days in P.
falciparum and 6-18 days for other species of Plasmodium. After schizogony, the liver
cells will rupture, releasing merozoites into the blood stream, beginning the symptomatic
or erythrocytic stage of infection (15).

Once in the blood stream, the merozoites utilize four major families of Plasmodium
invasion ligands (EBL, Rh, MSP, and TRAP) in order to enter the host red blood cells
(RBC) (16). This process happens in only one minute, which is advantageous for the
parasite in its evasion from the immune response (17). Once inside the red blood cells, the
parasite replicates exponentially, depending on anaerobic glycolysis for energy. As the
parasite grows, the membrane permeability of the red blood cells and cytosolic composition
are modified (18, 19). These modifications allow for the uptake of extracellular nutrients
and the excretion of metabolic waste, preserving the integrity of the infected red blood
cells. This mechanism allows the merozoites to grow and divide through the ring,

trophozoite, and schizont stages. Eventually the red blood cells are lysed, releasing new



merozoites into the blood stream, which can infect more red blood cells and repeat the
process (20). As the parasite replicates, it can begin to manifest symptoms in the
gastrointestinal system (21, 22).

Malnutrition is another issue that is prevalent in Sub-Saharan Africa (23),
contributing to approximately 45% of all deaths in children in developing countries (24).
In this sense, the majority of people suffer from both micro and macronutrient
undernutrition, commonly called protein-energy malnutrition (PEM) (25). Children in Sub-
Saharan African commonly experience two forms of PEM, named kwashiorkor and
marasmus. Kwashiorkor is defined by adequate calorie intake with inadequate protein
intake, while marasmus is defined by inadequate intake of both protein and calories. While
individuals are certainly deficient in macronutrients in Sub-Saharan African, there are also
common micronutrient deficiencies, such as zinc and iron (26). This is especially
concerning as nutrient deficient malnutrition has been linked to increased predisposition to
infectious diseases, such as malaria, especially in children under the age of 5 (27).

Malaria and malnutrition have been studied intensively for years and their
relationship and interactions have been demonstrated well. Generally, it has been reported
that malnutrition increases the risk of malaria significantly, with greater chance of
experiencing severe malaria (28). Although much is understood about malaria and
malnutrition, the two still account for millions of deaths every year (29). This is mostly due
to poor socioeconomic status, education, hygiene, food scarcity, and political corruption in
endemic areas (30).

Malnutrition has profound effects on gut mucosal immunity, which also foment

morbidity and drastically impact protection against infection and disease outcomes. A



recent study on micronutrient malnourished children in Uganda and Niger had higher levels
of fecal calprotectin and plasma inflammatory cytokines (G-CSF, IL-6, TNFa, IL-1Ra, IL-
13, TNFB, and IL-2) (31). It was also determined that they had lower plasma levels of
butyrate and propinoate, which are key short-chan fatty acids (SCFAs) that are responsible
for regulating inflammation in the gut. Despite having higher basal inflammatory markers,
micronutrient malnutrition has been associated with decreased numbers of immune cells,
but increased proportions of activated T and B cells (32). This has been shown to disturb
nutrient sensing pathways in the gut, such as AhR and RAR signaling, which directly
impact mucosal immunity (33). As a result, innate immunity in the gut is hampered, leaving
the individual at higher risk for infection and comorbidities (34, 35).

Protein deficiency, especially in the case of kwashiorkor, has been shown to
increase rates of morbidity and mortality in children in Africa who are infected with
Plasmodium falciparum (36, 37). Children who are deficient in protein and infected by
malaria typically present higher rates of wasting and stunting, which is associated with
thymic hypoplasia and immunodeficiencies during infection (38). As consequence, it has
been found that specific IgG antibody levels towards the Plasmodium parasite are
significantly lowered in children who are deficient in protein (39). This leaves individuals
at risk for chronic infection, as well as higher rates of reinfection (40).

Protein deficiencies have also been shown to have important impacts on host
susceptibility to disease, as well as their clinical outcomes. Generally, protein deficiency
has been historically associated with decreased white blood cell numbers, hampering the
innate immune response to infections in general and in the gut (41, 42). This effect has

been attributed to altered B-cell responses and obstructed antigen presentation (43),



impaired haematopoiesis due to bone marrow atrophy (44), and thymic and mesenteric
lymph node hypoplasia (45). Leukopenia caused by protein deficiency effectively renders
the immune system less capable of fighting infection, leading to increased rates of disease
(46). Zinc homeostasis is also vital with regards to white blood cells numbers. Deficiencies
in zinc have been linked to altered haematopoiesis, cell maturation and differentiation, cell
cycle progression, and proper function (47).

Furthermore, transient loss of zin has been associated with cell signaling failures.
More specifically, zinc has been shown to be important during inflammatory responses;
without it the acute phase response to infection is dampened (48). As a result, this leaves
individuals who are deficient in zinc at higher risk for infection, with an increase in
morbidity (49). Cross-sectional studies among young children and pregnant women in
Africa have shown inverse correlations between zinc status and P. falciparum morbidities
(50, 51). Mouse studies have also shown that zinc deficiency results in 40% mortality from
the normally nonlethal rodent strain of malaria P. yoelii (52). Zinc supplementation has
been shown to greatly benefit host outcomes, reducing severe malaria episodes by 69% in
acutely infected individuals (53).

Iron is also known to play an important role in immunity, such as cell growth,
differentiation and cytokine activity (54). Iron deficiency has been reported to significantly
lower levels of circulating IgG, IL-6, IL-4, IL-8, and TNF-a (54, 55), suggesting that it is
important for cell functionality. A study by Ekiz et al, demonstrated that neutropenia
decreased oxidative burst and phagocytic activity due to defects in iron-dependent enzymes
(56). This is important because deficiencies in iron have been historically linked to

decreased severity and susceptibility to malaria infection (57, 58). However, a more recent



study by Zhang et al, has shown that iron deficiency exacerbated malaria infections by
means of iron exporter ferroportin, which degrades under deficient conditions and does not
transport iron out of red blood cells (59). As a result, the Plasmodium parasite has more
intracellular resources to thrive on.

Deficiencies are typically associated with anemia, poor neurological development,
and lower work capacity, especially in children and pregnant women (60). Despite the
known detriments of iron deficiency on human physiology, there is a never ending debate
on its possible harmful or therapeutic effects during malaria infection (61, 62). However,
we do know that iron deficiency is associated with lower IgG levels, as with protein
deficiency, IL-6, phagocytic activity, and oxidative burst by neutrophils (63). This is also
true in the case of gut immunity, where iron deficiency has shown to impact commensal
microbes, which in turn down regulate the immune response (64).

The gastrointestinal tract is a vitally important, yet often overlooked, part of basic
human physiology, homeostasis, and immunity. Containing the largest number of immune
cells in the body (65, 66), the gastrointestinal tract is charged with maintaining a very
delicate balance between protecting the body from harmful xenobiotic organisms while
harboring beneficial bacteria (67). One of first lines of defense against foreign pathogens
in the gastrointestinal system, and all systems, is the innate immune response (68), which
is divided into three groups of innate lymphoid cells. The first group includes natural killer
cells which are responsive for secreting cytokines such as IL-15, IL-12, and IL-18 (69).
These cytokines act as polarizing cytokines for adaptive immune cells that secrete IFN-y

and TNF-o0, and cytotoxic granules (70). Group 1 innate lymphoid cells are further



categorized by the T-box transcription factor eomesodermin, which has high homology to
T-bet, expressed by activated natural killer cells (71).

The second group of innate lymphoid cells in the gastrointestinal system is
categorized by all innate natural helper cells, nuocytes, and multipotent progenitor cells
(72-74). These cells are classified by their shared production of cytokines IL-5, IL-6, IL-9,
and IL-13, which are activated by intraepithelial cell derived IL-33 and IL-25 (75). This
makes these cells vitally important in response to helminth infections, which are typically
coinfected with the Plasmodium parasite (76). These cells are also typically partnered with
gut derived myeloid cells and macrophages (77).

Group three innate lymphoid cells are more variable and diverse when compared
to groups 1 and 2; they are typically defined by IL-17A and IL-22 production, and play a
role in the development and maintenance of lymphoid tissues and the gut microbiome (78).
More specifically, they are typically involved in barrier maintenance in the gut lumen and
are highly specialized in order to differentiate exogenous antigen from self-antigen (79).
Therefore, these cells have an important role in infection and immunity by means of
critically regulating inflammation and acting as effectors for the downstream adaptive
immune response.

In this study, we are particularly interested in macrophages and dendritic cells as
they are proportionately the largest responders during an innate immune response,
especially in the gut (68, 80). During a malaria infection, macrophages and dendritic cells
effectively function to identify pathogen-associated molecular patterns (PAMPs), which
induce cross talk with the adaptive arm of the immune system (81). Through this process,

the macrophages and dendritic cells protect the host against infection via NOD-2 mediated



release of cryptidins and proinflammatory cytokines, such as IFN-y and TNF-a (82). This
mechanism is essential to gut homeostasis and regulation of the intestinal microbiota,
which have been shown to have implications in infection and immunity (83). When there
are defects in these cells and cellular mechanisms, such as those brought about by
malnutrition, the consequences can be disastrous.

Collectively, deficiencies in protein, zinc, and iron are all decremental to immunity,
with emphasis on protection against infections, as well as mitigating morbidity. More
importantly, deficiencies in these nutrients also directly impact gut immunity and
physiology (84-87). It has also been shown that the Plasmodium parasite can travel to the
gut and infect the villi during the symptomatic stage of infection (88, 89). Under the
influence of malnutrition, this could allow the Plasmodium parasite to infect the gut tissues,
increasing harmful gastric symptoms, and increasing the chance of a fatal infection

Malaria has been found to have severely deleterious effects in the guts of mice and
men (90-92). Some of these severe effects include gastrointestinal bleeding and intestinal
obstruction due to absent peristalsis caused by splanchnic nerve dysfunction (93). Intestinal
ischemia is also common, which results from cytoadherence and resetting of iRBCs (94).
This effect can lead to destruction of the microvasculature in the intestines, disallowing
nutrient and oxygen delivery and ultimately causing tissue necrosis and death (95). Many
of the ischemic effects of malaria on the intestine are irreversible, causing permanent
damage to the gut mucosal layer (96), intracellular signaling (97), nutrient absorption (98),
and mitochondrial activity (99). Malaria infection has also been found to modulate the gut
microbiome and induce dysbiosis (100). This can allow opportunistic pathogens to

diversify and grow, causing further intestinal symptoms (101, 102)



What is not known is how the guts of mice that are fed a diet with limited protein
and deficient in iron and zinc respond to Plasmodium chabaudi infection. Our first aim was
to investigate changes in gut physiology during moderate malnutrition and malaria
infection in these mice. To investigate this, we performed macroscopic analysis of the gut
tissues, took their lengths, studied gut leakage with FITC-dextran, and used hematoxylin
and eosin (H&E) staining to resolve differences in epithelial disorganization.

