Sickness Behavior and the Metabolic Demand of Immunity: Insight from a Live
Bacterial Infection Model.

by

Robert Michael Johnson

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
August 8, 2020

Keywords: Immunometabolism, Life-history Theory, Listeria monocytogenes
Sickness Behavior, Trade-offs

Copyright 2020 by Robert Michael Johnson

Approved by

Elizabeth Hiltbold Schwartz, Chair, Associate Professor of Biology
Michael Greene, Associate Professor of Nutrition
Robert Judd, Associate Professor of Pharmacology
Kate Buckley, Assistant Professor of Biology



Abstract

Life-history theory states that animals have access to a finite amount of resources
over their lifespan. These resources are allocated between growth, reproduction, and
maintenance, and how these resources are allocated will affect the overall fitness of an
organism. A fundamental assumption of this theory is that once a resource is utilized by a
trait, it cannot be used by another trait. Thus, when the demand for resources for one trait
increases, it will come at the cost of the other traits. The host’s immune system is
responsible for survival from pathogenic invasions. Therefore, it is a critical part of
maintenance. Studies have examined the trade-offs induced by an immune response.

The current knowledge on trade-offs incurred during an immune response come
from the use of pathogen-associated molecular patterns (PAMPs), non-pathogenic
antigens such as sheep red blood cells (SRBCs), or keyhole limpet hemocyanin (KLH).
These studies have observed trade-offs with metabolism and weight. Additionally, some
of these studies have observed decreased activity, increased fatigue, loss of appetite, and
fever. Collectively, these symptoms are knowns as sickness behavior. In recent years, the
field of science investigating the cellular metabolism of immune cells termed
immunometabolism has observed a rapid growth. However, the knowledge gained from
these studies relies on PAMPs or non-specific activation of cells of the adaptive immune
system. Thus, the understanding of trade-offs and immunometabolism to a pathogen
remains poorly characterized.

Our present study aims to longitudinally characterize the trade-off to life-history
traits, induced sickness behavior, and immunometabolism to a well-characterized model

Listeria monocytogenes. During a primary immune response, we observed trade-offs and



sickness behavior that corresponded to the timing of the innate immune response.
Additionally, during this time, we observed a shift in cellular metabolism towards aerobic
glycolysis in cells of the innate immune system. During the time of maximal cost of
adaptive immunity, clonal expansion, we observed the resolution trade-offs and sickness
behavior. Additionally, the cell’s immunometabolism resembled cells from control. Thus,
during a primary immune response, the innate immune system likely is the driver of
trade-offs. During a secondary response, we observed trade-offs that coincided with the
timing of reactivation of cells of the adaptive immune system. Thus, reactivation of the

adaptive immune response is likely to cause trade-offs.
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Chapter 1

Literature Review

Life-history Theory and Sickness Behavior

In nature, organisms strive to obtain energy and nutrients in the effort to grow,
survive, and reproduce. An organism may experience events in which it has limited
access to resources; these events drive the allocation of acquired resources between
fitness traits. The evolutionary physiological and behavioral strategies an organism uses
to partition these resources over its lifespan is explained within the life-history theory (1-
3). A fundamental assumption of the life-history theory is that a resource can only be
allocated to one trait. For example, the same resources could not be allocated to both
locomotion and immunity; thus, trade-offs among life-history traits are inevitable. The
immune system is responsible for immunocompetence, which is defined as the ability of
an organism to mount an effective immune response to a pathogen (4). This is an
essential component of self-maintenance and host survival. To survive, organisms will
allocate resources to the immune system in trade-offs with other traits (2-5). Norris, ef al.
established the three requirements to demonstrate the trade-off between life-history traits
1) immunity must compete with other life-history traits for access to limited resources 2)
increased investment in a particular life-history trait must reduce immunity 3) a reduction
in immunity must cause a reduction in fitness (4). Using these requirements, studies have

investigated what traits immunocompetence induce trade-offs with.
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Several studies have investigated the impact of immunocompetence on life-
history traits in birds, rodents, and bats through the use of immune stimulators including:
lipopolysaccharide (LPS), keyhole limpet hemocyanin (KLH), phytohemagglutinin
(PHA), or sheep red blood cells (SRBCs). After subjecting these individuals to an
immune stimulator, multiple parameters to determine overall fitness were recorded, and
included parameters such as: weight loss, an increase in basal metabolic rate (BMR) or
resting metabolic rate (RMR), decreased activity, decreased energy expenditure, and
decreased fecundity (1, 6-14). LPS, specifically, induced observed symptoms of lethargy,
anorexia, fever, sleepiness, and reclusiveness. Collectively, the symptoms are known as
sickness behavior (15-19). This behavior has been observed across in vertebrates; thus, it
is likely a conserved adaptive evolutionary strategy to direct resources towards
immunocompetence (15, 17, 20). Because behavior is ultimately organized and
controlled by the brain, there must be either an interaction between the brain and
pathogen or the brain and immune system. Since most pathogens do not infect the brain,
it is more likely the interaction between the immune system and the brain that causes
sickness behavior (15).

Initiation of sickness behavior is linked to activation of the innate immune
response. Cells of the innate immune system are the first line of defense, and responsible
for the initial recognition of a pathogen. Upon pathogen detection, cells of the innate
immune system become activated and produce pro-inflammatory cytokines such as TNF-
a, IL-6, and IL-1PB (21, 22). These systemic pro-inflammatory cytokines can interact with
the central nervous system (CNS) either through being actively transported into the brain

by endothelial cells of the blood-brain barrier (BBB) or through direct interaction on the
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brain at circumventricular organs, which lacking a BBB (18, 19, 23, 24). The interaction
of cytokines on the brain leads to the production of prostaglandins (PG).
Cyclooxygenase 2 (COX2) is expressed in the brain and the enzyme responsible for
converting arachidonic acid into prostaglandin H». Prostaglandin H» can be further
converted into prostaglandin E» (PGEz) by microsomal PGE synthase 1 or prostaglandin
D> (PGD3) by lipocalin PGD synthase. PGE> and PGD; are implicated in the induction
of fever, sleepiness, and anorexia, symptoms of sickness behavior (25). Ushikubi, et al.
established that LPS-induced fever is due to PGE> interaction with the EP3 receptor
while Lazarus, ef al. established is was the EP3 receptors in the medial preoptic nucleus
within the hypothalamus (26, 27). The PGEx is produced by endothelial cells of the brain
(28-31). Ueno, et al. identified PGD; as the significant sleep-promoting prostaglandin
(32). Several studies helped to identify the ventrolateral preoptic nucleus (VLPO) within
the hypothalamus, which leads to the production of PGD> (32-34). Many of the LPS-
induced responses in the hypothalamus are driven by the cytokine TNFa. However, other
cytokines produced by the innate immune response also aid in driving symptoms of
sickness behavior. For example, IL-1p interacts with the paraventricular nucleus of the
hypothalamus (PVH) leading to the production of PGE> which interacts with the EP4
receptor and drives anorexia (35, 36). These studies have used either pathogen associated
molecular patterns (PAMPs), non-pathogenic antigen, or mitogen to determine the
demand of immunocompetence to an organism. Yet, to truly understand the demand of

immunocompetence, an immune response to an infectious pathogen must be determined.

Primary Immune Response
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A primary immune response to a pathogen relies on the innate and adaptive
immune system. Cells of the innate immune system can be grouped into granulocytes,
antigen-presenting cells (APCs), or innate lymphoid cells. Granulocytes include
polymorphic neutrophils (PMNs), eosinophils, mast cells and basophils and are
characterize by granules within their cytoplasm. APCs include monocytes, macrophages,
and DCs and are capable of processing and presenting antigen to T cells, cells of the
adaptive immune system. Innate lymphocytes include natural killer (NK) cells and innate
lymphocytes (not discussed here). NK cells detect intracellular host cells and lyse these
cells to assist with pathogen clearance. Cells of the innate immune system detect
microbes through Pattern Recognition Receptors (PRRs) that bind Pathogen Associated
Molecular Patterns (PAMPs), such as LPS, which are expressed by a variety of microbes
(37, 38). Upon PRR:PAMP interaction, cells of the innate immune system become
activated, leading to increased production of pro-inflammatory cytokines and chemokines
(21, 22, 39, 40). These pro-inflammatory cytokines help to orchestrate the local immune
response (21, 22). Chemokines are responsible for cell recruitment from the bone marrow
and bloodstream to the site of infection (41-44). DCs are the link between the innate and
adaptive immune system. Activated DCs leave the site of infection and travel to
secondary lymphoid organs where they activate cells of the adaptive immune system,
specifically T cells.

T lymphocytes are cells of the adaptive immune system and go through four
distinct phases during an immune response: activation, clonal expansion, contraction, and
memory. Activation occurs within minutes of T cell receptor (TCR) engagement. T cells

then increase in size over the next 24 hours in preparation for the first round of division.
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After this period, T cells will go through their first round of clonal expansion, with each
successive round of expansion occurring about every 10 hours (45, 46). Each T cell can
go through a minimum of 9 rounds of replication (46, 47). Taken together, one activated
antigen-specific T cell can increase 10,000-fold during the clonal expansion phase (48-
50). During the contraction phase, 90-95% of these cells die off (48, 51), and the
remaining 5-10% of cells will be retained as memory T cells. Memory T cells possess an
immunological memory, which allows for a rapid immune response to previously

encountered antigens upon subsequent infections (48, 49, 52).

Secondary Immune Response

During a subsequent infection, memory cells of the adaptive immune system
"orchestrate the show" compared to a primary immune response where cells of the innate
immune system initiate the immune response (53). Memory cells can be divided into
central memory T cells and effector memory T cells. Central memory T cells hone to
secondary lymphoid organs, and effector memory T cells survey peripheral tissues.
Central memory T cells are better equipped to proliferate in response to antigen
stimulation (51, 53). Upon stimulation, memory cells will again undergo activation,
expansion, contraction, and reestablishment of memory but at a much faster rate. After
activation, the first round of clonal expansion occurs with 4-6 hours, and the clonal
expansion is about 5-fold higher than a primary immune response (54, 55). During the
contraction phase, 20-40% of the cells remain to reestablish memory (50, 56). Effector
memory T cells are poised to be the first line of defense to a subsequent infection in the

periphery. Upon activation, these cells secrete effector cytokines (51, 53). Thus, the
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adaptive immune response in a secondary response is more rapid, greater in magnitude,
and more proficient. The characterization of the mammalian immune system has come
from the use of a well-characterized pathogen, one of these model pathogens being

Listeria monocytogenes.