Our second aim was to determine the impact of malaria infection on mucosal innate
immunity during moderate malnutrition. More specifically, we sought to determine the
functionality of the mucosal macrophages based on a model of infection and moderately

malnourished conditions in mice.
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Chapter 2
MATERIALS AND METHODS

2.1. Mice and parasite

Adult C57BL/6 mice were obtained from Harlan labs and a breeding colony
maintained in our animal facility. The rodent strain of malaria, P. chabaudi was received
as a gift from Dr. Robin Stephens at the University of Texas Medical Branch Galveston.
Authorization to use the parasite was given by Dr. Jean Langhorne from the Francis and
Crick Institute, UK. All animal studies were approved by the Institutional Animal Care and
Use Committee (IACUC) at Appalachian State University (Protocol 17-04). Male mice
aged 8-14 weeks were used for experiments with consistency in both the malnourished and
control groups.
2.2. Malnutrition and infection

Mice were fed either a moderate malnourished diet (Mal; TD.99075) with 3%
protein and deficient in iron and zinc, or a well-nourished diet (Ctrl; TD.99103) with 17%
protein and all necessary micronutrients from Envigo/Teklad (Indianapolis, IN). Both diets
have similar caloric content, which is made up by extra carbohydrates in the moderate
malnourished diet. The diets were administered to each group of mice at 3 grams per mouse
daily for approximately 4-5 weeks to induce moderate malnutrition. After 4-5 weeks, both
the control and malnourished mice were infected with 1x10° P. chabaudi intraperitoneally
and other groups of control and malnourished mice were left uninfected to serve as negative
controls. At 9 days post infection all mice were culled via cervical dislocation with
adherence to our approved IACUC protocol 20-10. The gut tissues including, the small and

large intestines and cecum were harvested and placed in ice cold PBS supplemented with
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2% FBS and 0.02% EDTA (Atlanta Biologicals S11150H, Flowery Branch, GA) in
preparation for cleaning.
2.3. Preparation of gut tissues for flow cytometry

The gut tissues were cleaned by manually removing all residual adipose residues
with scissors and forceps. The tissues were then cut longitudinally and flushed with ice
cold PBS supplemented with 0.02% EDTA using a 21-gauge needle and 10-mL syringe to
remove fecal matter. Any residual fecal matter was removed by scraping with forceps and
rinsing with more ice-cold PBS + 0.02% EDTA buffer. The tissues were then placed into
6-well plates with ISCOVES culture media (Corning #10-016-CV) supplemented with
2mM L-glutamine (Atlanta Biologicals B21210), SmM sodium pyruvate (Gibco 11360-
070), non-essential amino acids (MEM NEAA) (Gibco 11140-050), 10mM HEPES (Gibco
15630-080), 100 U/ml penicillin, 100 U/ml streptomycin and 2e”> M of 2-mercaptoethanol
(Gibco 21985-023) then minced with scissors. Type I collagenase (ThermoFisher
#17018029) was added at a concentration of 100 U/mL, followed by a one-hour incubation
at 37°C and 5% CO: for extraction of lamina propria cells. Cells were agitated every 15
minutes to ensure homogeneity.

2.4. Flow cytometry (surface staining)

After one-hour incubation, the 6-well plates were removed from the incubator and
the solid tissues were mashed through 70-pm nylon filters and lysed with 1X RBC lysis
buffer for 1 minute at room temperature. The RBC lysis was stopped by adding 5 mL ice-
cold PBS and spun at 1200 rpm at 4°C for 5 minutes. The suspensions were then placed on
ice in 5-mL round bottom tubes and cells were counted at a 1:10 dilution with trypan

exclusion on a hemocytometer. After determining cell numbers, an aliquot of cells was
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taken and resuspended in cold FACS buffer (PBS, 2% FBS, and 0.1% NaN3 sodium azide)
in new 5-mL round-bottom polystyrene tubes.

The cells were incubated with Fc block in the dark at 4°C for 20 minutes to ensure
specific binding. Fluorescent antibodies were used to label cells of interest: PE-Cy5-
conjugated anti-CD11b (Tonbo 55-0112-U100), FITC-conjugated anti-CD11c (Tonbo 35-
0114-U500), and PE-conjugated anti-MHCII (Tonbo 50-5321-U100) at 4°C in the dark for
40 minutes. Fluorescently stained cells were washed in FACS buffer, resuspended in 300
uL of FACS buffer, filtered and collected on an FC500 flow cytometer (Beckman Coulter,
Indianapolis, IN).

2.5. Flow cytometry (intracellular cytokine staining)

Aliquots of cells were transferred into a sterile 24-well plate with 1 mL of
ISCOVES culture media supplemented with 2mM L-glutamine, SmM sodium pyruvate,
non-essential amino acids (MEM NEAA), 10mM HEPES, 100 U/ml penicillin, 100 U/ml
streptomycin and 2e> M of 2-mercaptoethanol. The cells were stimulated in vitro with 1
uL of cell stimulation cocktail. The 24-well plate was then place into a HERAcell 1501
incubator set at 37°C and 5% CO: overnight. After incubation, the cells were resuspended
in 5-mL round-bottom polystyrene tubes and spun at 1200 rpm at 4°C for 5 minutes.

The cells were incubated with Fc block in the dark at 4°C for 20 minutes to ensure
specific binding. Fluorescent antibodies were used against surface markers to label cells of
interest: PE-Cy5-conjugated anti-CD11b (Tonbo 55-0112-U100) and PE-conjugated F480
(Biolegend 123110) at 4°C in the dark for 40 minutes. After incubation cells were fixed
with 300 pL of 2% paraformaldehyde. The cells were then permeabilized using

permeabilization buffer (Tonbo Biosciences, San Diego, CA) and stained with IFNy
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(Biolegend 505850). The cells were then resuspended with 200 pL. of FACS buffer and
filtered.
2.6. Assessment of gut leakage in the intestines

Intestinal permeability and gut leakage were studied using fluorescein
isothiocyanate (FITC)-labeled dextran on day 9 post-infection. Mice were first water
starved overnight and weighed the next morning. FITC-dextran was prepared at a
concentration of 100 mg/mL in sterile PBS and administered to each mouse at 4 mg/g body
weight via oral gavage. Four hours after dextran administration, the mice were culled, and
0.5 mL of blood was taken via cardiac puncture. Blood samples were then spun at 1,677 X
g for 5 minutes. The sera were collected and then diluted at a 1:1 ratio with sterile PBS.
Dextran absorbance was read at 488 nm excitation/530 nm emission on a
spectrophotometer. FITC-dextran concentrations in the sera were determined based on the
standard curve.
2.7. Histological analysis of epithelial disorganization

Gut tissues were excised from day 9 P. chabaudi infected mice, 3 mm sections of
the small intestine were cut and cleaned then fixed in 10% phosphate-buffered formalin.
Tissues were fixed for approximately 48 hours and embedded in paraffin. Sections 8 pm
thick were cut using a microtome and stained with hematoxylin and eosin (Sigma-
Aldrich). Sections were viewed under an Olympus IX81/DP80.
2.8. Data analysis

Raw data collected from the FC500 Beckman Coulter flow cytometer were

analyzed using FlowJo software (Ashland, OR). Calculations for all raw data were
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performed in Microsoft Excel and graphs and statistics were performed in Prism GraphPad

(San Diego, CA). Data were considered significantly different with a P value less than 0.05.
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Chapter 3

RESULTS
3.1 Malnutrition experiments
Malnutrition Significantly Lowers Parasitemia and Body Weight but Not Body
Temperature

The disparities and differences in conclusive results on the impacts of protein, zinc,

and especially iron deficiencies during malaria infection led us to investigate the
physiological changes under these conditions. To determine this, we fed mice either a
control diet or moderately malnourished diet for 4-5 weeks and then infected them with
1x10° P. chabaudi intraperitoneally. Blood smears were taken from the tails of all mice at
3,5, 7, and 9 days post-infection to determine parasitemia. Weights and temperatures were
taken the day of and every following day after initial infection until sacrifice. We found
that mice fed the moderately malnourished diet had lower percent parasitemia at the peak
of infection (POI) (Figure 1a), which is consistent with findings in the literature. These
mice also had lower percent change in body temperature, indicating that there was less
change in their temperature at POI when compared to the control mice (Figure 1b). This
effect is explained by the lower parasitemia, which indicates they had lower parasite
burden, and as a result had less change in body temperature. However, the moderately
malnourished mice did lose more weight, but not significantly, at POI compared to the

control mice (Figure 1c).
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Figure 1. Malnutrition Significantly Lowers Parasitemia and Body Weight but Not Body Temperature.
C57BL/6 mice were fed either a control diet or a moderately malnourished diet. Parasite levels were recorded
to give (A) percent parasitemia. Temperatures were recorded via rectal thermometer to give (B) percent
temperature change. Weights were recorded to give (C) percent weight change. All infected mice were
interperitoneally injected with 1x10° iRBCs of P. chabaudi. All data are shown as means = SE, n = 3 male
mice per group, representative of 16 independent experiments. Statistical analysis was performed using a
two-way ANOVA with Tukey’s test. +,* p < 0.05; ++,** p <0.01; +++,*** p <0.001, indicates a statistically
significant difference between treatments. Ctrl = control diet, Mal = moderately malnourished diet, Inf =

infected, Unf = uninfected.

Malnutrition Significantly Impacts Gut Physiology and Lengths During Malaria
Infection
Since we know that malaria and malnutrition exacerbate the morbid effects of one

another and independently affect the gut based on the literature, we sought to elucidate
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their combined effects on gut physiology. We harvested the gut tissue by incising at the
pyloric and anal sphincter and took macroscopic images of them and measured the small
intestine, large intestine, and cecum. Previously it had been shown that diets deficient in
protein induce pathological lymphangiectasia, which can directly affect lymphatic vessels
and cause yellow discoloration due to chyle buildup (103). Malaria infection causes
constriction of blood venules, which results in paleness of tissues (104). Here we can see
that the moderately malnourished mice exhibit a slight yellowing of the tissue and the effect
is further exacerbated by malaria infection (Figure 2a). It has also been shown that
inflammation cause by malaria infection can cause intestinal shortening (88). We also
observed a similar effect, but more importantly we found that moderate malnutrition further

increased shortening in the small and large intestine (Figure 2b).
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Figure 2. Malnutrition Significantly Impacts Gut Physiology and Lengths During Malaria Infection.
C57BL/6 mice were fed either a control diet or a moderately malnourished diet. Gut tissues were harvested,
and images were taken for macroscopic analysis (a) and lengths were taken (b). All infected mice were
interperitoneally injected with 1x10° iRBCs of P. chabaudi. All data are shown as means = SE, n = 3 male
mice per group, representative of 16 independent experiments. Statistical analysis was performed using a
two-way ANVOA with Tukey’s test. * p < 0.05; ** p <0.01; *** p <0.001: **** p < 0.0001, indicates a
statistically significant difference between treatments. Ctrl = control diet, Mal = moderately malnourished

diet, Inf = infected, Unf = uninfected.

Moderate Malnutrition and Malaria Infection Causes Gut Leakage

Intestinal shortening caused by malaria infection is associated with inflammation
that can cause damage to the gut epithelia, which can increase intestinal permeability.
Furthermore, inadequate protein intake along with zinc and iron deficiencies have been
shown to impact tight junction protein organization, resulting in decreased gut integrity.
Therefore, we sought to investigate the effect of both malaria and moderate malnutrition
on intestinal permeability by utilizing FITC-dextran, which is normally impermeable to the
gut epithelia. In an inflammatory environment, such as malaria infection and/or
malnutrition, FITC-dextran can pass through the gut epithelium and leak into the blood

stream. Increased serum concentrations of FITC-dextran indicate gut leakage as indicated
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by our results (Figure 3). These results indicate moderate malnutrition tends to increase

gut leakage and this effect is exacerbated by malaria infection.
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Figure 3. Moderate Malnutrition and Valaria Intection Causes Gut Leakage. C57BL/6 mice were fed

either a control diet or a moderately malnourished diet. At POI mice were administered FITC-dextran via
oral gavage after a 16 hour fast. Concentrations of FITC-dextran were calculated from a standard curve. All
infected mice were interperitoneally injected with 1x10° iRBCs of P. chabaudi. All data are shown as means
+ SE, n = 3 male mice per group, representative of 1 independent experiment. Statistical analysis was
performed using a two-way ANOVA with Tukey’s test. * p <0.05; ** p < 0.01; *** p <0.001, indicates a
statistically significant difference between treatments. Ctrl = control diet, Mal = moderately malnourished

diet, Inf = infected, Unf = uninfected.