Listeria monocytogenes

Listeria monocytogenes is a Gram-positive, facultative intracellular, food-borne
pathogen that causes gastroenteritis in healthy individuals. In immunocompromised
individuals, such as pregnant women, elderly, or children it can cause more severe
disease. In pregnant women, Listeria can cause spontaneous abortion, and the elder and
young can experience meningoencephalitis (57-60). Immunologists have characterized
the primary and secondary immune response to Listeria. Thus, it is a great model of host-
pathogen interactions.

During a primary infection, the early immune response (< 3 days) to Listeria is
characterized by an innate immune response (57-60). Residential macrophages are the
first cells to combat the infection. Unfortunately, Listeria can easily escape the
phagosome and replicate within the cytosol (61, 62). Thus, initially, these cells serve as
an intracellular growth niche for Listeria. However, IFN-y activated macrophages kill
Listeria through reactive nitrogen species; the primary source of early IFN-y is NK cells
(63, 64). The first infiltrating cell to encounter Listeria is PMNSs. Liu et al., observed liver
PMN infiltration within minutes of systemic infection with the peak recruitment
occurring 4 hours after infection (65). PMNs kill Listeria through degranulation and ROS

(66-68). Hours after infection, inflammatory monocytes are recruited to the spleen.
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Serbina ef al. demonstrated that inflammatory monocytes are recruited to the spleen in a
CCR2 dependent manner (42) following the chemokines CCL2 and CCL3 (41). Serbina
et al. established the differentiation of these cells into TNF-o/Inducible nitric oxide
synthase dendritic cells (TipDCs) within the spleen (69). Through ROS and RNS, these
cells kill Listeria (43, 44, 70). DCs can traffic to the white pulp of the spleen or T cell
zone of lymph nodes. The trafficking to the white pulp of the spleen is a critical step for
colonization in the spleen. Edelson ef al. demonstrated that mice lacking conventional
DCs prevented Listeria's movement to the white pulp of the spleen (71). Starting at day 3
post infection, the adaptive immune response begins to take control. Since Listeria is an
intracellular pathogen, the T cell response is the most appropriate adaptive immune
response.

The adaptive immune response is critical for Listeria clearance. For example,
mice lacking an adaptive immune system initially are more resistant to a Listeria
infection; however, these mice eventually succumb to the infection (72-74). Recall that
cells of the adaptive immune system go through four distinct phases: activation,
expansion, contraction, and memory. Mercado et al. established the first 24 hours of
infects as the time frame for T activation. They observed mice treated with antibiotics to
stop the Listeria infection before 24 hours had an impaired T cell response (75).
Although clonal expansion occurs 24 hours after activation, through the use of IFN-y
intracellular cytokine staining, the T cell expansion is readily detectable within 3 to 4
days, and the peak of T cell response typically occurs 7 to 8 days post-infection. This

expansion of effector T cells allows for clearance of the pathogen. As the infection
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subsides, a majority of these cells die off, and the remaining cells develop long-lasting
memory and are poised to respond to subsequent infection (50, 56, 76).

During a subsequent infection with Listeria, the adaptive immune system
orchestrates the immune response compared to a primary where innate immune cells
orchestrated the immune response. Memory T cells rapidly begin to control the infection
within 6 hours (77). The proliferation of effector cells occurs more rapidly, with the peak
occurring 3 to 5 days post-infection. Due to the resolution of the infection, these effector
cells die off by day 7 post-infection, leaving memory T cells (50, 56, 76, 78-81). Thus a
secondary response relies on an adaptive immune response, and this response is more
rapid and robust compared to a primary provided an excellent opportunity to study the
impact adaptive immunity has during a pathogenic response.

While the mammalian immune response to Listeria has been well characterized,
one aspect that remains to be explored is immunometabolism, the cellular metabolism of

immune cells, upon infection.

Immunometabolism

The need to produce ATP to provide energy for cellular function is essential in
both quiescent and activated cells. Glucose can be used to fuel this process through two
integrated pathways. The first is glycolysis, which converts glucose to pyruvate
producing energy through substrate-level phosphorylation. The second is the
tricarboxylic acid (TCA) cycle, which produces energy through oxidative
phosphorylation (OXPHOS). These two processes can be integrated by the breakdown of

pyruvate to acetyl-CoA, which enters the TCA cycle. Through anaplerotic reactions, cells
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can use fatty acid via f-oxidation (FAO) or glutamine via glutaminolysis to replenish the
TCA cycle to fuel OXPHOS. Within recent years, our understanding of the cellular
metabolism of the immune system has dramatically evolved. It is well established that
cells of the immune system differ in cellular metabolism based on their activation state
(39, 40, 82).

Quiescent cells of the innate immune system rely on oxidative phosphorylation
(OXPHOS) for energy. Upon PRR activation, cells of the innate immune system shift
cellular metabolism towards aerobic glycolysis (83-86). Hallmarks of aerobic glycolysis
are increased glucose uptake through the glucose transporter (Glut-1) and increased
lactate production. Chen, et al., demonstrated that hypoxia-induced factor-1o (HIF-1a)
binds to the glutl promoter, which leads to the upregulation of Glut-1 (87). Aerobic
glycolysis is essential for all activated cells of the innate immune system (86, 88, 89).
Everts, et al., demonstrated the importance of aerobic glycolysis for effector function
using 2-deoxyglucose (2-DG). They observed that LPS induced activation of DCs was
significantly impaired in the presence of 2-DG (90). Since these cells are not using the
TCA to generate energy, cataplerosis of TCA intermediates occurs. For example,
succinate can stabilize hypoxia-induced factor-1a (HIF-1a) which binds to the IL-1
promote inducing the production of pro-IL-1 (91, 92). Additionally, citrate is used for
fatty acid synthesis, which in turns is used for membrane biogenesis. For example, DCs
rely on membrane production to support antigen presentation to T cells. (86, 90).
Activated neutrophils and macrophages rely on the oxidative burst to kill pathogens. The
commitment to glycolysis supports these cells respiratory burst through the production of

NADPH by two distinct pathways. First, the PPP pathway of glucose catabolism
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generates NADPH. Second, these cells use glutaminolysis which uses TCA intermediates
and the malate-aspartate shuttle, these cells degrade glutamine to malate. Malate is
further oxidized to pyruvate through a NADP" reaction. Thus, glycolysis is essential for
pathogen killing by these cells. Stimulated macrophages and DCs increases the
expression of iNOS, which generates nitric oxide (NO). Unfortunately NO through
nitrosylation of iron-sulfur clusters in the electron transport chain inhibits OXPHOS
requiring these cells to use glycolysis for energy (93, 94). The immunometabolism of
cells of the adaptive immune system is complex because quiescence cells upon activation
proliferate and differentiate into effector or memory cells.

The energy requirements of naive T cells are satisfied through FAO and
OXPHOS (95, 96). Activation of naive T cell requires both costimulatory and TCR
engagement, and each leads to the activation of different intracellular metabolic
pathways. For example, stimulation through the costimulatory receptor CD28 leads to
increased aerobic glycolysis in a similar manner observed in innate immune cells (97,
98). Carr, et al., demonstrated that TCR engagement leads to increased glutaminolysis
(99). Since both glucose and glutamine are only partially oxidized to generate ATP,
these molecules likely do not provide the cell with energy but instead provide T cells
with the necessary precursors for macromolecule synthesis required for cellular
proliferation (100-102). Chang, et al., completed the understanding of T cell metabolism
by demonstrated that activated T cells use OXPHOS for energy (103). Thus, activated T
cells rely on glycolysis, glutaminolysis, and OXPHOS for proper function. Effector T
cells rely on the increased glycolysis to produce cytokines (82, 98, 101, 104). A hallmark

of a successful immune response is the generation of memory cells. Pearce, ef al.,
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through the manipulation of FAO was able to enhance T cell memory (105). Van der
Windt, et al,. followed up this study and demonstrated that I[L-15 was essential for
mitochondrial biogenesis, which increases mitochondrial respiratory capacity (106).
Thus, memory T cells are dependent on FAO mitochondrial oxidative metabolism (105,
106). Upon reactivation, memory T cells have an initial glycolytic switch, which is
required for cytokine production (107).

Excluding the investigation of memory T cells, our understanding of
immunometabolism comes from studies that have used either LPS, a PAMP, or non-
specific activation of T cells. Our understand of immunometabolism in the context of a
pathogen is extremely limited. Thus, the immunometabolism induced by a pathogen

remains poorly characterized.

Hypothesis and Goals

The overall hypothesis of this project states that immunocompetence will induce
trade-offs among life-history traits (growth, reproduction, and maintenance), and these
trade-offs will be driven by the innate immune system rather than the adaptive immune
system. Our current understanding of immunocompetence and immunometabolism come
from studies that utilized PAMPs, model antigens, or non-specific activation of T cells.
Because of this, the metabolism of immune cells using a live pathogen has yet to be well
characterized and can add much-needed resolution to preliminary publications mentioned
above. Thus, the goal of this dissertation was to determine the immunocompetence and

immunometabolism to a live pathogen. To achieve this goal, we longitudinally monitored
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the metabolic phenotype, systemic metabolism, and cellular metabolism of mice infected

with well-characterized pathogen Listeria monocytogenes.
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Chapter 2

The Systemic and Cellular Metabolic Phenotype of Infection and Immune Response

to Listeria monocytogenes

Abstract

It is widely accepted that infection and immune response incur significant
metabolic demands, yet the respective demands of the innate vs. adaptive immune
responses have not been well delineated. It has also been established that cellular
metabolic pathways are altered in leukocytes upon activation. However, most studies
that have demonstrated this metabolic demand at the systemic or cellular level have
utilized pathogen associated molecular patterns (PAMPs) or model antigens at isolated
time points. Thus, the dynamics of pathogenesis and immune response to a live infection
remain largely undocumented. To better quantitate the metabolic demands induced by
infection, we utilized a live pathogenic infection model. Mice infected with Listeria
monocytogenes were monitored longitudinally over the course of infection through
clearance. We measured systemic metabolic phenotype, bacterial load, innate and
adaptive immune responses, and cellular metabolic pathways. To further delineate the
role of innate vs. adaptive immunity in the metabolic phenotype, we utilized two doses of
bacteria, one that induced both sickness behavior and protective immunity, and the other
protective immunity alone. We determined that the greatest impact to systemic
metabolism occurred during the early immune response. Additionally, this time

corresponded to the greatest shift in cellular metabolism of cells of the innate immune
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system. During the time of maximal adaptive immune response (T cell expansion) we
observed the return to resting state in systemic metabolism. Taken together, our findings
implicate the innate immune system as more metabolically demanding than the adaptive

immune response.
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Introduction