Moderate Malnutrition Tends to Lower Innate Immune Cell Numbers in the
Small Intestine During Malaria Infection

Malnutrition has been shown to negatively impact both innate and adaptive
immunity, specifically in the small intestines (105, 106). Deficiencies in nutrients are also

associated with increased susceptibility and severity of infection by the Plasmodium
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parasite in the small intestine (107, 108). In order to investigate the impacts of moderate
malnutrition and malaria infection on innate mucosal immunity, we performed flow
cytometric analyis on the small intestine, large intestine, and cecum of moderately
malnourished mice at POI. The tissues were harvested from the mice, cleaned, and
suspended into solution. Cells were stained with different fluorphores against surface
markers of interest. We found that the moderately malnourished mice tended to have
decreased numbers of innate immune cells; macrophages, myeloid cells, and dendritic cells

in the small intestines when compared to control mice (Figure 4).
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Figure 4. Moderate Malnutrition Tends to Lower Innate Immune Cell Numbers in the Small Intestine

During Malaria Infection. C57BL/6 mice were fed either a control diet or a moderately malnourished diet.
At POI mice were sacrificed and the small intestines were collected for FACs analysis. All infected mice
were interperitoneally injected with 1x10° iRBCs of P. chabaudi. All data are shown as means + SE, n = 3
male mice per group, representative of 16 independent experiments. Statistical analysis was performed using
a two-way ANOVA with Tukey’s test. * p < 0.05; ** p < 0.01; *** p < (0.001, indicates a statistically
significant difference between treatments. Ctrl = control diet, Mal = moderately malnourished diet, Inf =

infected, Unf = uninfected.
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Moderate Malnutrition Significantly Lowers Innate Immune Cell Numbers in
the Large Intestine During Malaria Infection

Malnutrition is also associated with immunological and changes in the large
intestine. It has been shown that children who are malnourished tend to incur a diet-
dependent enteropathy resulting in lower levels of secretory IgA, effectively lowering their
defense against xenobiotic organisms and opportunistic pathogens (109). Furthermore, it
has been shown that malnutrition can modulate the host immune response, which in turn
has also been shown be decremental during malaria infections (110, 111). To further
investigate gut mucosal immunity, we investigated the large intestine, the home of the
microbiome and a complexity of immunological interactions. We used flow cytometry to
investigate the number of macrophages, myeloid cells, and dendritic cells in the large
intestine of moderately malnourished mice. Similarly to the small intestine, we examined
decreased numbers of these cells in the moderately malnourished mice, indicating a

hampered immune response due to dietary inadequecies during malaria infection (Figure
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Figure 5. Moderate Malnutrition 'T'ends to Lower Innate Immune Cell Numbers in the Large Intestine

During Malaria Infection. C57BL/6 mice were fed either a control diet or a moderately malnourished diet.
At POI mice were sacrificed and the large intestines were collected for FACs analysis. All infected mice

were interperitoneally injected with 1x10° iRBCs of P. chabaudi. All data are shown as means + SE, n = 3
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male mice per group, representative of 16 independent experiments. Statistical analysis was performed using
a two-way ANOVA with Tukey’s test. * p < 0.05; ** p < 0.01; *** p < 0.001 indicates a statistically
significant difference between treatments. Ctrl = control diet, Mal = moderately malnourished diet, Inf =

infected, Unf = uninfected.

Moderate Malnutrition Tends to Lower Innate Immune Cell Numbers in the
Cecum During Malaria Infection

The cecum carries much of the saiug +w..c.one. immunological characteristics as
the large intestine. However, not much is known about the impacts of malaria and
malnutrition on this tissue. But what is known is that the microbial communities of the
cecum tend to mimick those in the large intestine, meaning they both communicate with
the immune system via their microbial communities (112). It has also been shown that
group 3 innate lymphoid cells play an important role in maintaining homeostasis within
the cecum and processing cecal content (113). Therefore, we aimed to investigate the
effects of malaria and moderate malnutrition on cecal immunity. Given the similarities to
the large intestine, we expectedly found a trend toward a decrease in the numbers of
macrophages, myeloid cells, and dendritic cells within the tissue, although it was not

signicant. (Figure 6).
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Figure 6. Moderate Malnutrition Tends to Lower Innate Immune Cell Numbers in the Cecum During

Malaria Infection. C57BL/6 mice were fed either a control diet or a moderately malnourished diet. At POI
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mice were sacrificed and the cecum were collected for FACs analysis. All infected mice were
interperitoneally injected with 1x10° iRBCs of P. chabaudi. All data are shown as means = SE, n = 3 male
mice per group, representative of 16 independent experiments. Statistical analysis was performed using a
two-way ANOVA with Tukey’s test. * p < 0.05; ** p < 0.001; *** p < 0.001, indicates a statistically
significant difference between treatments. Ctrl = control diet, Mal = moderately malnourished diet, Inf =

infected, Unf = uninfected.

Moderate Malnutrition Tends to Lower MAdCAM-1 Proportions and Numbers
in the Small Intestine, Large Intestine, and Cecum During Malaria Infection

Mucosal addressin cell adhesion molecule 1 (MAdCAM-1) has been shown to be
critically important in leukocyte immunosurveillance, homing, and adhesion in the gut
(114). More importantly, MAdCAM-1 expression has been shown to be upregulated during
infections, such as malaria (115). However, malnutrition experiments in mice have shown
decreased MAdCAM-1 mRNA expression in the Peyer’s patches (116). Therefore we
sought to investigate the effects of both malaria infection and moderate malnutrition on the
proportion and number of cells expressing MAdCAM-1 in the small intestine (Figure 7a),
large intestine (Figure 7b), and cecum (Figure 7¢) of mice. As we previously saw
decreased numbers of macrophages, myeloid cells, and dendritic cells in these tissues, we
also found a similar trend with MAdCAM-1 expression. In all tissues, MAdCAM-1
expression trended towards a decrease in moderately malnourished mice during malaria

infection.
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Figure 7. Moderate Malnutrition Tends to Lower MAdCAM-1 Proportions and Numbers in the Small
Intestine, Large Intestine, and Cecum During Malaria Infection. C57BL/6 mice were fed either a control
diet or a moderately malnourished diet. At POI mice were sacrificed and the small intestine (a), large intestine
(b), and cecum (c) were collected for FACs analysis. All infected mice were interperitoneally injected with
1x10° iRBCs of P. chabaudi. All data are shown as means = SE, n = 3 male mice per group, representative
of 16 independent experiments. Statistical analysis was performed using a two-way ANOVA with Tukey’s
test. * p <0.05; ** p<0.001; *** p<0.001, indicates a statistically significant difference between treatments.

Ctrl = control diet, Mal = moderately malnourished diet, Inf = infected, Unf = uninfected.
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Moderate Malnutrition Increases CDI1b*MHCII® Cell Proportions and
Numbers in the Small Intestine, Large Intestine, and Cecum During Malaria Infection

Because we saw an increase in CD11b" and CDI11c¢" cell numbers along with
increased expression of MAdCAM-1 in the gut of moderately malnourished mice during
malaria infection, we wanted to investigate antigen presenting macrophages. These cells
are responsible for phagocytosing antigen and communicating with the adaptive immune
response. In order to do so we stained for CD11band MHCII.We found that the moderately
malnourished mice had increased proportions and numbers of these cells in their small
intestine (Figure 8a), large intestine (Figure 8b), and cecum (Figure 8c). This indicates
that the moderately malnourish mice have increased phagocytic activitiy and antigen
presentation in their gut tissues. This could possibility indicate an increased inflammatory

environment.
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Figure 8. Moderate Malnutrition Increases CD11b+MHCII+ Cell Proportions and Numbers in the
Small Intestine, Large Intestine, and Cecum During Malaria Infection C57BL/6 mice were fed either a
control diet or a moderately malnourished diet. At POI mice were sacrificed and the small intestine (a), large
intestine (b), and cecum (c¢) were collected for FACs analysis. All infected mice were interperitoneally
injected with 1x10° iRBCs of P. chabaudi. All data are shown as means + SE, n = 3 male mice per group,
representative of 12 independent experiments. Statistical analysis was performed using a two-way ANOVA
with Tukey’s test. * p <0.05; ** p <0.001; *** p <0.001; **** p <0.0001, indicates a statistically significant
difference between treatments. Ctrl = control diet, Mal = moderately malnourished diet, Inf = infected, Unf

= uninfected.
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Moderate Malnutrition Increases Cytokine Production by Macrophages in the
Small Intestines During Malaria Infection

Since we found an increase in MHCII expression on CD11b" cells in the small
intestine, we hypothesized that the macrophages present would be producing more IFNy, as
IFNy production correlates with MHCII expression (117). Therefore, we investigated the
proportion and number of macrophages secreting IFNyin the small intestines of
moderately malnourished mice. Expectedly, we found that the moderately malnourished
mice tend to have higher proportions and numbers of macrophages secreting IFNy (Figure
9). This indicates that these mice have more inflammation in their small intestines during

malaria infection.
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Figure 9. Moderate Malnutrition Increases Cytokine Production by Macrophages in the Small
Intestines During Malaria Infection. C57BL/6 mice were fed either a control diet or a moderately
malnourished diet. At POI mice were sacrificed and the small intestines were collected for FACs analysis.
Cells were stimulated with PMA and ionomycin. All infected mice were interperitoneally injected with 1x10°
iRBCs of P. chabaudi. All data are shown as means + SE, n = 3 male mice per group, representative of 1
independent experiment. Statistical analysis was performed using a two-way ANOVA with Tukey’s test. * p
< 0.05; ** p < 0.001, indicates a statistically significant difference between treatments. Ctrl = control diet,

Mal = moderately malnourished diet, Inf = infected, Unf = uninfected.
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Moderate Malnutrition Induces Epithelial Damage in the Small IntestineDuring
Malaria Infection

Inflammatory cytokines cause inflammation and recruit other cells at the site of
tissue injury and infection (118). One key mediator of intestinal permeability and integrity
is IFNy, which was present in higher number in the small intestine of moderately
malnourished mice during infection. Therefore, we hypothesized that increased IFNy, may
cause tissue injury in the small intestine. To investigate this, we took sections of the small
intestine from the mice and stained them with hematoxylin and eosin. We found that
moderate malnutrition tends to cause epithelial disorganization as illustrated by the black
arrows (Figure 10). Furthermore, we found that this effect was exacerbated in the
moderately malnourished mice that were infected with P. chabaudi. This indicated that the
increased inflammation caused by IFNYy is causing damage to the epithelium in the small

intestines of moderately malnourished mice during malaria infection.