One of the central postulates of life history theory is that certain finite resources
must be allocated between growth, reproduction and maintenance over an animal’s
lifespan. (1, 2). With limited resources, competitive trade-offs will occur when the
demand for one trait is greater than the others (1, 2). Several studies have identified such
trade-offs that occur between immunity, growth, and reproduction (1, 2). In one study,
house sparrows challenged with systemic Lipopolysaccharide (LPS) exhibited a decrease
in weight, activity, and reproduction (3). In another study, investigators observed
increased basal metabolic rate (V0>) following keyhole limpet hemocyanin (KLH)
challenge (4). While many such studies have highlighted systemic trade-offs that occur
during model immune responses, we still have much to learn about such tradeoffs during
live infection. First, the use of pathogen associated molecular patterns (PAMPs), model
antigens, or mitogens cannot replicate the stages of live infection (invasion, replication,
spread, infection-induced pathology). Secondly, these studies model systemic infections
such as sepsis, and thus fail to represent localized infection and inflammation. Finally,
many of the metabolic measurements have been performed at selected timepoints
(removing animals from home caging for metabolic measurements, inducing stress), not
longitudinally throughout the infection and immune response. To better elucidate the
metabolic demands and trade-offs that occur from initial infection through clearance, the
systemic metabolism of the host should be monitored longitudinally during live pathogen
infection and clearance.

Listeria monocytogenes is a Gram positive intracellular foodborne pathogen. It’s

pathogenicity and immune response have been well documented (5-7). In a dose range
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from 2x10°- 2x10% (8, 9), protective T cell responses develop, with little observable
sickness at the low end while measurable, but non-life-threatening illness is observed at
the high end (8, 9). During the early phase following infection, a robust innate immune
response is observed consisting of inflammatory cytokine production and recruitment of
neutrophils and monocytes to the liver and spleen (5, 10-16). Bacterial colonization in
the spleen and liver also peaks during this phase (13, 14, 17). On the heels of the innate
response, the adaptive immune response (predominantly T cells) undergoes rapid
expansion (5, 8, 18, 19). The Listeria-specific T cell response peaks around day 7-9 then
undergoes contraction, establishing a memory population by day 14 (8, 18-20). While L.
monocytogenes infection has been well characterized, the metabolic status of cells
responding to this infection remains to be determined.

Under resting conditions, cells primarily use oxidative phosphorylation
(OXPHOS) for energy when oxygen is available. Under anerobic conditions, cells utilize
fermentation for energy. However, in 1924 Dr. Otto Warburg observed unique metabolic
patterns in cancer cells. He determined that cancerous cells use lactic acid fermentation
for energy production in the presence or absence of oxygen (21, 22), a phenomenon
termed the “Warburg” effect (23). In recent years, there has been a surge in the study of
cellular metabolic status of immune cells, a field now known as immunometabolism (24,
25). Several studies have now established that cells of the immune system differ in
metabolic processes based on their activation state (24, 25). Quiescent cells of the innate
immune system primarily use OXPHOS for energy, however, upon Toll Like Receptor
activation, these cells shift to glycolysis (26-28). Cells of the adaptive immune system are

more complex. Naive cells primarily utilize OXPHOS for energy production. Upon
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activation, if the cell becomes an effector cell, it shifts towards glycolysis for energy (29,
30). However, if the cell becomes a memory cell, it will primarily use fatty acid oxidation
(31, 32). While these changes in cellular metabolism of the immune system have now
been well documented, most of these studies used either PAMPs or non-specific T cell
activation, thus, the immunometabolic changes during live infection remain poorly
understood.

Our present study aims to provide an integrated examination of systemic and
cellular metabolism over the time course of a pathogenic infection with L.
monocytogenes. We determined that changes in systemic metabolism occurred only
above a threshold level of infection, and these changes occurred simultaneously with the
innate immune response. We also observed a shift in cellular metabolism in cells of the
innate immune system during this time. Thus, it is likely that the innate immune response
is the most metabolically impactful on systemic and cellular metabolic phenotype.
Additionally, in our infection model, the adaptive immune response did not cause
detectable changes in host behavior or systemic metabolism yet induced protective

immunity.

Materials and Methods

Mice

C57BL/6J mice were obtained from The Jackson Laboratory. The mice used in these
studies were between 8 and 12 weeks old and were age-matched for each experiment. All

mice were maintained in a specific pathogen-free (SPF) facility and in full compliance
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with the Institutional Care and Use Committee of Auburn University regarding the use of

animals.

Listeria monocytogenes Infection and Bacterial Enumeration

Wild type Listeria monocytogenes (Lm-10403s) was grown in brain-heart infusion (BHI)
broth overnight at 37°C to an ODsoo of 1.0. The overnight culture (1ml) was centrifuged,
resuspended in PBS, and washed twice in PBS. Mice were injected intraperitoneally with
either 2x10* CFU/mouse (High Dose) or 1x10* CFU/mouse (Low Dose) or an equal
volume of PBS diluent (uninfected control). The infectious dose was confirmed by
plating dilutions of the inoculum on BHI agar, and colonies were counted after incubation
at 37°C for 18-24 h. Spleens and livers were homogenized and lysed in sterile dH>O,
serial dilutions of the homogenates were plated on BHI agar, and colonies were counted

after incubation at 37°C for 18-24 h.

Metabolic Phenotyping, Food, and Water Intake

To assess metabolic phenotype, Promethion metabolic cages (Sable Systems, Las Vegas,
NV) were used as previously described (33, 34). Briefly, animals were individually
housed in the metabolic cages throughout the 12-day experiment. Activity was measured
by Promethion XYZ Beambreak Activity Monitors and was determined by consecutive
adjacent beam breaks in the X, Y and Z planes. Quiet bouts were defined as no
engagement in locomotion, eating, drinking, or grooming for 40 seconds, while sleep was

determined as a quiet bout lasting for greater than 40 seconds.
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Food, water and body mass were measured by Promethion MM-1 Load Cell sensors. The
amount, frequency, duration and rate at which food and water were withdrawn from the
hoppers were measured and analyzed. The body mass monitors were plastic tubes that
also functioned as in-cage enrichment and nesting devices.

Respiratory gases were measured by the Promethion GA-3 gas-analyzer which measured
water vapor, CO>2 and O in mL/min. Energy expenditure was calculated using the Weir
equation (35): kcal/h = 60 x (0.003941 x VO, + 0.001106 x VCOy). Respiratory
Exchange Ratio (RER) was calculated as the ratio of VCO2/VO where a RER of about
0.7 indicates pure lipid utilization and a RER of about 1.0 indicates pure carbohydrate
utilization. Data acquisition and system control were coordinated using MetaScreen v.
2.2.8, and the obtained raw data were processed using ExpeData v. 1.9.14 (Sable

Systems) and Universal Macro Collection v. 10.1.11.

Listeria-Specific T Cell Enumeration

Bone marrow derived dendritic cells (BMDCs) were generated as previously described
(36). Day 7 BMDCs were used as antigen presenting cells in the T cell activation assay.
BMDCs were infected with Lm-10403s at a MOI of 1, and after 1 hour, 20 pg/mL
gentamicin (VWR) was added to the culture to inhibit bacterial replication. The cells
were incubated for 24 hours at 37°C with 5% COx. Splenocytes were cocultured with
DCs at a ratio of 10:1 for 5 hours in the presence of GolgiStop (monensin) (BD
Biosciences). Cells were washed in FACS buffer (PBS supplemented with 3% FBS) and
were incubated with AF488-anti-CD3 at 4°C for 10 min. The cells were washed in FACS

buffer twice then fixed and permeabilized (BD CytoFix/CytoPerm) by incubating for 20
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min at 4°C. The cells were washed in Perm/Wash buffer and incubated with PE-anti-IFN-
vy for 30 min at 4°C. Cells were washed twice in Perm/Wash buffer and resuspended in

FACS buffer before flow cytometric analysis.

Glucose Transporter-1 Detection

Splenocytes were washed twice in FACS buffer and were incubated with PE-Cy7-anti-
Ly6C, AF488-anti-CD3, and AF647-anti-Glut-1 at 4°C for 10 min. Cells were washed
twice in FACS buffer and resuspended in FACS buffer before flow cytometric analysis.
The level of fluorescence was determined by flow cytometry using a BD Accuri™ C6

flow cytometer and analyzed using FlowJo® software.

Glucose Uptake

The fluorescently-labeled glucose analog, 2-N-(7-nitro-benz-2-oxa-1, 3-diazol-4-yl)
amino)-2 deoxyglucose, (2-NBDG) (VWR) was used as a proxy of glucose uptake.
Splenocytes were washed twice in RPMI-1640 medium and treated with 2-NBDG at
37°C with 5% CO; for 30 min. Cells were washed twice in FACS buffer, incubated with
PeCy-7 anti-CD11b at 4°C for 10 min., washed twice in FACS buffer and resuspended in
FACS buffer for cytometric analysis. The level of fluorescence was determined by flow
cytometry using a BD Accuri™ C6 flow cytometer and analyzed using FlowJo®

software.

Statistical Analysis
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Statistical analyses were performed using Prism Software, version 8 (GraphPad). Results
are presented as mean +/- SD, and significance was determined using a one-way ANOVA
followed by a Dunnett’s post hoc test. Asterisks denote level of statistical significance
(*p <0.05, **p <0.01, ***p <0.005, and ****p < 0.001). Linear regressions were
calculated in R studio. The regression of Activity and VO; included the variables Group
and Time. Control and High Dose activity and VO, were used to generate the graphs in

Prism Software, version 8 (GraphPad).