29

Control Malnourished

Inf

Figure 10. Moderate Malnutrition Induces Epithelial Damage in the Small Intestine During Malaria
Infection. C57BL/6 mice were fed either a control diet or a moderately malnourished diet. At POI mice were
sacrificed and the small intestines were collected for histological analysis. Tissues were fixed, embedded,
and then stained with H&E. All infected mice were interperitoneally injected with 1x103 iRBCs of P.
chabaudi. Images are representative of 4 independent experiments with 3 mice per group. Ctrl = control diet,

Mal = moderately malnourished diet, Inf = infected, Unf = uninfected. Arrows indicate epithelial cells.
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Chapter 4
DISCUSSION

Malaria and malnutrition have been occurring in Sub-Saharan Africa for decades
(119, 120). Despite this, little is known about the detrimental effects of malaria infection
on gut immunity during moderate malnutrition. Here, we have demonstrated that mucosal
innate immunity, including early macrophage and dendritic cell progenitors, in the gut
tissues are lower in number after P. chabaudi infection during moderate malnutrition. Even
though there are diminished numbers of CD11b" and CD1l1c" cells in the moderately
malnourished mice after infection, there is possible compensatory response by the
CDI11b"MHCII" macrophages in both proportion and number in response to infection. The
high activation of macrophages could induce inflammation, which was indicated by
increased proportions and numbers of CD11b"'F480" macrophages producing IFNy. An
inflammatory environment in the gut can cause damage to the epithelium, leading to gut
leakage. This was shown by high FITC-dextran concentrations in the sera of the moderately
malnourished mice, intestinal shortening, and epithelial disorganization.

In a study by the Melby group, using similar model as our moderate malnutrition
diet, it was shown that malnutrition related reduction in macrophages and monocytes was
associated with reduced lymph node-resident cells, but not migratory cells in response to
infection (121). Earlier studies by Fuss et al., reported that hypoproteinemia could lead to
lymphangiectasia because of decreased presence of immune cells in the gut. This condition
is caused by inhibitory effects towards CD45RA+ cells migrating to the intestines (122).
The guts of the moderately malnourished mice exhibited macroscopic symptoms of

lymphangiectasia, as seen by the paleness of the gut. This could be due to the high
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expression of CD11b"F480" macrophages producing IFNy which leads to small intestine
damage, hence altering immune cell migration to the gut mucosal surface. Other forms of
micronutrient deficiencies have shown similar compensatory response by activated
macrophages (123, 124). This compensatory response is associated with increased
inflammation, which is meant to maintain gut integrity against infection, as well as diet
induced dysbiosis via upregulation of MHCII and production of I[FNy (125, 126). However,
the increased inflammation can lead to further damage to the epithelium, rather than
maintenance of the gut barrier. It is highly possible that regulatory mechanisms are altered.
It has been reported that nutritional factors can modulate Treg plasticity, metabolism, and
function (127), but we did not test for Tregs and anti-inflammatory responses, as our study
focused on innate immune cells.

In addition to altering regulatory mechanisms in the gut, the compensatory response
due to malnutrition can have consequences regarding the integrity of the gut. Kim et. al.
showed that dysbiosis in the intestines can polarize macrophages towards an inflammatory
phenotype, and this is supported by malnutrition linked dysbiosis that was shown by Kumar
et. al. (128, 129). With increased dysbiosis due to malnutrition comes the exacerbated and
damaging affect induced by malaria. Taniguchi et. al. showed that malaria infection in mice
causes dysbiosis and inflammation (130). Therefore, malaria and malnutrition together can
drive macrophages towards an inflammatory phenotype that is characterized by increased
MHCII expression and IFNy secretion, which can cause increased damage to the gut

epithelium.
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An increased proportion and number of CD11b"MHCII" macrophages were seen
in all sections of the gut, with significant differences in the large intestine. This result is
supported by Stough et. al. research which highlighted the interaction between the
microbiome and malaria infection with emphasis on the large intestine, the home of the
microbiome (131). Malnourished individuals experiencing dysbiosis have higher levels of
inflammation, and their microbiomes are more susceptible to opportunistic pathogens
(132). This could provide a possible explanation for the increased macrophage activation
and cytokine secretion seen in the gut, not only during infection, but without infection as
well in the moderately malnourished mice. The increased macrophage activation and
cytokine secretion compounded by malnutrition could also be causing physical damage to
the gut leading to gut leakage (133, 134).

This is important because macrophages are one of the key mediators of malaria
infection, charged with phagocytosing the parasite and activating other cells to fight the
infection, resulting in inflammation (135). Furthermore, diet linked dysbiosis of the
microbial communities in the gut has been linked to increased macrophage activation and
secretion of IFNy (136). While both of these inflammatory events are meant to restore
homeostasis and integrity of the gut barrier, they often result in increased disease
pathologies such as intestinal damage incurred by infection and malnutrition (137-139).
Consistent with this, we found that moderately malnourished mice that were infected with
malaria had increased proportions and numbers of CD11b*F4/80" macrophages secreting
IFNy, which can significantly impact intestinal permeability.

A commonly used method to test intestinal permeability is with the administration

of FITC-dextran, which does not normally pass through the gut epithelium (140). When



33

the gut barrier is compromised due to inflammation, FITC-dextran can pass through the
epithelial barrier and leak into the blood and can be measured using spectrophotometry.
Previous research has showed that malaria and malnutrition can independently increase
sera FITC-dextran concentrations (88, 141). The supposed mechanism by which this
happens is due to defects in tight junction proteins, such as occludin and claudins. Zinc is
an important nutrient involved in maintenance of tight junctions, specifically occludin and
claudins. Occludin and claudin structure and organization are significantly affected by zinc
depletion, which can result in leaky gut due to loss of integrity (142). Furthermore, protein
deficiencies, such as the case of severe acute malnutrition (SAM), can impact gut integrity
as well, which has been shown with endoscopic procedures and lactose/mannitol urine tests
(143, 144). Similarly to protein and zinc deficiencies, iron reduction has also been linked
to increased intestinal permeability by way of tight junction disorganization (145).
Regarding the moderately malnourished diet, we would then expect the moderately
malnourished mice to experience increased gut leakage and epithelial disorganization due
to tight junction dysfunction. Furthermore, this effect must be exacerbated by malaria
infection due to the chronic and inflammatory nature of the infection. Moderately
malnourished mice that are infected by P. chabaudi experienced the highest degree of
intestinal permeability and epithelial disorganization. This is explained by increased
concentrations of serum FITC-dextran, intestinal shortening, and epithelial disorganization
seen in our study. Supporting the hypothesis that malnutrition exacerbates gut leakage
induced by malaria infection, since malaria infection alone leads to deformities in the gut

epithelia (146).
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To our knowledge, this is the first study to demonstrate the exacerbated effects of
moderate malnutrition on gut integrity during malaria infection. Previous studies by Singh
and colleagues showed that unwarranted inflammation results from altered nutrition
leading to increased intestinal permeability, which was also associated with shortening of
the gut tissues (147). Intestinal shortening is also associated with IFNy levels in the
intestines (148), which is a sign of chronic inflammation and tissue fibrosis (149). This
goes hand-in-hand with the increased number of macrophages secreting IFNy seen in our
study.

Collectively, these results indicate decremented gut physiology induced by
moderate malnutrition, which is exacerbated by malaria infection. Through utilization of a
well-established moderate malnutrition mouse model, that mimics malnutrition seen in
malaria endemic areas (150), we were able to successfully show the increasingly harmful
effects of malaria and malnutrition in the gut. This is shown by the increased proportion
and number of activated macrophages secreting inflammatory cytokines, as well as

intestinal permeability (Figure 11).
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Figure 11. Schematic illustration of gut epithelial damage occurring due to Plasmodium chabaudi
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infection in the gut. Inadequate protein intake and deficiencies in iron and zinc can disrupt the epithelial
barrier integrity, which is exacerbated by P.chabaudi infection, and can result in inflammation. Macrophages
are a key mediator of gut epithelial integrity and response to infection. During moderate malnutrition and
P.chabaudi infection, macrophages release excess inflammatory IFNy which causes moderate epithelial
disorganization and damage. This results in gut leakage and intestinal shortening.

Furthermore, these results paint an interesting dynamic occurring between malaria
and moderate malnutrition. Previously, the immunological effects that malaria has in the
intestines was little desired and often overlooked, despite the occurrence of severe
gastrointestinal symptoms during infection (151). In this study, we successfully showed
the damaging immunological effects that occur, and how malaria infection influences gut
innate immunity during moderate malnutrition. Since our diet mimics deficiencies
commonly found in parasite endemic regions, these data suggest that individuals in these
areas are at high risk for damaging inflammation in their intestines. This can spell disaster,
as damaging inflammation can further reduce nutrient adsorption already caused by
malnutrition and ultimately lead to death (152). Our research has brought this often-
overlooked issue to attention, and highlights the devastating effects of malaria and

malnutrition in the gut.
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Future studies will aim to elucidate this relationship, increasing scientific and
public knowledge for future investigators. Focuses will be on analysis of tight junction
proteins with methods such as western blotting and RT-PCR, which will allow us to see if
there is dysfunction in tight junction protein transcription and expression. When there is
dysfunction in tight junction proteins gut leakage can occur, which we have seen in this
study. However, dysfunction can also result in bacterial translocation (153), which can
cause harm to other organ systems, such as the liver and kidney (154, 155). Such studies
may help define causes of acute liver and kidney damage associated with malaria infection
as seen in malaria endemic regions (156).

Secondly, we will aim to identify shifts in microbial communities during malaria
and malnutrition. It is known that diet heavily influences the gut microbiome and alters
susceptibility to disease and infection (157-159). To investigate these shifts and their
impacts on disease severity, DNA extractions from stool samples will be performed. This
will allow us to amplify rRNA via PCR, which can be used for sequencing. Differences in
microbial communities towards or away from inflammatory phenotypes and genotypes will
help to further outline the damaging effects of malaria and malnutrition.

Lastly, we want to determine what nutrient deficiency primarily causes the
inflammation and resulting gut leakage we saw during our study. We will utilize new
customized diets that are only deficient in either zinc or protein, with or without lowered
protein content. This will allow us to correctly identify which nutrient has the greatest
implication on morbidity associated with malaria infection. We will also aim to study the
effects of severe malnutrition during malaria infection. Diets will mimic kwashiorkor

and/or marasmus, which are commonly found in Sub-Saharan Africa (160). This



37

investigation will enable us to more closely model the most common form of malnutrition

that is occurring in malaria endemic regions (161).
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Chapter 5
CONCLUSIONS

Malnutrition is implicated to have dire consequences on those affected; this is
especially true when considering coinfections and the immunology behind it. Our data
suggests that moderate malnutrition tends to lower the numbers of CDI11b",
CD11b"CDl1c¢", and CD11c¢c" innate immune cells in the small intestine, large intestine,
and cecum. Furthermore, we can conclude that deficiencies in iron and zinc with
inadequate protein intake during malaria infection causes increased MHCII expression by
macrophages, which results in increased IFNy secretion. As a result, there is increased
yellowing of the gut tissues, gut shortening, intestinal permeability, and epithelial
disorganization associated with the inflammatory environment. Moderate malnutrition also
caused increased weight and body temperature loss during malaria infection. Collectively,
these results indicate that moderate malnutrition plays a deleterious role in physiology and

morbidity during malaria infection, which could ultimately lead to increased mortality.