Antibodies
Antibodies Source Identifier
PE-Cy7-anti-Ly6C | BioLegend Catalog: 128018 Clone: HK1.4

AF488-anti-CD3 BD Biosciences Catalog: 557666 Clone: 145-2C11
AF647-anti-Glut-1 Novus Biologicals | Catalog: NB110-39113AF647

PECy7-anti-CD11b | BioLegend Catalog: 101216 Clone: M1/70
PE-anti-IFN-y BioLegend Catalog: 505808 Clone: XMG1.2
Results
Metabolic Phenotype

To evaluate the impact of bacterial infection and immune response on the
systemic metabolic phenotype of the host, we infected mice with one of two doses of Lm
and compared their metabolic phenotype to that of uninfected mice. Previous studies
have observed that a high bacterial dose (2x10* CFU/mouse) induces a moderate illness
that resolves within 4-5 days, ultimately conferring protective immunity (8, 9), while a
lower dose (10* CFU/mouse) also confers protective immunity, but without overt signs of

illness. For the infections in the current study, we used a wild type strain of Listeria
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monocytogenes, 10403s, and monitored the mice for 12 days in Promethion® metabolic
cages to assess multiple physiological and behavioral parameters, collectively known as
metabolic phenotype. These parameters included body mass, activity, sleep, VO2, VCOa,
Respiratory Exchange Rate (RER), and Energy Expenditure (EE). The metabolic data
were averaged for each group of mice over each 12-hour period, corresponding to either
the dark cycle (active period), or the light cycle (inactive period).

We first examined changes in body mass induced by infection. Mice infected
with the higher bacterial dose lost significant weight beginning at day 1 and continued to
lose weight until day 4, ultimately losing a total of ~11% of their body mass (Fig. 2.1).
Mice infected with the higher dose of Lm did not recover to their initial weight until day
7.5 and even then, gained weight more slowly than their uninfected and lower-dose
infected counterparts. In fact, mice infected with the higher dose of Lm demonstrated
significant differences in weight vs. uninfected mice from days 1 through 12 (Fig. 2.1).
The duration and magnitude of weight loss in the mice infected with the lower dose of
Lm was significantly less than those infected with the higher dose. Lower dose-infected
mice lost only ~2% of their body weight, with maximal loss around day 2, and recovered
to their starting weight by day 3.5. The average body mass of this group was significantly
different from uninfected mice only from days 2-3.5. Thus, we observed a dose-
dependent loss in body mass in mice infected with Lm and a sustained slowing of body

mass recovery in mice infected with the higher dose.
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Figure 2.1: Infection induced change in body weight.

Analysis of change in body weight for a 12-hour light dark cycle over the 12-day experimental
period. Significance was assessed using one-way ANOVA followe. A indicates a significant between
High Dose - Control and B indicates a difference between Low Dose - Control at a p =/<0.05.
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The next parameters examined were activity and sleep (Fig. 2.2). Activity was
measured in total meters, averaged across each group over each 12h period. As expected,
uninfected mice were much more active during the dark cycle than the light, establishing
a control level of activity. We also observed no differences in activity at any time point
between uninfected control animals and mice infected with the lower dose of Lm (Fig.
2.2A). However, there was a marked reduction in the activity of mice infected with the
higher dose of Lm (~ 40-50% of control) during the active cycles of days 1, 2, and 3 as
well as in the inactive cycle of day 4. Activity returned to control levels by the active
cycle of day 5 in these mice (Fig. 2.2A).

Conversely, mice infected with the higher dose of bacteria demonstrated
increased time spent in quiet/sleep compared to control mice (Fig. 2.2B). These mice
slept significantly more than uninfected or low dose-infected mice during the active
periods of days 1, 2, 3, and 4, but resumed normal levels of sleep by day 5. Again, no
significant differences were observed between uninfected and low dose infected mice in
sleep at any time point (Fig. 2.2B). Thus, in addition to weight loss, mice infected with
the higher dose of Lm experienced markedly reduced activity and more time spent in
sleep, typical symptoms of illness or sickness behavior (37, 38). However, even though
the lower dose of Listeria is known to induce a strong T cell response and protective
immunity (Fig. 2.6) this level of infection induced no detectable changes in activity or
sleep at any time.

We next wanted to determine whether infection impacted systemic metabolic
parameters including the exchange rates of O, and CO under each condition (Fig. 2.3).

We observed a significant drop in both VO> and VCO; in the high dose-infected group
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Figure 2.2: Infection induced lethargy.

Analysis of change in activity (A) or sleep (B) for a 12-hour light dark cycle over the 12-day
experimental period. Significance was assessed using one-way ANOVA followed by a Dunnett Test
for multiple comparison. Data are represented as mean + SD. A indicates a significant between
High Dose - Control and B indicates a difference between Low Dose - Control at a p =/<0.05.
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vs. control beginning during the active period of day 1 and continuing through the active
period of day 4 (Fig. 2.3 A & B). Interestingly, the drops observed in VO, and VCOz in
the high dose-infected group were observed even during several inactive periods in this
group between days 3 and 8. Notably, there were no significant differences in VO> or
VCO; at any time point between mice infected with the lower dose of Lm and control
mice (Fig. 2.3 A & B).

To determine if infection and immune response altered carbon substrate
utilization and/or overall energy expenditure, we determined the Respiratory Exchange
Rate (RER, VCO2/VO3) and calculated energy expenditure using the Weir equation,
adjusted for body mass (Fig. 2.3 C & D). RER was significantly reduced in mice
infected with the high dose of Lm from day 1.5 to day 2, indicating a shift toward
increased lipid utilization during this time (Fig. 2.3C). A similar shift toward enhanced
lipid utilization was also observed at day 2 in the low-dose infected mice. There was also
a significant decrease in overall energy expenditure in mice infected with the higher Lm
dose, beginning on day 0.5 and continuing through day 8. This reduced energy
expenditure was significant during both active and inactive periods (Fig. 2.3D). There
were no significant differences in energy expenditure between mice infected with low

dose Lm and uninfected controls (Fig. 2.3D).
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Figure 2.3: Infection induced changes in respiratory gases and Energy Expenditure.

Analysis of change in (A) metabolic rate, (B) VCO,, (C) Respiratory Exchange Ration (VCO,/VO,),
(D) Energy Expenditure (EE) for a 12-hour light dark cycle over the 12-day experimental period. The
Weir Equation was used to calculate EE (kcal/h =60 x (0.003941 x VO, + 0.001106 x VCO,)), and an
ANCOVA was utilized to adjust EE for bodyweight. Significance was assessed using one-way
ANOVA followed by a Dunnett Test for multiple comparison. A indicates a significant between High
Dose - Control and B indicates a difference between Low Dose - Control at a p =/< 0.05.
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Metabolic Rate and Activity

Infection and sickness have been shown to raise basal metabolic rate in numerous
studies (4, 39). However, our results demonstrated an overall decrease in energy
expenditure in infected animals, likely due to greatly decreased activity. Thus, we sought
to examine the relationship between activity and V0 in infected and uninfected animals
using a linear model. Since the most pronounced differences in systemic metabolic
profile between infected and uninfected groups occurred during the active (night) cycle
we used these values to examine the relationship between activity and VO0,.

Prior to infection, a positive relationship between activity and VO, was observed
in the control and pre-infected mice, with no significant difference between groups (Fig.
2.4A & Table 2.1). In contrast, we observed a significant difference in metabolic rate
between the groups at 4 days post infection in the night (active period) when the greatest

differences in metabolic rates over the course of the infection were observed between the
control and infected mice. (Fig. 2.4B & Table 2.1). Beginning at night 5, the systemic
metabolic rate between control and infected mice began to resolve; and we no longer
observed a group effect (Fig. 2.4C & Table 2.1). Finally, by night 6 when the metabolic
rate of infected mice returned to control level, so did the relationship between activity
and metabolic rate (Fig. 2.4D & Table 2.1). Over the course of the infection, the
relationship between activity and metabolic rate changed. During the period of greatest
differences observed in metabolic rate between control and infected mice (night 4), we
observed a trend of increased slope in the infected mice. These results indicate that
increased activity of infected mice was more metabolically demanding compared to

control.
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Table 2.1: Results of Linear Regression

Coefficients Estimate Std. Error p-value Estimate Std. Error  p-value Estimate Std. Error p-value Estimate Std. Error p-value
Activity 0.0011104 0.0002726 0.00473 0.0010835 0.0002839 0.00657 0.0011884 0.0004142 0.024024 0.0013347 0.0004340 0.017932
Group 0.3094273 0.2393017 0.23703 -0.4101615 0.1710334 0.04760 -0.2900857 0.1702388 0.132159 -0.0570628 0.1663601 0.741663

Interaction -0.0007672 0.0005806 0.22787  0.0021209  0.0010396 0.08070 0.0008401  0.0007003 0.269327 -0.0003321 0.0006810 0.640658
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Figure 2.4: Linear Regression of Activity and VO, during the course of the infection.
Linear Regression at (A) Pre-infection, (B) Night 4 post infection, (C) Night 5 post infection, & (D) Night
6 post infection. Dotted regions represents the 95% Confidence interval. Control (n=6), Infected (n=5)
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Kinetics of Bacterial Colonization and T Cell Response

To determine how the kinetics of systemic metabolism corresponded to bacterial
burden and to the anti-Listeria immune response, groups of conventionally housed mice
were infected (simultaneously with those housed in metabolic cages), again with either
1x10* CFU/mouse or 2x10* CFU/mouse of Lm-10403s, in addition to the uninfected
controls. These animals were sacrificed over the course of fourteen days post infection to
monitor bacterial burden in the spleen and liver as well as the Listeria-specific T cell
response in the spleen (Fig. 2.5 & 2.6).

The bacterial burden was maximal for both infection groups at day 3 in the spleen
and day 5 in the liver (Fig. 2.5 A & B). Yet, the level of colonization was dramatically
higher in the high dose-infected group vs. the low dose group. The mice infected with
the low dose showed clearance of bacteria from the spleen after day 5 and after day 7 in
the liver. The kinetics of clearance were slightly slower for the high dose-infected group
with evidence of colonization at day 7 in the spleen and out to day 10, and 14 in the liver
(in one animal per group). Thus, though the inoculating doses were only different by
two-fold, the colonization was dramatically higher and took longer to clear in the high
dose group. Perhaps the higher dose exceeded a threshold of control, requiring more time
and perhaps more immune mechanisms for clearance.

We also examined the Listeria-specific T cell response to determine if the kinetics
and magnitude of this response were significantly different at the two infectious doses
(Fig. 2.6). Splenocytes were cultured in the presence of syngeneic Listeria-infected DC

to measure the Listeria-specific T cell response in the form of I[FN-y production.
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Bacterial burden at various time points following a Listeria infection in the spleen (A)
and liver (B). LOD indicated limit of detection. Data are represented as mean * SD.
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Figure 2.6: Enumeration of Listeria-specific T cells in the Spleen. Listeria-specific
IFN-y producing T cells were enumerated at various time points post infection in the spleen
following a Listeria infection. Statistical analysis was performed by a Mixed-effect
analysis followed by a Dunnett Test for multiple comparison. Data are represented as mean
* SD. (* p <0.05, High dose compared to control # p <0.05, Low doe compared to control)
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Measurement of IFN-y production was enabled by intracellular cytokine staining and
flow cytometry compared to splenocytes from control (uninfected) mice.

The observed peak of the Lm-specific T cell response was at day 7 in the low dose
infected group and day 10 in the high dose group (Fig. 2.6). While the peak responses
occurred on different days, and there was a trend toward higher numbers of Lm-specific T
cells in high dose infected group, there were no significant differences between the

infected groups in the number of Lm-specific T cell over the course of the infection.

Changes in Cellular Metabolic Status upon Infection

To determine whether changes in systemic metabolic phenotype correspond to
changes in immune cellular metabolism over the course of infection, we measured the
expression of the glucose transporter (Glut-1) on myeloid cells and T cells. These cell
types were identified by Ly6C or CD3-costaining. The Glut-1 transporter is up-regulated
on many cell types after activation and is used as an indicator of cells shifting into a state
of aerobic glycolysis (27, 29). Given that the high dose infection group displayed the
most significantly different metabolic phenotype (systemic metabolism), we monitored
the cellular metabolic status of this group compared to the uninfected controls.

There was a dramatic increase in the percentage of Ly6C™ cells in the spleen of
infected mice at day 3 and 5 post infection (Fig 2.7A). While the percentage decreased
from day 5 to day 10, it remained above control before returning to control level by day
14 (Fig. 2.7A). The percentage of Ly6C" cells expressing Glut-1 peaked on day 3,

decreased on day 5, and return to control level on day 7 post infection (Fig 2.7B).
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Figure 2.7: Innate immune cell recruitment and shifts in cellular metabolism by cells of the innate immune system.
(A) Ly6C* expression over the course of the infection (B) Glutl™ expression on Ly6C™ over the course of the infection
(C) Glucose uptake by CD11b" cells over the course of the infection. (D) Representative contour flowcytometric plot of
the expression of Glutl on Ly6¢™ cells. Significance was assessed using one-way ANOVA followed by a Dunnett Test for
multiple comparison. Data are represented as mean + SD (*p < 0.05, **p < 0.01, ***p <0.005, ***¥» < 0.0001.)
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The extent of these changes can be visualized in Fig. 2.7D in the flow cytometric contour
plots. Fig. 2.7D shows an increase in Ly6C" cells in infected mice (bottom right
quadrant) and the increased expression in Glut-1 by these cells (top right quadrant). This
change in metabolic status of myeloid cells coincides with the majority of changes in
systemic metabolic phenotype. To further confirm the shift in cellular metabolism of
myeloid cells, we measured glucose uptake by myeloid cells though the use of a
fluorescent glucose analog 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose (2-NBDG). The uptake of 2-NBDG by myeloid cells peaked on day 3 and
decreased over the course of the infection and finally returned to control level by day 14
(Fig. 2.7D). Taken together, these findings highlight the recruitment of myeloid cells to
the spleen during Lm infection and demonstrate that these cells utilize aerobic glycolysis
during this response, based on an increase in glucose transporter expression and increased
glucose uptake (Fig. 2.7 B&C).

We next examined the metabolic status of T cells by measuring expression of
Glut-1 (Fig. 2.8). Fig. 2.8 A depicts the percentage of T cells (CD3") over the course of
the infection. We initially observed a decrease in the percentage of T cells at day 3
continuing until day 5 post infection (Fig. 2.8A). This is expected as Listeria infection is
known to induced T cell apoptosis (40, 41). By Day 7 post infection, the percentage of T
cells began to increase (Fig. 2.8A). On day 10 post infection, the percentage of T cell
returned to control (Fig. 2.8 A). Day 14 infected mice had a greater percentage of T cell
compared to control (Fig. 2.8A). Fig. 8C depicts the expression of Glut-1 on CD3" T

cells while Fig. 2.8B is representative of several compiled, independent experiments.
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Figure 2.8: Glutl Expression on the cells of the adaptive immune system.
(A) T cell (CD3*) expression over the course of the infection. (B) Glut1 expressing on CD3* (T cells)
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We observed little change in the number of T cells expressing Glut-1 and only a modest
increase in Glut-1 expression on T cells over the course of the infection, none of which

were significantly different when compared to control (Fig. 2.8B).

Discussion

To our knowledge, our study is the first to simultaneously monitor the systemic
and cellular metabolic phenotype in a live infection using a low and high bacterial
burden. The longitudinal analysis of metabolic phenotype over the entire course of
infection and primary immune response also provided a detailed assessment of the
metabolic changes when compared to previous studies in which metabolic rates were
measured as single time points. These combined analyses provided new insights into the
role of live infection modulating behavior and metabolism. Our findings lead us to
conclude that for Lm infection, the innate immune response induces significant metabolic
changes at the systemic and cellular levels, leading to decreased activity and energy
expenditure, likely the driver of trade-offs. Additionally, we discovered that the adaptive
immune response to this intracellular bacterium, while advantageous, does not present a
detectable metabolic burden to the host.

Mice infected with the high dose of Listeria exhibited sickness behavior
characterized by weight loss and lethargy starting as early as 1 day after infection (Fig.
2.1&2). Coinciding with this, we observed a decrease in RER on day one and two post
infection, indicating preferential lipid utilization (Fig. 2.3C). This corresponds directly to
the well-established timing of inflammatory cytokine production including TNF-a, IL-1

and IL-6 (10-16). TNF-a has been shown to induce insulin resistance (42, 43). We
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observed a modest insulin resistance in infected mice at day 3 post infection (data not
shown). It is possible that the mice were insulin resistant before day three, and this
insulin resistance could cause infected mice to preferentially utilize lipids as an energy
source since carbohydrate utilization was reduced (Fig. 2.3C). Thus, it is possible that the
systemic pro-inflammatory cytokines produced initially after a Listeria infection are the
driving force behind the whole-body insulin resistance, causing a preferential use of
lipids over carbohydrates (10-16).

Our study comprehensively assesses the cost of immunity by monitoring
behavioral and metabolic changes (metabolic phenotype) longitudinally over the course
of infection and immune response to a live pathogen. Three phases of the infection and
response emerge from our metabolic and immune measurements: early (day 0-4),
intermediate (day 5-8), and late stages (day 9-14). The early stage consists of innate
immunity only. During the intermediate stage innate immune response is returning to
baseline and adaptive immunity is expanding and becoming detectable. Finally, the late
stage is characterized by adaptive immunity and return to baseline for this response as
well.

In the early phase, the mice infected with the higher bacterial dose had decreased
activity accompanied by increased sleep (Fig. 2.2). Additionally, we observed a decrease
in their systemic metabolism an energy expenditure (Fig. 2.3 A&D). Since we observed
significant differences between the mice infected with higher bacterial dose and control,
we wanted to investigate their immune response. We observed monocyte recruitment to
the spleen and their activation through the upregulation of Glut-1 transporter and

increased uptake of glucose (Fig. 2.7 B-D). This was likely due to their interaction with
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Listeria or the inflammatory environment induced by infection. It was surprising that
such different responses were observed in the two groups given that the inoculating doses
were only two-fold different. However, when we examined the relative bacterial loads at
day 3, we observed that the mice were not able to control the higher dose of Listeria and
colonization increased by several-fold (Fig. 2.5A). We observed minimal changes to the
behavior and systemic metabolism of mice infected with the low dose of Listeria,
suggesting that perhaps below a certain threshold of infection, no signs of sickness
behavior (hypometabolic state, anorexia and lethargy) are demonstrated. The higher dose
of Listeria caused trade-offs to occur likely to provide energy for immunity.

During the intermediate stage, the mice had generally cleared the infection (Fig.
2.5). The mice infected with the high dose of Listeria continued to exhibit a
hypometabolic state (decreased VOy), but no longer showed sickness behaviors of
anorexia and lethargy (Fig. 2.1, 2.2, & 2.3A). We observed the peak uptake of glucose in
innate immune cells and the waning of Glut-1 expression on myeloid cells during this
phase (Fig 2.7 B&C). We observed a Listeria-specific T cell response in both low and
high dose-infected mice which peaked at day 7 or 10; however, we did not observe
detectable Glut-1 upregulation on T cells at any timepoint at the high infectious dose
(Fig. 2.6 & 2.8A). The persistent hypometabolic state may facilitate shifting energy to
cells of the innate immune system in aerobic glycolysis since they have a higher demand
for energy (24, 25).

The final stage of Listeria infection, days 9-14, is characterized by the contraction
of adaptive immune response and the return to homeostasis (5-7). During this stage the

effector antigen-specific T cells go through contraction to establish a level of protective
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immunity for future challenges (8, 18, 19). In our study, we observed cells of the innate
immune system return to control Glut-1 expression and glucose uptake levels (Fig. 2.7
B&C). The Listeria-specific T cells went through contraction (Fig. 2.6). Based on the
return of animals to normal metabolic parameters during this phase, we conclude that this
phase of the immune response carries little metabolic demand (Fig. 2.2 & 2.3A). This
data further supports the idea of the innate immune system being the driver of sickness
behavior and hypometabolic state due to the lack of observable differences in metabolic
phenotype between infected and control when innate immunity is quiescent or
conversely, when adaptive immunity is active.

An interesting finding that occurred in the high-dose infection group was a
sustained slower rate of weight gain (Fig. 2.1). By the end of this study, these mice only
returned to pre-infection weight instead of catching up to control animals. A study of
infectious colitis in mice demonstrated that infection caused growth failure (44). DeBoer,
et al. observed, weight loss, linear-growth failure and lower levels of insulin-like growth
factor-1 (IGF-1). They determined that this failure to grow was due to reduced levels of
IGF-1. Our study further supports the notion that a severe infection at a young age may
have the potential to impair growth rate over a longer term.