39

Bibliography
Snow, R. W., C. A. Guerra, A. M. Noor, H. Y. Myint, and S. 1. Hay. 2005. The
global distribution of clinical episodes of Plasmodium falciparum malaria. Nature
434:214-217.
Arbeitskreis Blut, U. B. B. K. 2009. Malaria. Transfus Med Hemother 36: 48-60.
Hartl, D. L. 2004. The origin of malaria: mixed messages from genetic diversity.
Nat Rev Microbiol 2: 15-22.
World Health Organization. World malaria report 2016. World Health
Organization, Geneva, Switzerland.
https://www.who.int/malaria/publications/world-malaria-report-2016/report/en/
Snow, R. W., B. Sartorius, D. Kyalo, J. Maina, P. Amratia, C. W. Mundia, P.
Bejon, and A. M. Noor. 2017. The prevalence of Plasmodium falciparum in sub-
Saharan Africa since 1900. Nature 550: 515-518.
Aly, A. S. 1., A. M. Vaughan, and S. H. I. Kappe. 2009. Malaria parasite
development in the mosquito and infection of the mammalian host. Annual review
of microbiology 63: 195-221.
Kooij, T. W., and K. Matuschewski. 2007. Triggers and tricks of Plasmodium
sexual development. Curr Opin Microbiol 10: 547-553.
Baer, K., C. Klotz, S. H. I. Kappe, T. Schnieder, and U. Frevert. 2007. Release of
Hepatic Plasmodium yoelii Merozoites into the Pulmonary Microvasculature.
PLOS Pathogens 3: el71.
Frischknecht, F., and K. Matuschewski. 2017. Plasmodium Sporozoite Biology.

Cold Spring Harbor perspectives in medicine 7: a025478.



10.

1.

12.

13.

14.

15.

16.

17.

40

Garcia, J. E., A. Puentes, and M. E. Patarroyo. 2006. Developmental biology of
sporozoite-host interactions in Plasmodium falciparum malaria: implications for
vaccine design. Clinical microbiology reviews 19: 686-707.

Vaughan, A. M., A. S. I. Aly, and S. H. I. Kappe. 2008. Malaria parasite pre-
erythrocytic stage infection: gliding and hiding. Cell host & microbe 4: 209-218.
Vaughan, A. M., and S. H. 1. Kappe. 2017. Malaria Parasite Liver Infection and
Exoerythrocytic Biology. Cold Spring Harbor perspectives in medicine 7:
a025486.

Coppi, A., R. Natarajan, G. Pradel, B. L. Bennett, E. R. James, M. A. Roggero, G.
Corradin, C. Persson, R. Tewari, and P. Sinnis. 2011. The malaria
circumsporozoite protein has two functional domains, each with distinct roles as
sporozoites journey from mosquito to mammalian host. J Exp Med 208: 341-356.
Soulard, V., H. Bosson-Vanga, A. Lorthiois, C. Roucher, J.-F. Franetich, G.
Zanghi, M. Bordessoulles, M. Tefit, M. Thellier, S. Morosan, G. Le Naour, F.
Capron, H. Suemizu, G. Snounou, A. Moreno-Sabater, and D. Mazier. 2015.
Plasmodium falciparum full life cycle and Plasmodium ovale liver stages in
humanized mice. Nature communications 6: 7690-7690.

Silvie, O., M. M. Mota, K. Matuschewski, and M. Prudéncio. 2008. Interactions
of the malaria parasite and its mammalian host. Curr Opin Microbiol 11: 352-359.
Salinas, N. D., and N. H. Tolia. 2016. Red cell receptors as access points for
malaria infection. Curr Opin Hematol 23: 215-223.

Cowman, A. F., and B. S. Crabb. 2006. Invasion of red blood cells by malaria

parasites. Cell 124: 755-766.



18.

19.

20.

21.

22.

23.

24.

25.

41

Kirk, K. 2001. Membrane transport in the malaria-infected erythrocyte. Physiol
Rev 81: 495-537.

Lew, V. L., T. Tiffert, and H. Ginsburg. 2003. Excess hemoglobin digestion and
the osmotic stability of Plasmodium falciparum-infected red blood cells. Blood
101: 4189-4194.

Florens, L., M. P. Washburn, J. D. Raine, R. M. Anthony, M. Grainger, J. D.
Haynes, J. K. Moch, N. Muster, J. B. Sacci, D. L. Tabb, A. A. Witney, D.
Wolters, Y. Wu, M. J. Gardner, A. A. Holder, R. E. Sinden, J. R. Yates, and D. J.
Carucci. 2002. A proteomic view of the Plasmodium falciparum life cycle. Nature
419: 520-526.

Bonghaseh, T. D., D. S. M. Ekaney, M. Budzi, G. Ekwen, and S. Kyota. 2018.
Sub-acute intestinal obstruction — a rare complication of Plasmodium falciparum
malaria in an adult: a case report. Journal of Medical Case Reports 12: 190.
Sarma, P. S., and R. S. Kumar. 1998. Abdominal pain in a patient with falciparum
malaria. Postgrad Med J T74: 425-427.

Bain, L. E., P. K. Awah, N. Geraldine, N. P. Kindong, Y. Sigal, N. Bernard, and
A. T. Tanjeko. 2013. Malnutrition in Sub-Saharan Africa: burden, causes and
prospects. The Pan African medical journal 15: 120-120.

World Health Organization, W. H. 2018. Malnutrition Report
https://www.who.int/nutrition/globalnutritionreport/en/

Blossner, M., M. De Onis, and A. Priss-Ustlh. 2005. Malnutrition: quantifying

the health impact at national and local levels. World Health Organization.



26.

27.

28.

29.

30.

31.

42

Joy, E.J. M., E. L. Ander, S. D. Young, C. R. Black, M. J. Watts, A. D. C.
Chilimba, B. Chilima, E. W. P. Siyame, A. A. Kalimbira, R. Hurst, S. J.
Fairweather-Tait, A. J. Stein, R. S. Gibson, P. J. White, and M. R. Broadley.
2014. Dietary mineral supplies in Africa. Physiol Plant 151: 208-229.

Katona, P., and J. Katona-Apte. 2008. The Interaction between Nutrition and
Infection. Clinical Infectious Diseases 46: 1582-1588.

Deen, J. L., G. E. Walraven, and L. von Seidlein. 2002. Increased risk for malaria
in chronically malnourished children under 5 years of age in rural Gambia. J Trop
Pediatr 48: 78-83.

Rice, A. L., L. Sacco, A. Hyder, and R. E. Black. 2000. Malnutrition as an
underlying cause of childhood deaths associated with infectious diseases in
developing countries. Bull World Health Organ 78: 1207-1221.

Sakwe, N., J. Bigoga, J. Ngondi, B. Njeambosay, L. Esemu, C. Kouambeng, P.
Nyonglema, C. Seumen, I. Gouado, and J. Oben. 2019. Relationship between
malaria, anaemia, nutritional and socio-economic status amongst under-ten
children, in the North Region of Cameroon: A cross-sectional assessment. PloS
one 14: €0218442-¢0218442.

Attia, S., C. J. Versloot, W. Voskuijl, S. J. van Vliet, V. Di Giovanni, L. Zhang, S.
Richardson, C. Bourdon, M. G. Netea, J. A. Berkley, P. F. van Rheenen, and R.
H. Bandsma. 2016. Mortality in children with complicated severe acute
malnutrition is related to intestinal and systemic inflammation: an observational

cohort study. The American Journal of Clinical Nutrition 104: 1441-1449.



32.

33.

34.

35.

36.

37.

38.

39.

43

Bourke, C. D., J. A. Berkley, and A. J. Prendergast. 2016. Immune Dysfunction as
a Cause and Consequence of Malnutrition. Trends in Immunology 37: 386-398.
Li, Y., S. Innocentin, D. R. Withers, N. A. Roberts, A. R. Gallagher, E. F.
Grigorieva, C. Wilhelm, and M. Veldhoen. 2011. Exogenous stimuli maintain
intraepithelial lymphocytes via aryl hydrocarbon receptor activation. Cell 147:
629-640.

Humphrey, J. H. 2009. Child undernutrition, tropical enteropathy, toilets, and
handwashing. Lancet 374: 1032-1035.

Prendergast, A., and P. Kelly. 2012. Enteropathies in the developing world:
neglected effects on global health. Am J Trop Med Hyg 86: 756-763.

Olumese, P., O. Sodeinde, O. Ademowo, and O. Walker. 1997. Protein energy
malnutrition and cerebral malaria in Nigerian children. Journal of Tropical
Pediatrics 43: 217-219.

Purtilo, D. T., and D. H. Connor. 1975. Fatal infections in protein-calorie
malnourished children with thymolymphatic atrophy. Archives of disease in
childhood 50: 149-152.

Dourov, N. 1986. Thymic Atrophy and Immune Deficiency in Malnutrition. In
The Human Thymus: Histophysiology and Pathology. H. K. Miiller-Hermelink,
ed. Springer Berlin Heidelberg, Berlin, Heidelberg. 127-150.

Fillol, F., J. B. Sarr, D. Boulanger, B. Cisse, C. Sokhna, G. Riveau, K. B.
Simondon, and F. Remoué. 2009. Impact of child malnutrition on the specific

anti-Plasmodium falciparum antibody response. Malaria journal 8: 116-116.



40.

41.

42.

43.

44,

45.

46.

Domarle, O., F. Migot-Nabias, J. L. Mvoukani, C. Y. Lu, R. Nabias, J. Mayombo,

H. Tiga, and P. Deloron. 1999. Factors influencing resistance to reinfection with

Plasmodium falciparum. Am J Trop Med Hyg 61: 926-931.

Bourke, C. D., K. D. J. Jones, and A. J. Prendergast. 2019. Current Understanding

of Innate Immune Cell Dysfunction in Childhood Undernutrition. Frontiers in
immunology 10: 1728-1728.

Vlasova, A. N., F. C. Paim, S. Kandasamy, M. A. Alhamo, D. D. Fischer, S. N.
Langel, L. Deblais, A. Kumar, J. Chepngeno, L. Shao, H. C. Huang, R. A.

Candelero-Rueda, G. Rajashekara, and L. J. Saif. 2017. Protein Malnutrition

Modifies Innate Immunity and Gene Expression by Intestinal Epithelial Cells and

Human Rotavirus Infection in Neonatal Gnotobiotic Pigs. mSphere 2.

Keusch, G. T. 1981. Host defense mechanisms in protein energy malnutrition.
Adv Exp Med Biol 135: 183-2009.

Cunha, M. C.R,, F. d. S. Lima, M. A. R. Vinolo, A. Hastreiter, R. Curi, P.
Borelli, and R. A. Fock. 2013. Protein malnutrition induces bone marrow
mesenchymal stem cells commitment to adipogenic differentiation leading to
hematopoietic failure. PloS one 8: €58872-e58872.

Bell, R. G., L. A. Hazell, and P. Price. 1976. Influence of dietary protein
restriction on immune competence. I1. Effect on lymphoid tissue. Clinical and
Experimental Immunology 26: 314-326.

Warny, M., J. Helby, B. G. Nordestgaard, H. Birgens, and S. E. Bojesen. 2018.

Lymphopenia and risk of infection and infection-related death in 98,344



47.

48.

49.

50.

51.

52.

53.

45

individuals from a prospective Danish population-based study. PLoS medicine 15:
€1002685-¢1002685.

Haase, H., and L. Rink. 2014. Multiple impacts of zinc on immune function.
Metallomics 6: 1175-1180.