Infection has been shown to raise basal metabolic rate (BMR) which is an
animal’s metabolic rate while resting and fasting at thermoneutrality (4, 39). However,
these studies investigating BMR have limitations such as animal restraint (likely causing
stress) and temperatures outside of thermoneutral (4, 39). We were unable to directly
monitor BMR in our study because the metabolic cages resemble conventional housing,

allowing for locomotion. Our system does allow for monitoring of EE during the 30
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minutes with the lowest activity score over the 12-hour cycle which is as close to BMR as
can be achieved in these cages. This “low activity EE” followed the same pattern as
average daily EE (data not shown). We were also able to monitor average daily metabolic
rate. Average daily metabolic rate is defined as the metabolic rate of a free-living animal
that may or may not be in a thermoneutral zone (45, 46) This is likely a better parameter
to measure since it resembles an animal’s natural environment by allowing for activity. In
contrast to previous studies, we observed a decrease in metabolic rate during infection
(Fig. 2.3A). To address the discrepancy between our study and previous studies, we
wanted to better understand the relationship between activity and metabolic rate over the
course of infection using a linear regression model. We observed that the relationship
between activity and metabolic rate differed over the course of the infection (Fig. 2.4).
During the period with greatest differences in metabolic phenotype (VO2, bodyweight,
activity & sleep), we observed an increase in the slope for infected mice (Fig. 2.4B).
Thus, for each additional step taken by infected mice, their metabolic rate increased more
compared to control. We therefore postulate that the reduced metabolic rates we
observed under high dose infection conditions were likely primarily driven by decreased
activity, which would not have been captured in previous approaches. This highlights the
importance of decreased activity in shaping the outcomes of sickness behavior (4, 39).
Our study is consistent with the established hypothesis that immunity does induce
trade-offs (1, 2). However, our study extends previous knowledge by demonstrating that
the innate response likely drives this trade-off with little contribution from adaptive
immunity. Additionally, /n vitro studies have demonstrated when cells of the innate

immune system become activated these cells shift cellular metabolic pathways away from
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oxidative phosphorylation (OXPHOS) toward aerobic glycolysis to allow for the
increased demand of cytokine production (24, 25) Our study supports previous findings
in vitro with in vivo evidence and extends these findings. The in vitro studies have only
observed these results up to hours after pathogen recognition receptor activation,
however, our study demonstrates that this upregulation of Glut-1 and increased glucose
uptake is sustained for days (Fig. 2.7). Perhaps, with increasing bacterial burden and
failure to control bacterial numbers early, there was likely a greater production of pro-
inflammatory cytokines (8, 18, 47). These cytokines are known to act on the brain
inducing prostaglandin synthesis (48). These prostaglandins are known to cause
decreased activity, increased sleep, induce anorexia, and induce fever (49-51). Thus, the
increased production of pro-inflammatory cytokines could be the driver of trade-offs (1,
2, 48).

Both the low (1x10* CFU/mouse) and high (2x10* CFU/mouse) doses of Listeria
are known to induce protective immunity in mice, yet only the high dose causes overt
disease (8, 9). While both groups of mice are protected from future Listeria infection, the
mice infected with the high dose of Listeria exhibited sickness behavior and a
hypometabolic state. Thus, the threshold to induce protective immunity for this infection
must be below the threshold for trade-offs between growth, reproduction, and
maintenance. This phenomenon is used to great advantage in vaccination. Vaccines
provide protective immunity through the development of strong adaptive immune

responses without inducing disease symptoms including sickness behavior.
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Chapter 3

Comparing the Metabolic Phenotype of a Primary and a Secondary Immune

Response to Listeria monocytogenes

Abstract

Numerous studies have examined the trade-offs to life-history traits using non-
specific stimuli such as LPS or phytohemagglutinin. Upon activation, cells of the
adaptive immune system go through clonal expansion, and while most of these cells die
off during contraction, 5-10% of the cells remain and establish memory. During a
subsequent infection, these memory cells respond rapidly and go through clonal
expansion with greater magnitude compared to a primary response. Thus, if the adaptive
immune response to a pathogen does indeed induces trade-offs, a secondary response
would have the greatest potential to induce such trade-offs as it has the highest potential
demand. To better quantitate the demand and trade-offs induced by adaptive immunity,
we longitudinally monitored the primary and secondary immune response to Listeria
monocytogenes, a live pathogenic infection model. We measured the systemic metabolic
phenotype and adaptive immune response. We utilized two doses of bacteria in the
primary immune response to further explore the role of T cell expansion in the metabolic
phenotype of a secondary response. We determined that the greatest impact to systemic
metabolism occurred early during a secondary response. During a secondary response,
the innate immune response would be similar for both groups of immunized mice, but

their adaptive immune response would be different. Because this impact was observed by
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only one group of immunized mice, it was likely not innate immunity, but adaptive
immunity driving these changes. Our finding implicates that activation of memory T cells

is metabolically taxing to the host.

70



Introduction

Animals must allocate limited resources between the life-history traits: growth,
reproduction, and maintenance (1-3). Life-history theory aims to explain how the
allocation of these resources impacts an animal’s fitness (1-3). Once a resource is used by
a trait it cannot be used by other traits. Thus, trade-offs between traits are inevitable (1-
3). The host’s immune system is responsible for immune defense to a pathogen. Since it
regulates host survival, it is an essential part of host’s maintenance, and could induce
trade-offs. Through the use of phytohemagglutinin (PHA), keyhole limpet hemocyanin
(KLH), or sheep red blood cells (SRBCs), studies have determined the trade-offs induced
by activated cells of the adaptive immune system (4-8).

PHA crosslinks the T cell receptor triggering an intracellular signaling pathway
which leads to non-specific T cell activation (9, 10), while KLH and SRBCs non-
specifically induce antibody production by B cells. In one study utilizing PHA with house
sparrows, Martin, et. al observed a significantly elevated resting metabolic rate (RMR)
and calculated the cost to be equivalent to the production of half of an egg (4). When
Nilsson, et. al injected birds, with PHA, they observed a 5% increase in resting metabolic
rate but did not observe a dose-dependent energetic cost (5). Ots, et. al also injected birds
with SRBCs and observed a 9% higher basal metabolic rate (BMR) and the loss of about
3% body mass (6). These studies demonstrate that birds injected with non-specific stimuli
of cells of the adaptive immune system elevates metabolic rate at the cost of reproduction
or growth. In addition to birds, the demand of non-specific stimuli to T and B cells have
been evaluated in mice. Derting, et. al observed a significant energetic cost in mice

injected with SRBCs and PHA (7), while Nelson, et. al observed an increase in metabolic

71



rate in mice injected with KLH. (8) Overall, mice and birds increase metabolic rate when
injected with non-specific stimuli of cells of the adaptive immune system; however, in
birds, trade-offs were observed with growth or reproduction. These studies only provide
insight into the trade-offs induced by the “primary” response of the adaptive immune
system; however, to our knowledge, there are no studies that examine the trade-offs
induced by primary vs. secondary responses to a pathogen.

When cells of the immune system become activated, there are intracellular
changes that are potentially taxing to the host (11-15). Quiescent cells of the immune
system primarily rely on oxidative phosphorylation (OXPHOS) for energy. While this
process provided ATP, it fails to provide biosynthetic precursors that are essential for
growth, proliferation, and effector function. Activated cells of the immune system
primarily utilizes aerobic glycolysis which provides biosynthetic precursors. Aerobic
glycolysis is the conversion of glucose to pyruvate, and then, the reduction of pyruvate to
lactic acid. This allows TCA intermediates to enter biosynthetic pathways (16-20). To
produce cytokines, cells must increase their protein synthesis. To meet the increase
demand of protein synthesis, the endoplasmic reticulum will increase size which requires
lipid synthesis. In addition to cytokine production, cells of the adaptive immune system
have an increase demand for nutrients and energy due to clonal expansion or
proliferation. During a primary immune response, antigen-specific T cells can increase as
much as 10,000-fold, and during a subsequent response, memory antigen-specific T cells
can increase about 5-fold over the primary response. Additionally, each proliferating cell
would need nutrients and energy to carry out their effector functions. Thus, during an

immune response, cells of the immune system have an increased demand for
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carbohydrates, triglycerides, and amino acids for the synthesis of nucleic acids, lipids,
and proteins, respectively, and for the biosynthesis of these macromolecules. It is
possible activation, proliferation, and or effector functions could be the drivers of trade-
offs among life history traits.

A primary immune response relies on an innate and adaptive immune response.
APC such as (dendritic cells and monocytes) are cells of innate immune system that are
responsible for activating naive T cells (21, 22). T cell response can be divided into four
distinct phases: activation, expansion, contraction, and establishing immunological
memory (23-25). During clonal expansion, antigen-specific T cell can increase 10,000-
fold, while during the contraction phase, roughly 90%-95% of the effector T cells are
eliminated (23, 26-28). After contraction, the remaining 5%-10% of T cells are memory
T cells, which are responsible for establishing immunological memory (23, 27).
Immunological memory is the ability of cells of the adaptive immune system to rapidly
respond explicitly to previously encountered antigens upon subsequent infections (29).

A secondary response is predominantly characterized by an adaptive immune
response (26, 30). However, there are several key differences between a primary and
secondary adaptive immune response. One, memory T cells have a lower threshold for
activation, and are surveying periphery, so these cells are poised to be the “first
responders” to prevent subsequent infections. Additionally, these cells have a lower
threshold for activation. (26, 30). Thus, the adaptive immune response to a secondary
response is more rapid compared to a primary response. The magnitude of T cell
expansion is also approximately 5-fold greater than a primary response (31, 32). Two, the

magnitude of clonal expansion of antigen-specific T cells is greater than a primary
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response. (27). Three, at the conclusion of a secondary response, the number of memory
T cells is greater than the previously established level (33). With the magnitude of T cell
expansion greater in subsequent infections, it has the capacity to be more metabolically
taxing on the host than a primary immune response. Our understanding of primary and
secondary immune responses originates from studying the host’s immune response to a
model pathogen such as Listeria monocytogenes.

Listeria monocytogenes pathogenesis, and the subsequent host immune response,
have been well characterized in the literature (34-37). The primary immune response to
Listeria relies on an innate and adaptive immune response. Initially following infection, a
robust innate immune response is observed consisting of inflammatory cytokine
production and recruitment of cells of the innate immune system to site of infection
which controls the infection until around day three post-infection (34, 38-44). On the
heels of the innate immune response, the adaptive immune response occurs and is
responsible for pathogen clearance. Because Listeria is an intracellular pathogen, the
adaptive immune response primarily involves T cells. Within minutes of TCR
engagement, T cell activation occurs (19, 20). The first round of clonal expansion occurs
about 24 hours after TCR engagement (27, 45, 46). However, through the detection of
IFN-y, T cell clonal expansion is readily detectible from about day 5 to day 7 post-
infection (28, 47, 48). The contraction phase ends around day 10 post-infection, and by
day 14 post-infection, memory begins to be established and fully established by day 30
post-infection (28, 47, 48).