Wessels, 1., and R. J. Cousins. 2015. Zinc dyshomeostasis during polymicrobial
sepsis in mice involves zinc transporter Zip14 and can be overcome by zinc
supplementation. Am J Physiol Gastrointest Liver Physiol 309: G768-778.
Gammoh, N. Z., and L. Rink. 2017. Zinc in infection and inflammation. Nutrients
9: 624.

Shankar, A. H., and A. Prasad. AS (1998). Zinc and immune function: the
biological basis of altered resistance to infection. American Journal of Clinical
Nutrition: 447-463.

Gibson, R. S., and J. M. Huddle. 1998. Suboptimal zinc status in pregnant
Malawian women: its association with low intakes of poorly available zinc,
frequent reproductive cycling, and malaria. Am J Clin Nutr 67: 702-7009.
Shankar, A., N. Kumar, and A. Scott. 1995. Zinc-deficiency exacerbates
experimental malaria infection in mice. In FASEB journal. Federation Amer Soc
Exp Biol 9650 Rockville Pike, Bethesda, MD 20814-3998. A736-A736.
Shankar, A. H., B. Genton, M. Baisor, J. Paino, S. Tamja, T. Adiguma, L. Wu, L.
Rare, D. Bannon, and J. M. Tielsch. 2000. The influence of zinc supplementation
on morbidity due to Plasmodium falciparum: a randomized trial in preschool
children in Papua New Guinea. The American Journal of Tropical Medicine and

Hygiene 62: 663-669.



54.

55.

56.

57.

58.

59.

60.

61.

46

Weiss, G. 2002. [Iron, infection and anemia--a classical triad]. Wien Klin
Wochenschr 114: 357-367.

Nemeth, E., S. Rivera, V. Gabayan, C. Keller, S. Taudorf, B. K. Pedersen, and T.
Ganz. 2004. IL-6 mediates hypoferremia of inflammation by inducing the
synthesis of the iron regulatory hormone hepcidin. J Clin Invest 113: 1271-1276.
Ekiz, C., L. Agaoglu, Z. Karakas, N. Gurel, and 1. Yalcin. 2005. The effect of iron
deficiency anemia on the function of the immune system. Hematol J 5: 579-583.
Spottiswoode, N., P. E. Duffy, and H. Drakesmith. 2014. Iron, anemia and
hepcidin in malaria. Front Pharmacol 5: 125-125.

Muriuki, J. M., A. J. Mentzer, W. Kimita, F. M. Ndungu, A. W. Macharia, E. L.
Webb, S. A. Lule, A. Morovat, A. V. S. Hill, P. Bejon, A. M. Elliott, T. N.
Williams, and S. H. Atkinson. 2018. Iron status and associated malaria risk
among african children. Clinical Infectious Diseases 68: 1807-1814.

Zhang, D. L., J. Wu, B. N. Shah, K. C. Greutélaers, M. C. Ghosh, H. Ollivierre,
X. Z. Su, P. E. Thuma, G. Bedu-Addo, F. P. Mockenhaupt, V. R. Gordeuk, and T.
A. Rouault. 2018. Erythrocytic ferroportin reduces intracellular iron
accumulation, hemolysis, and malaria risk. Science 359: 1520-1523.

Fomon, S.J., and S. Zlotkin. 1992. Nutritional anemias. Raven Press Vevey/New
York.

Harvey, P. W., P. F. Heywood, M. C. Nesheim, K. Galme, M. Zegans, J. P.
Habicht, L. S. Stephenson, K. L. Radimer, B. Brabin, K. Forsyth, and et al. 1989.
The effect of iron therapy on malarial infection in Papua New Guinean

schoolchildren. Am J Trop Med Hyg 40: 12-18.



62.

63.

64.

65.

66.

67.

68.

69.

47

Oppenheimer, S. J., F. D. Gibson, S. B. Macfarlane, J. B. Moody, C. Harrison, A.
Spencer, and O. Bunari. 1986. Iron supplementation increases prevalence and
effects of malaria: report on clinical studies in Papua New Guinea. Trans R Soc
Trop Med Hyg 80: 603-612.

Hassan, T. H., M. A. Badr, N. A. Karam, M. Zkaria, H. F. El Saadany, D. M.
Abdel Rahman, D. A. Shahbah, S. M. Al Morshedy, M. Fathy, A. M. H. Esh, and
A. M. Selim. 2016. Impact of iron deficiency anemia on the function of the
immune system in children. Medicine (Baltimore) 95: €5395-e5395.

Yilmaz, B., and H. Li. 2018. Gut Microbiota and Iron: The Crucial Actors in
Health and Disease. Pharmaceuticals (Basel) 11: 98.

Nagler-Anderson, C. 2001. Man the barrier! Strategic defences in the intestinal
mucosa. Nat Rev Immunol 1: 59-67.

Chassaing, B., M. Kumar, M. T. Baker, V. Singh, and M. Vijay-Kumar. 2014.
Mammalian gut immunity. Biomed J 37: 246-258.

Ahluwalia, B., M. K. Magnusson, and L. Ohman. 2017. Mucosal immune system
of the gastrointestinal tract: maintaining balance between the good and the bad.
Scand J Gastroenterol 52: 1185-1193.

Santaolalla, R., M. Fukata, and M. T. Abreu. 2011. Innate immunity in the small
intestine. Curr Opin Gastroenterol 27: 125-131.

Daussy, C., F. Faure, K. Mayol, S. Viel, G. Gasteiger, E. Charrier, J. Bienvenu, T.
Henry, E. Debien, U. A. Hasan, J. Marvel, K. Yoh, S. Takahashi, I. Prinz, S. de

Bernard, L. Buffat, and T. Walzer. 2014. T-bet and Eomes instruct the



70.

71.

72.

73.

74.

75.

76.

77.

48

development of two distinct natural killer cell lineages in the liver and in the bone
marrow. J Exp Med 211: 563-577.

Eberl, G., J. P. Di Santo, and E. Vivier. 2015. The brave new world of innate
lymphoid cells. Nat Immunol 16: 1-5.

Spits, H., J. H. Bernink, and L. Lanier. 2016. NK cells and type 1 innate lymphoid
cells: partners in host defense. Nat Immunol 17: 758-764.

Klose, C. S., and D. Artis. 2016. Innate lymphoid cells as regulators of immunity,
inflammation and tissue homeostasis. Nat Immunol 17: 765-774.

Zook, E. C., and B. L. Kee. 2016. Development of innate lymphoid cells. Nat
Immunol 17: 775-782.

Saenz, S. A., M. Noti, and D. Artis. 2010. Innate immune cell populations
function as initiators and effectors in Th2 cytokine responses. Trends Immunol 31:
407-413.

Molofsky, A. B., J. C. Nussbaum, H. E. Liang, S. J. Van Dyken, L. E. Cheng, A.
Mohapatra, A. Chawla, and R. M. Locksley. 2013. Innate lymphoid type 2 cells
sustain visceral adipose tissue eosinophils and alternatively activated
macrophages. J Exp Med 210: 535-549.

Mwangi, T. W., J. M. Bethony, and S. Brooker. 2006. Malaria and helminth
interactions in humans: an epidemiological viewpoint. Ann Trop Med Parasitol
100: 551-570.

Wu, K., X. Wang, S. P. Keeler, B. J. Gerovac, E. V. Agapov, D. E. Byers, S.

Gilfillan, M. Colonna, Y. Zhang, and M. J. Holtzman. 2020. Group 2 innate



78.

79.

80.

81.

82.

83.

&4.

49

lymphoid cells must partner with the myeloid—macrophage lineage for long-term
postviral lung disease. The Journal of Immunology 205: 1084-1101.

van de Pavert, S. A., and R. E. Mebius. 2010. New insights into the development
of lymphoid tissues. Nat Rev Immunol 10: 664-674.

Withers, D. R., and M. R. Hepworth. 2017. Group 3 innate lymphoid cells:
communications hubs of the intestinal immune system. Frontiers in Immunology
8.

Okumura, R., and K. Takeda. 2016. Maintenance of gut homeostasis by the
mucosal immune system. Proc Jpn Acad Ser B Phys Biol Sci 92: 423-435.

Oth, T., J. Vanderlocht, C. H. M. J. Van Elssen, G. M. J. Bos, and W. T. V.
Germeraad. 2016. pathogen-associated molecular patterns induced crosstalk
between dendritic cells, T helper cells, and natural killer helper cells can improve
dendritic cell vaccination. Mediators Inflamm 2016: 5740373-5740373.
Petnicki-Ocwieja, T., T. Hrncir, Y. J. Liu, A. Biswas, T. Hudcovic, H.
Tlaskalova-Hogenova, and K. S. Kobayashi. 2009. Nod?2 is required for the
regulation of commensal microbiota in the intestine. Proc Natl Acad Sci U S A
106: 15813-15818.

Negi, S., D. K. Das, S. Pahari, S. Nadeem, and J. N. Agrewala. 2019. Potential
role of gut microbiota in induction and regulation of innate immune memory.
Frontiers in Immunology 10.

1982. Effects of age and protein deficiency on intestinal immunity. Nutrition

Reviews 40: 253-254.



85.

86.

87.

88.

89.

90.

91.

92.

50

Ruth, M. R., and C. J. Field. 2013. The immune modifying effects of amino acids
on gut-associated lymphoid tissue. J Anim Sci Biotechnol 4: 27-27.

Skrovanek, S., K. DiGuilio, R. Bailey, W. Huntington, R. Urbas, B.
Mayilvaganan, G. Mercogliano, and J. M. Mullin. 2014. Zinc and gastrointestinal
disease. World J Gastrointest Pathophysiol 5: 496-513.

Cherayil, B. J., S. Ellenbogen, and N. N. Shanmugam. 2011. Iron and intestinal
immunity. Curr Opin Gastroenterol 27: 523-528.

Taniguchi, T., E. Miyauchi, S. Nakamura, M. Hirai, K. Suzue, T. Imai, T.
Nomura, T. Handa, H. Okada, C. Shimokawa, R. Onishi, A. Olia, J. Hirata, H.
Tomita, H. Ohno, T. Horii, and H. Hisaeda. 2015. Plasmodium berghei ANKA
causes intestinal malaria associated with dysbiosis. Scientific Reports 5: 15699.
Mukherjee, D., A. F. Chora, and M. M. Mota. 2020. Microbiota, a third player in
the host Plasmodium Affair. Trends in Parasitology 36: 11-18.

Mohapatra, M. K., P. C. Dash, S. C. Mohapatro, and R. N. Mishra. 2012. Delayed
gastric emptying time in adult cerebral Falciparum malaria. J Vector Borne Dis
49: 230-233.

Weinberg, W., P. Wilairatana, J. B. Meddings, M. Ho, S. Vannaphan, and S.
Looareesuwan. 1997. Increased gastrointestinal permeability in patients with
plasmodium falciparum malaria. Clinical Infectious Diseases 24: 430-435.
Mooney, J. P., K. L. Lokken, M. X. Byndloss, M. D. George, E. M. Velazquez, F.
Faber, B. P. Butler, G. T. Walker, M. M. Alj, R. Potts, C. Tiffany, B. M. Ahmer,

S. Luckhart, and R. M. Tsolis. 2015. Inflammation-associated alterations to the



93.

94.

95.

96.

97.

98.

99.

51

intestinal microbiota reduce colonization resistance against non-typhoidal
Salmonella during concurrent malaria parasite infection. Sci Rep 5: 14603.

Dass, R., H. Barman, S. G. Duwarah, N. M. Deka, P. Jain, and V. Choudhury.
2010. Unusual presentations of malaria in children: an experience from a tertiary
care center in North East India. Indian J Pediatr 77: 655-660.