The secondary response to Listeria is predominantly characterized by a T cell response

(26, 30). The Listeria-specific T cell kinetics of a secondary response occurs more
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rapidly due to immunological memory. The expansion phase is readily detected in the
form of IFN-y production from about day 3 until day 5 post-infection (28, 47-52). The
contraction phase generally is complete by day 7 post-infection where a new level of
memory is established (28, 47-49).

The adaptive immune response to Listeria involves helper T cells (CD4") and
cytotoxic T lymphocytes (CTLs, CD8"). MHC tetramer staining in conjunction with
intracellular cytokine staining has allowed for ex vivo enumeration of CD4" and CD8" T
cells. Generally, the enumeration of helper T cells ex vivo has been difficult because most
pathogen-derived CD4" epitopes are subdominant. However, C57B1/6 mice generate a
robust CD4 response to Listeria that can be readily enumerated ex vivo (53-55). C57Bl/6
mice generate a CD8" response to Listeria. However, the frequency of these cells is
around 1-2% making the enumeration ex vivo difficult (53-55). For this reason, it makes
the direct comparison of the CD4" and CD8" T cell kinetics to Listeria challenging. To
address this issue, a recombinant Lm expressing the model antigen ovalbumin (rLm-
OVA) was generated (56, 57). C57B1/6 mice generate CD4" and CD8" OV A-specific T
cells with higher frequency allowing for direct comparison ex vivo of CD4" and CD8* T
cells (33, 47, 48).

Our present study aimed to determine if an adaptive immune response to a
pathogen induces trade-offs in a mouse model. To achieve this, we longitudinally
monitored the systemic metabolic phenotype throughout a primary and secondary
immune response to rLm-OVA. We observed a delay in growth only in mice during the
primary immune response, and it overlapped with the timing of the innate immune

response. During the secondary response, we observed more systemic changes than the
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primary immune response. While these changes overlapped with the timing of the innate
immune system, innate immunity was likely not the cause since this was only observed
with one of the two challenged groups. Instead, it is likely due to the activation of

memory T cells.

Materials and Methods

Mice and Listeria monocytogenes Infection

C57BL/6J mice were obtained from The Jackson Laboratory. The mice used in these
studies were between 8 and 12 weeks old and were age-matched for each experiment. All
mice were maintained in a specific pathogen-free (SPF) facility and in full compliance
with the Institutional Care and Use Committee of Auburn University regarding the use of
animals. Recombinant L. monocytogenes expressing ovalbumin (rLm-OV A) was obtained
from Dr. Hao Shen (University of Pennsylvania). rLm-OV A was grown in brain-heart
infusion (BHI) broth overnight at 37°C to an ODeoo of 1.0. The overnight culture (1ml)
was centrifuged, resuspended, and washed twice in PBS. Mice were injected
intraperitoneally with either 2x10° CFU/mouse (Low Dose) or 1x10* CFU/mouse (High
Dose) or an equal volume of PBS diluent (uninfected control). For the challenge
experiment, previously infected mice were injected with, 10xLD50, 1x10° CFU/mouse of
rLmOVA. Uninfected mice were again injected with PBS since this dose is lethal to naive
mice. The infectious doses were confirmed by plating dilutions of the inoculum on BHI

agar, and colonies were counted after incubation at 37°C for 18-24 hours.

Metabolic Phenotyping, Food, and Water Intake
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To assess metabolic phenotype, Promethion metabolic cages (Sable Systems, Las Vegas,
NV) were used as previously described (58, 59). Briefly, animals were individually
housed in the metabolic cages throughout the 12-day experiment. Activity was measured
by Promethion XYZ Beambreak. Activity was determined by consecutive adjacent beam
breaks in the X, Y and Z planes. Quiet bouts were defined as no engagement in
locomotion, eating, drinking, or grooming for 40 seconds, while sleep was determined as
a quiet bout lasting for greater than 40 seconds.

Food, water, and body mass were measured by Promethion MM-1 Load Cell sensors. The
amount, frequency, duration, and rate at which food and water were withdrawn from the
hoppers were measured and analyzed. The body mass monitors were plastic tubes that
also functioned as in-cage enrichment and nesting devices.

Respiratory gases were measured by the Promethion GA-3 gas-analyzer, which measured
water vapor, CO», and O in mL/min. Energy expenditure was calculated using the Weir
equation (60): kcal/h = 60 x (0.003941 x VO, + 0.001106 x VCOy). Respiratory
Exchange Ratio (RER) was calculated as the ratio of VCO2/VO where a RER of about
0.7 indicates pure lipid utilization and a RER of about 1.0 indicates pure carbohydrate
utilization. Data acquisition and system control were coordinated using MetaScreen v.
2.2.8, and the obtained raw data were processed using ExpeData v. 1.9.14 (Sable

Systems) and Universal Macro Collection v. 10.1.11.

OVA-specific T cell enumeration
Splenocytes were incubated with 1 ng/mL of OV A2s7-264 peptide for one hour. Cells were

then incubated in the presence of GolgiStop (BD Biosciences) for four hours. Cells were
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washed in FACS buffer (PBS supplemented with 3% FBS) and were incubated with
AF488-anti-CD8 and PE-anti-CD4 on ice for 30 min. The cells were washed in FACS
buffer twice, then fixed and permeabilized (BD CytoFix/CytoPerm) by incubating for 20
min at 4°C. The cells were washed in Perm/Wash buffer and incubated with APC-anti-
IFN-y for 30 min at 4°C. Cells were washed twice in Perm/Wash buffer and resuspended

in FACS buffer before flow cytometric analysis.

Statistical Analysis

Statistical analyses were performed using Prism Software, version 8 (GraphPad). Results
are presented as mean +/- SD, and significance was determined using a one-way ANOVA
followed by Dunnett’s post hoc test. Asterisks denote level of statistical significance

(*p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001).

Results
Metabolic Phenotype of Primary Immune Response

We wanted to evaluate the systemic metabolic impact of a primary immune
response to a live pathogen. To accomplish this, we infected mice with one of two doses,
either a low (2x10° CFU/mouse) or high dose (1x10* CFU/mouse), of rLm-OVA and
compared their systemic metabolism to that of uninfected mice. To monitor the systemic
metabolic phenotype of mice, we utilized the Promethion® metabolic cages to assess
body mass, metabolic rate (VO), energy expenditure (EE), activity, and sleep.
Collectively, these parameters are known as the metabolic phenotype. The metabolic data

were collected over the course of the 14-day experiment. The metabolic data was the
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average of a 12-hour light (inactive period) /dark (active period) cycle for each group of
mice.

First, we examined changes in body mass over the course of the infection (Fig 1).
Mice infected with the high dose did not lose significant weight after infection. Instead,
they demonstrated a delay in weight gain until night three after infection (Fig. 1). Control
mice gained ~5% more bodyweight before the high dose group started to gain weight. By
day three of the infection, the mice infected with the high dose returned to control weight.
Weight loss could not be attributed to decreased food consumption because there was no
difference in food consumption between infected mice and control (data not shown). The
low dose of infection did not affect weight. Thus, we observed a dose-dependent growth
delay in mice infected with Listeria.

Next, we examined the behavioral parameters of activity and sleep (Fig. 2). The
control mice exhibited a diurnal pattern of activity as expected. They were more active
during the dark cycle and less active during the light cycle, thus establishing a circadian
rhythm of activity. During this primary infection, we failed to observe infection affecting
activity or sleep (Fig 2).

To determine if infection altered systemic metabolic parameters, we examined
metabolic rate (VO2) and energy expenditure (Fig. 3). The amount of O, consumed can
be used as a proxy for metabolic rate. Since these mice are unrestrained, we monitored
the average daily metabolic rate, which accounts for locomotion and thermogenesis.
There were no differences in metabolic rate at any time point between infected mice and
control (Fig 3B). Energy expenditure was calculated using the Weir equation (60). Again,

there were no differences in energy expenditure between infected mice and control (Fig
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3A). Activity influences metabolic rate which in turn will affect energy expenditure.
Since we did not observe any changes in activity, it is not surprising that we did not

observe differences in energy expenditure or metabolic rate of infected mice (Fig. 2 & 3).
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Figure 3.1: Primary response induced change in body weight.

Analysis of change in body weight for a 12-hour light dark cycle over the 14-day experimental period.
Significance was assessed using one-way ANOVA followed by a Dunnett Test for multiple comparison.
Data are represented as mean £ SD. (* p < 0.05, ** p < 0.01, High dose compared to control)
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Figure 3.2: Primary response induced lethargy.

Analysis of change in (A) Activity or (B) Sleep for a 12-hour light dark cycle over the 14-
day experimental period. Significance was assessed using one-way ANOVA followed
by a Dunnett Test for multiple comparison. Data are represented as mean + SD. (*p <
0.05, High dose compared to control # p <0.05, Low doe compared to control)
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Figure 3.3: Primary response induced changes in Energy Expenditure and Metabolic rate .
Analysis of change in (A) Energy Expenditure or (B) Metabolic Rate for a 12-hour light dark cycle
over the 14-day experimental period. The Weir Equation was used to calculate EE (kcal/h = 60 x
(0.003941 x VO, + 0.001106 x VCO,)). Significance was assessed using one-way ANOVA
followed by a Dunnett Test for multiple comparison. Data are represented as mean + SD.
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Metabolic Phenotype of an Immune Challenge

A secondary immune response heavily relies on immunological memory by cells
of the adaptive immune system. The secondary immune response has a more
considerable clonal expansion of antigen-specific T cells compared to a primary immune
response. Thus, to determine if such a strong proliferative adaptive immune response
induces trade-offs, we elicited a secondary response by challenging the animals with a
high dose of Lm-OVA. We challenged the previously infected animals from the primary
study 30 days after the primary infection with 1x10% CFU/mouse of rLm-OVA. In
unimmunized mice, the LD50 of Lm-OVA is 1x10° CFU (49, 61, 62). Since this would be
a lethal dose in unimmunized mice, such animals were not used as controls. Instead,
previously uninfected mice were injected with PBS. We monitored the metabolic
phenotype of control and challenged mice over the course of an immune challenge.

Listeria challenge induced only a modest decrease in body weight starting the
night after infection and continued until three days after the challenge (Fig 4) that was
less than 0.1% and not significantly different than control (Fig. 4). Overall, immunized
mice and control did not gain weight, as observed in the primary immune response (Fig.
1), due to their stage of maturity. Thus, this immune challenge to adult mice did not
affect body weight and indicates that the mice had developed protective immunity from
their previous infection/immunization.