Masse, E., and P. Hantson. 2014. Plasmodium falciparum malaria complicated by
symmetrical peripheral gangrene, bowel ischemia, repeated candidemia, and
bacteraemia. Case Reports in Medicine 2014: 696725.

Sailo, L., D. Pradhan, R. Nongthombam, and P. Bhattacharyya. 2014.
Disseminated intravascular coagulation in malaria: A case report. Niger Med J 55:
171-172.

Solligérd, E., I. S. Juel, O. Spigset, P. Romundstad, J. E. Grenbech, and P.
Aadahl. 2008. Gut luminal lactate measured by microdialysis mirrors
permeability of the intestinal mucosa after ischemia. Shock 29: 245-251.
Cerqueira, N. F., C. A. Hussni, and W. B. Yoshida. 2005. Pathophysiology of
mesenteric ischemia/reperfusion: a review. Acta Cir Bras 20: 336-343.

Chang, J. X., S. Chen, L. P. Ma, L. Y. Jiang, J. W. Chen, R. M. Chang, L. Q.
Wen, W. Wu, Z. P. Jiang, and Z. T. Huang. 2005. Functional and morphological
changes of the gut barrier during the restitution process after hemorrhagic shock.
World J Gastroenterol 11: 5485-5491.

Gao, C., L. Xu, W. Chai, X. Sun, H. Zhang, and G. Zhang. 2005. Amelioration of

intestinal ischemia-reperfusion injury with intraluminal hyperoxygenated



100.

101.

102.

103.

104.

105.

106.

52

solution: studies on structural and functional changes of enterocyte mitochondria.
J Surg Res 129: 298-305.

Yooseph, S., E. F. Kirkness, T. M. Tran, D. M. Harkins, M. B. Jones, M. G.
Torralba, E. O'Connell, T. B. Nutman, S. Doumbo, O. K. Doumbo, B. Traore, P.
D. Crompton, and K. E. Nelson. 2015. Stool microbiota composition is associated
with the prospective risk of Plasmodium falciparum infection. BMC Genomics 16:
631.

Zeng, M. Y., N. Inohara, and G. Nufiez. 2017. Mechanisms of inflammation-
driven bacterial dysbiosis in the gut. Mucosal Immunology 10: 18-26.

Wilkins, L. J., M. Monga, and A. W. Miller. 2019. Defining dysbiosis for a
cluster of chronic Diseases. Scientific Reports 9: 12918.

Hoopes, S. L., H. H. Willcockson, and K. M. Caron. 2012. Characteristics of
multi-organ lymphangiectasia resulting from temporal deletion of calcitonin
receptor-like receptor in adult mice. PLoS One 7: €45261.

Coban, C., M. S. J. Lee, and K. J. Ishii. 2018. Tissue-specific immunopathology
during malaria infection. Nature reviews. Immunology 18: 266-278.

Vidueiros, S. M., I. Fernandez, N. Slobodianik, M. E. Roux, and A. Pallaro. 2008.
Nutrition disorder and immunologic parameters: study of the intestinal villi in
growing rats. Nutrition 24: 575-581.

Stapleton, P. P., J. Fujita, E. M. Murphy, H. A. Naama, and J. M. Daly. 2001. The
influence of restricted calorie intake on peritoneal macrophage function. Nutrition

17:41-45.



107.

108.

109.

110.

I11.

112.

113.

53

Hesham, M. S., A. B. Edariah, and M. Norhayati. 2004. Intestinal parasitic
infections and micronutrient deficiency: a review. Med J Malaysia 59: 284-293.
Guerrant, R. L., R. B. Oria, S. R. Moore, M. O. B. Oria, and A. A. M. Lima.
2008. Malnutrition as an enteric infectious disease with long-term effects on child
development. Nutrition reviews 66: 487-505.

Kau, A. L., J. D. Planer, J. Liu, S. Rao, T. Yatsunenko, I. Trehan, M. J. Manary,
T. C. Liu, T. S. Stappenbeck, K. M. Maleta, P. Ashorn, K. G. Dewey, E. R.
Houpt, C. S. Hsieh, and J. I. Gordon. 2015. Functional characterization of IgA-
targeted bacterial taxa from undernourished Malawian children that produce diet-
dependent enteropathy. Sci Transl Med 7: 276ra224.

Villarino, N. F., G. R. LeCleir, J. E. Denny, S. P. Dearth, C. L. Harding, S. S.
Sloan, J. L. Gribble, S. R. Campagna, S. W. Wilhelm, and N. W. Schmidt. 2016.
Composition of the gut microbiota modulates the severity of malaria. Proceedings
of the National Academy of Sciences 113: 2235-2240.

Kane, A. V., D. M. Dinh, and H. D. Ward. 2015. Childhood malnutrition and the
intestinal microbiome. Pediatr Res 77: 256-262.

Aktas, B., T. J. De Wolfe, K. Tandee, N. Safdar, B. J. Darien, and J. L. Steele.
2015. The effect of lactobacillus casei 32G on the mouse cecum microbiota and
innate immune response is dose and time Dependent. PloS one 10: e0145784-
e0145784.

Zheng, D., T. Liwinski, and E. Elinav. 2020. Interaction between microbiota and

immunity in health and disease. Cell Research 30: 492-506.



114.

115.

116.

117.

118.

119.

54

Clahsen, T., O. Pabst, K. Tenbrock, A. Schippers, and N. Wagner. 2015.
Localization of dendritic cells in the gut epithelium requires MAdCAM-1.
Clinical Immunology 156: 74-84.

Cadman, E. T., A. Y. Abdallah, C. Voisine, A.-M. Sponaas, P. Corran, T. Lamb,
D. Brown, F. Ndungu, and J. Langhorne. 2008. Alterations of splenic architecture
in malaria are induced independently of Toll-like receptors 2, 4, and 9 or MyD88
and may affect antibody affinity. Infection and immunity 76: 3924-3931.

Gomez, F. E., J. Lan, W. Kang, C. Ueno, and K. A. Kudsk. 2007. Parenteral
nutrition and fasting reduces mucosal addressin cellular adhesion molecule-1
(MAdCAM-1) mRNA in Peyer's patches of mice. JPEN J Parenter Enteral Nutr
31:47-52.

Gessani, S., L. Conti, M. Del Corno, and F. Belardelli. 2014. Type I interferons as
regulators of human antigen presenting cell functions. Toxins (Basel) 6: 1696-
1723.

Kany, S., J. T. Vollrath, and B. Relja. 2019. Cytokines in Inflammatory Disease.
Int J Mol Sci 20: 6008.

Bwakura-Dangarembizi, M., B. Amadi, C. D. Bourke, R. C. Robertson, B.
Mwapenya, K. Chandwe, C. Kapoma, K. Chifunda, F. Majo, D. Ngosa, P.
Chakara, N. Chulu, F. Masimba, 1. Mapurisa, E. Besa, K. Mutasa, S. Mwakamui,
T. Runodamoto, J. H. Humphrey, R. Ntozini, J. C. K. Wells, A. R. Manges, J. R.
Swann, A. S. Walker, K. J. Nathoo, P. Kelly, A. J. Prendergast, and H.-S. s. team.

2019. Health Outcomes, Pathogenesis and Epidemiology of Severe Acute



120.

121.

122.

123.

124.

125.

55

Malnutrition (HOPE-SAM): rationale and methods of a longitudinal observational
study. BMJ Open 9: €023077.

Miiller, O., and M. Krawinkel. 2005. Malnutrition and health in developing
countries. CMAJ : Canadian Medical Association journal = journal de
l'Association medicale canadienne 173: 279-286.

Ibrahim, M. K., J. L. Barnes, E. Y. Osorio, G. M. Anstead, F. Jimenez, J. J.
Osterholzer, B. L. Travi, S. S. Ahuja, A. C. White, and P. C. Melby. 2014.
Deficiency of lymph node-resident dendritic cells (DCs) and dysregulation of DC
chemoattractants in a malnourished mouse model of infection. Infection and
Immunity 82: 3098.

Fuss, L. J., W. Strober, B. A. Cuccherini, G. R. Pearlstein, X. Bossuyt, M. Brown,
T. A. Fleisher, and K. Horgan. 1998. Intestinal lymphangiectasia, a disease
characterized by selective loss of naive CD45RA+ lymphocytes into the
gastrointestinal tract. Eur J Immunol 28: 4275-4285.

Spencer, S. P., C. Wilhelm, Q. Yang, J. A. Hall, N. Bouladoux, A. Boyd, T. B.
Nutman, J. F. Urban, J. Wang, T. R. Ramalingam, A. Bhandoola, T. A. Wynn,
and Y. Belkaid. 2014. Adaptation of innate lymphoid cells to a micronutrient
deficiency promotes type 2 barrier immunity. Science 343: 432-437.

Schuster, G. U., N. J. Kenyon, and C. B. Stephensen. 2008. Vitamin A deficiency
decreases and high dietary vitamin A increases disease severity in the mouse
model of asthma. The Journal of Immunology 180: 1834-1842.

Levy, M., C. A. Thaiss, D. Zeevi, L. Dohnalova, G. Zilberman-Schapira, J. A.

Mahdi, E. David, A. Savidor, T. Korem, Y. Herzig, M. Pevsner-Fischer, H.



126.

127.

128.

129.

130.

56

Shapiro, A. Christ, A. Harmelin, Z. Halpern, E. Latz, R. A. Flavell, I. Amit, E.
Segal, and E. Elinav. 2015. Microbiota-modulated metabolites shape the intestinal
microenvironment by regulating NLRP6 inflammasome signaling. Cel/ 163:
1428-1443.

Sonnenburg, E. D., H. Zheng, P. Joglekar, S. K. Higginbottom, S. J. Firbank, D.
N. Bolam, and J. L. Sonnenburg. 2010. Specificity of polysaccharide use in
intestinal bacteroides species determines diet-induced microbiota alterations. Cell
141: 1241-1252.

Arroyo Hornero, R., I. Hamad, B. Corte-Real, and M. Kleinewietfeld. 2020. The
impact of dietary components on regulatory T cells and disease. Frontiers in
Immunology 11.

Kim, Y.-G., K. G. S. Udayanga, N. Totsuka, J. B. Weinberg, G. Nufiez, and A.
Shibuya. 2014. Gut dysbiosis promotes M2 macrophage polarization and allergic
airway inflammation via fungi-induced PGE.. Cell Host & Microbe 15: 95-102.
Kumar, M., B. Ji, P. Babaei, P. Das, D. Lappa, G. Ramakrishnan, T. E. Fox, R.
Haque, W. A. Petri, F. Biackhed, and J. Nielsen. 2018. Gut microbiota dysbiosis is
associated with malnutrition and reduced plasma amino acid levels: Lessons from
genome-scale metabolic modeling. Metab Eng 49: 128-142.

Taniguchi, T., E. Miyauchi, S. Nakamura, M. Hirai, K. Suzue, T. Imai, T.
Nomura, T. Handa, H. Okada, C. Shimokawa, R. Onishi, A. Olia, J. Hirata, H.
Tomita, H. Ohno, T. Horii, and H. Hisaeda. 2015. Plasmodium berghei ANKA

causes intestinal malaria associated with dysbiosis. Scientific Reports 5: 15699.



131.

132.

133.

134.

135.

136.

57

Stough, J. M. A., S. P. Dearth, J. E. Denny, G. R. LeCleir, N. W. Schmidt, S. R.
Campagna, and S. W. Wilhelm. 2016. Functional Characteristics of the Gut
Microbiome in C57BL/6 Mice Differentially Susceptible to Plasmodium yoelii.
Frontiers in Microbiology 7: 1520-1520.

Britton, G. J., E. J. Contijoch, I. Mogno, O. H. Vennaro, S. R. Llewellyn, R. Ng,
Z.Li, A. Mortha, M. Merad, A. Das, D. Gevers, D. P. B. McGovern, N. Singh, J.
Braun, J. P. Jacobs, J. C. Clemente, A. Grinspan, B. E. Sands, J.-F. Colombel, M.
C. Dubinsky, and J. J. Faith. 2019. Microbiotas from humans with inflammatory
bowel disease alter the balance of gut Th17 and RORyt(+) regulatory T cells and
exacerbate colitis in mice. Immunity 50: 212-224.e214.

Finamore, A., M. Massimi, L. Conti Devirgiliis, and E. Mengheri. 2008. Zinc
deficiency induces membrane barrier damage and increases neutrophil
transmigration in Caco-2 cells. The Journal of Nutrition 138: 1664-1670.
Barekatain, R., P. V. Chrystal, G. S. Howarth, C. J. McLaughlan, S. Gilani, and
G. S. Nattrass. 2019. Performance, intestinal permeability, and gene expression of
selected tight junction proteins in broiler chickens fed reduced protein diets
supplemented with arginine, glutamine, and glycine subjected to a leaky gut
model. Poult Sci 98: 6761-6771.

Chua, C. L. L., G. Brown, J. A. Hamilton, S. Rogerson, and P. Boeuf. 2013.
Monocytes and macrophages in malaria: protection or pathology? Trends in
Parasitology 29: 26-34.

Wang, S., A. El-Fahmawi, D. A. Christian, Q. Fang, E. Radaelli, L. Chen, M. C.

Sullivan, A. M. Misic, J. A. Ellringer, X.-Q. Zhu, S. E. Winter, C. A. Hunter, and



137.

138.

139.

140.

141.

142.

58

D. P. Beiting. 2019. Infection-induced intestinal dysbiosis is mediated by
macrophage activation and nitrate production. mBio 10: €¢00935-00919.

Ozarslan, N., J. F. Robinson, and S. L. Gaw. 2019. Circulating monocytes, tissue
macrophages, and malaria. Journal of Tropical Medicine 2019: 3720838.

Wang, J., W.-D. Chen, and Y.-D. Wang. 2020. The relationship between gut
microbiota and inflammatory diseases: The Role of Macrophages. Frontiers in
Microbiology 11.

Corware, K., V. Yardley, C. Mack, S. Schuster, H. Al-Hassi, S. Herath, P. Bergin,
M. Modolell, M. Munder, I. Miiller, and P. Kropf. 2014. Protein energy
malnutrition increases arginase activity in monocytes and macrophages. Nutrition
& Metabolism 11: 51.

Woting, A., and M. Blaut. 2018. Small intestinal permeability and gut-transit time
determined with low and high molecular weight fluorescein isothiocyanate-
dextrans in C3H mice. Nutrients 10: 685.

Brown, E. M., M. Wlodarska, B. P. Willing, P. Vonaesch, J. Han, L. A. Reynolds,
M.-C. Arrieta, M. Uhrig, R. Scholz, O. Partida, C. H. Borchers, P. J. Sansonetti,
and B. B. Finlay. 2015. Diet and specific microbial exposure trigger features of
environmental enteropathy in a novel murine model. Nature Communications 6:
7806-7806.

Cohen, L., I. Sekler, and M. Hershfinkel. 2014. The zinc sensing receptor,
ZnR/GPR39, controls proliferation and differentiation of colonocytes and thereby

tight junction formation in the colon. Cell Death Dis 5: e1307.



143.

144.

145.

146.

147.

148.

59

Worthington, B. S., and J. Syrotuck. 1976. Intestinal permeability to large
particles in normal and protein-deficient adult rats. J Nutr 106: 20-32.

Amadi, B., E. Besa, K. Zyambo, P. Kaonga, J. Louis-Auguste, K. Chandwe, P. L.
Tarr, D. M. Denno, J. P. Nataro, W. Faubion, A. Sailer, S. Yeruva, T. Brantner, J.
Murray, A. J. Prendergast, J. R. Turner, and P. Kelly. 2017. Impaired barrier
function and autoantibody generation in malnutrition enteropathy in Zambia.
EBioMedicine 22: 191-199.

Berant, M., M. Khourie, and I. S. Menzies. 1992. Effect of iron deficiency on
small intestinal permeability in infants and young children. J Pediatr
Gastroenterol Nutr 14: 17-20.

Wilairatana, P., J. B. Meddings, M. Ho, S. Vannaphan, and S. Looareesuwan.
1997. Increased gastrointestinal permeability in patients with Plasmodium
falciparum malaria. Clin Infect Dis 24: 430-435.

Singh, R., S. Chandrashekharappa, S. R. Bodduluri, B. V. Baby, B. Hegde, N. G.
Kotla, A. A. Hiwale, T. Saiyed, P. Patel, M. Vijay-Kumar, M. G. L. Langille, G.
M. Douglas, X. Cheng, E. C. Rouchka, S. J. Waigel, G. W. Dryden, H. Alatassi,
H.-G. Zhang, B. Haribabu, P. K. Vemula, and V. R. Jala. 2019. Enhancement of
the gut barrier integrity by a microbial metabolite through the Nrf2 pathway.
Nature Communications 10: 89.

Kominsky, D. J., E. L. Campbell, S. F. Ehrentraut, K. E. Wilson, C. J. Kelly, L. E.
Glover, C. B. Collins, A. J. Bayless, B. Saeedi, E. Dobrinskikh, B. E. Bowers, C.

F. MacManus, W. Miiller, S. P. Colgan, and D. Bruder. 2014. [FN-y—mediated



149.

150.

151.

152.

153.

154.

60

induction of an apical IL-10 receptor on polarized intestinal epithelia. The Journal
of Immunology 192: 1267-1276.

Nava, P., S. Koch, M. G. Laukoetter, W. Y. Lee, K. Kolegraff, C. T. Capaldo, N.
Beeman, C. Addis, K. Gerner-Smidt, I. Neumaier, A. Skerra, L. Li, C. A. Parkos,
and A. Nusrat. 2010. Interferon-gamma regulates intestinal epithelial homeostasis
through converging beta-catenin signaling pathways. Immunity 32: 392-402.
Anstead, G. M., B. Chandrasekar, W. Zhao, J. Yang, L. E. Perez, and P. C.
Melby. 2001. Malnutrition alters the innate immune response and increases early
visceralization following Leishmania donovani infection. Infection and immunity
69: 4709-4718.

Sowunmi, A., O. A. Ogundahunsi, C. O. Falade, G. O. Gbotosho, and A. M.
Oduola. 2000. Gastrointestinal manifestations of acute falciparum malaria in
children. Acta Trop 74: 73-76.

Rodriguez, L., E. Cervantes, and R. Ortiz. 2011. Malnutrition and gastrointestinal
and respiratory infections in children: a public health problem. Int J Environ Res
Public Health 8: 1174-1205.

Jiang, Y., C. Guo, D. Zhang, J. Zhang, X. Wang, and C. Geng. 2014. The altered
tight junctions: an important gateway of bacterial translocation in cachexia
patients with advanced gastric cancer. J Interferon Cytokine Res 34: 518-525.
Kotanko, P., M. Carter, and N. W. Levin. 2006. Intestinal bacterial microflora—a
potential source of chronic inflammation in patients with chronic kidney disease.

Nephrology Dialysis Transplantation 21: 2057-2060.



155.

156.

157.

158.

159.

160.

161.

61

Fouts, D. E., M. Torralba, K. E. Nelson, D. A. Brenner, and B. Schnabl. 2012.
Bacterial translocation and changes in the intestinal microbiome in mouse models
of liver disease. Journal of Hepatology 56: 1283-1292.

Silva, G. B. d. J., J. R. Pinto, E. J. G. Barros, G. M. N. Farias, and E. D. F. Daher.
2017. Kidney involvement in malaria: an update. Rev Inst Med Trop Sao Paulo
59: e53-e53.

Singh, R. K., H.-W. Chang, D. Yan, K. M. Lee, D. Ucmak, K. Wong, M. Abrouk,
B. Farahnik, M. Nakamura, T. H. Zhu, T. Bhutani, and W. Liao. 2017. Influence
of diet on the gut microbiome and implications for human health. J Trans! Med
15: 73-73.

Harris, E. V., J. C. de Roode, and N. M. Gerardo. 2019. Diet—microbiome—
disease: Investigating diet’s influence on infectious disease resistance through
alteration of the gut microbiome. PLOS Pathogens 15: e1007891.

Agus, A., J. Denizot, J. Thévenot, M. Martinez-Medina, S. Massier, P. Sauvanet,
A. Bernalier-Donadille, S. Denis, P. Hofman, R. Bonnet, E. Billard, and N.
Barnich. 2016. Western diet induces a shift in microbiota composition enhancing
susceptibility to Adherent-Invasive E. coli infection and intestinal inflammation.
Scientific Reports 6: 19032.

Heikens, G. T., and M. Manary. 2009. 75 years of Kwashiorkor in Africa. Malawi
Med J 21: 96-98.

Gone, T., F. Lemango, E. Eliso, S. Yohannes, and T. Yohannes. 2017. The

association between malaria and malnutrition among under-five children in



62

Shashogo District, Southern Ethiopia: a case-control study. Infect Dis Poverty 6:

9-9.



63

Vita

Noah Joseph Murr was born in Winston-Salem, North Carolina in 1995. Growing
up, he was always interested in the intricacies medicine, physiology, and disease, reading
his dad’s weekly medical journals that he got in the mail. This fascination originally led
him towards an interest in medicine and wanting to work in the health care field. At the
age of 16 his mother was diagnosed with terminal pancreatic cancer, the resulting stress
caused him to develop ulcerative colitis. His drive to understand how these things happen
and how he could make an impact on their outcomes drove him to pursue a master’s degree
in Cellular and Molecular Biology with a concentration in Immunology at Appalachian
State University.

Noah’s dedication in the field of immunology proved to be a worthy ambition.
Through his hard work he accumulated an ability to critically think about aspects of disease
states and the influence of diet, which will eventually lead to his first author publication
titled “Plasmodium chabaudi infection Alters Gut Morphology and Mucosal Innate
Immunity in Moderately Malnourished Mice”. He has attended the North Carolina
American Society for Microbiology conference in 2019 and 2020 as a travel award winner,
poster presenter, and oral presenter. He will also be presenting part of his thesis data at the
American Association of Immunologists 2021 annual conference in May. In addition, he
has written several competitive university sponsored research grants for funding for his
projects. Noah’s passion for his work and his desire to mentor and teach others has inspired
him to pursue a terminal degree in immunology and/or cancer biology. One day, Noah
hopes to lead ground-breaking research in the field of immunology with a focus on the

development of autoimmune disease and drug development.



64

In his free time, believe it or not, Noah enjoys reading immunology papers focused
on autoimmunity, with specific interests in ulcerative colitis. He is also an avid body
builder who believes proper diet and exercise are essential for a well-balanced life and
prevention of disease. Lastly, he also enjoys spending time with his fiancé and close

friends, whether it be getting together to cook or go on hikes.