The next parameters examined were activity and sleep. We observed that starting
at the time of infection through the second night after the challenge, mice immunized
with the higher dose of Listeria had a decrease in their overall activity (Fig SA). Initially,

these mice had a ~66% reduction in activity, and on the second night after infection, they
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had a ~33% reduction in activity (Fig. 5A). Conversely, mice infected with the higher
dose of Listeria demonstrated increased time spend in quiet/sleep compared to control.
(Fig. 5B). Interestingly, while we observed no difference between control and mice
infected with the lower dose of Listeria, we observed an increase in quiet/sleep the first
night after infection (Fig 5B).

To understand the systemic metabolic impact of a robust adaptive immune
response, the energy expenditure and metabolic rate were monitored. We observed that
the mice immunized with the high dose of Listeria had a decrease in energy expenditure
the first night after infection (Fig. 6A). Additionally, these mice had a decrease in their
metabolic rate the first night after infection (Fig. 6B). There was ~ 20% reduction in
energy expenditure and metabolic rate compared to control. Additionally, the decrease in
these parameters corresponds to the decrease in activity observed by the mice immunized
with the high dose of bacteria (Fig. 5 &6). It is likely the decrease in activity could
account for the decrease in metabolic rate, which in turn could decrease energy

expenditure.

OVA-specific T cell Response

At the conclusion of the study to confirm immunization, we determined the IFN-y
production by OV A-specific T cells (Fig. 7). Splenocytes were cultured in the presence
of OV A peptide to measure the OV A-specific T cell response in the form of IFN-y
production. Measurement of [FN-y production was enabled by intracellular cytokine
staining and flow cytometry compared to splenocytes from control (uninfected) mice. We

observed the production of IFN-y by OV A-specific T cells by both groups of infected
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mice. Thus, confirming these mice had protective immunity to Listeria since they

survived the immune challenge which is lethal to naive mice (Fig. 7).
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Figure 3.4: Secondary response induced change in body weight.

Analysis of change in body weight for a 12-hour light dark cycle over the 14-day experimental
period. Significance was assessed using one-way ANOVA followed by a Dunnett Test for multiple
comparison. Data are represented as mean £ SD.
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Figure 3.5: Secondary response induced lethargy.

Analysis of change in (A) Activity or (B) Sleep for a 12-hour light dark cycle over the 14-
day experimental period. Significance was assessed using one-way ANOVA followed by
a Dunnett Test for multiple comparison. Data are represented as mean + SD. (* p < 0.05,
**p < 0.01, High dose compared to control, # p <0.05, Low doe compared to control)
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Figure 3.6: Secondary response induced changes in Energy Expenditure and Metabolic rate.
Analysis of change in Energy Expenditure (A) or Metabolic rate (B) for a 12-hour light dark cycle over the
14-day experimental period. The Weir Equation was used to calculate EE (kcal/h = 60 x (0.003941 x VO, +
0.001106 x VCO,)). Significance was assessed using one-way ANOVA followed by a Dunnett Test for
multiple comparison. Data are represented as mean £ SD. (** p < 0.01, High dose compared to control)
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Figure 3.7: Enumeration of OVA-specific T cells in the Spleen.

OVA-specific IFN-y producing T cells were enumerated at the conclusion of the
secondary response in the spleen following a Lm-OVA infection. Significance was
assessed using one-way ANOVA followed by a Dunnett Test for multiple
comparison. Data are represented as mean = SD. (** p < 0.01, compared to control)
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Discussion

The goal of the current study was to compare and contrast the metabolic impact of
a primary and secondary immune response in the context of a living pathogen. To
achieve this goal, we longitudinally monitored the systemic metabolic phenotype
throughout a primary and secondary immune response to Listeria monocytogenes. The
utilization of this well-characterized system, murine listeriosis, allowed the study to focus
on trade-offs without the need to characterize the innate and adaptive immune response.
During the primary immune response, we observed a delay in growth only in the mice
infected with the higher dose. However, the timing of this delayed growth corresponded
to the timing of the innate immune response. When the immunized mice were challenged
with Listeria, we observed a decrease in metabolism in the mice immunized with the
higher dose. While the timing of the hypometabolic state corresponded to the timing of
the innate immune response, innate immunity was likely not causing the shift in
metabolism since it was only observed in one of the two groups of challenged mice.

The primary immune response to Listeria is characterized by an innate and
adaptive immune response (34-37). Initially, the cells of the innate immune system
control the infection until around day three post-infection (41, 42, 63-65). We observed a
delay in growth during this time frame (Fig. 1). Cells of the innate immune system are
responsible for the production of pro-inflammatory cytokines such as TNF-a, IL-6, and
IL-1P (38-40). These cytokines induce sickness behavior through their interaction on the
brain (66, 67). Additionally, these cytokines have been implicated in interfering with

growth through their action on insulin-like growth factors (68, 69). It is plausible that the
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production of these cytokines from cells of the innate immune system during a Listeria
infection led to the delayed growth of mice.

We did not observe any changes to systemic metabolism over the primary antigen-
specific T cell response day 5-14 post-infection (28, 47, 48). Thus, during a primary
immune response, it is likely the innate immune response induces trade-offs, not the
adaptive immune response.

The data from this study does not fully align with the primary response observed
in Chapter 2. This is likely due to the infectious doses. For Chapter 2, the doses used was
2x10* CFU and 1x10* CFU. The LDso of wild type Listeria is 1x10° CFU and the LDs
for rLm-OVA is 5x10° CFU in C57B1/6 mice (49, 70, 71). There was minimal impact to
systemic metabolism in the 1x10* dose; however, the 2x10* dose had extensive impacts
to metabolic phenotype. The does used in this study were all below 0.1 LDso, and we
failed to observe trade-offs to life-history traits. It is possible that the infectious dose of
0.1 LDso is the threshold required for innate immunity induced life-history trait trade-
offs. Both studies seem to not implicate adaptive immunity into trade-offs, so a secondary
response, which primarily relies on adaptive immunity, would provide better evidence.

During the secondary response, we observed a decrease in activity, energy
expenditure, and metabolic rate in mice immunized with the higher dose of Listeria until
day two post-challenge (Fig. 5&6). Until day 3 post-infection, the cells of the innate
immune system are controlling the infection. While the timing of systemic changes
overlaps with the innate immune response, innate immunity is unlikely the cause in this
case because innate immunity would be similar for both immunized groups, and this

response is only observed in one of the two challenged groups. Upon reactivation,
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memory T cells would have a shift in cellular metabolism, and the timing of this shift in
cellular metabolism would overlap with the observed differences in metabolic phenotype
(Fig. 5&6) (72, 73). It is likely that activation of memory T cells caused the observed
systemic changes (more so in the high dose infection group). A possible explanation for it
only been observed in the group of mice immunized with the higher dose of Listeria is
these mice would have a higher frequency of memory T cells compared to the mice
immunized with the lower dose of Listeria (28). Both groups of mice were challenged
with a lethal dose of Listeria and survived the infection (49, 53). Thus, possibly only
above a certain threshold of memory cell activation does adaptive immunity incur
systemic trade-offs. From days 3-10 post-challenge, antigen-specific T cells go through
clonal expansion, contraction, and re-establish memory (28, 47-49). The T cell expansion
of subsequent immune challenges is greater in magnitude compared to a primary immune
response (23, 24). We failed to observe any trade-offs during expansion or contraction, so
it is unlikely that these processes are taxing to the host.

There is a significant difference in the number of T cells activated by non-specific
activation, PHA, and antigen-specific activation, pathogen. Perreau, et al. stimulated 1 x
10° PBMC with PHA and observed about 50% of the cells became activated T cells (74).
In contrast, there are only about 1000 naive antigen-specific T cells for a pathogen (75-
78). The previous observed trade-offs may be due to the number of cells activated. The
immune challenge supports this idea since only the mice with a higher number of
memory T cells showed systemic trade-offs.

There are discrepancies between the present study and previous studies on the

effect adaptive immunity has on metabolism. These studies have determined that adaptive
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immunity either increases metabolism or no effect on metabolism, and these studies
examined the impact of adaptive immunity on resting metabolic rate (RMR). In contrast,
our present study focuses on average daily metabolic rate (4, 5, 79, 80). RMR is an
animal’s metabolic rate while resting and fasting (5). Average daily metabolic rate is
defined as the metabolic rate of a free-living animal and likely a more appropriate
parameter to measure since it resembles an animal’s natural environment by allowing for
activity (81, 82). While we are unable to monitor RMR with our system, the multi-
parameter monitoring of weight, food uptake, water uptake, metabolism, and energy
expenditure over the entire immune response provides a more comprehensive
understanding of systemic trade-offs induced by immunity.

Both the low dose (2 x 10° CFU/mouse) and the high dose (1 x 10* CFU/mouse)
of Listeria were sub-lethal and provided protective immunity to an immune challenge.
During their primary immune response, only the high dose of Listeria induced trade-offs;
however, the timing of these trade-offs corresponds to the timing of innate immunity, not
adaptive immunity. The immune challenge would provide the best evidence of adaptive
immunity is driven trade-offs, and we observed trade-offs possibly associated with the
activation of memory cells, but not the expansion, contraction, or re-established memory
of these cells. Overall, it appears that trade-offs during a primary immune response are
driven by innate immunity, and during an immune challenge, it is driven by activation of

adaptive immunity.
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Chapter 5

Discussion and Conclusion

Summary of Work

This dissertation described the trade-offs in life history traits caused by a live
pathogenic infection over a primary and secondary immune response. During a primary
immune response, a dose dependent trade-off in life-history traits and sickness behavior
was observed as early as one day after infection. Furthermore, these behaviors persisted
until 5 days after infection, which corresponds to the timing of innate immunity.

During the time of maximal demand by the adaptive immune system, T cell
expansion, there were no observed differences between control and infected mice.
However, when a primary and secondary response were compared, trade-offs were
observed that corresponded to the timing of reactivation by cells of the adaptive immune
system. Thus, the innate immune response is likely metabolically taxing to the host as
compared to the adaptive immune response. Additionally, the immunometabolism
induced by a live-pathogenic infection was characterized. There was an observed shift
toward aerobic glycolysis in cells of the innate immune system that persisted up to 5 days
after infection. However, there was no observed shift to aerobic glycolysis in T cells even

though a strong Listeria-specific T cell response was detected.

The impact of a primary and secondary immune response on Life-history traits and its

implications for trade-offs with growth and maintenance.
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Life history theory offers postulates aimed at explaining how animals with access
to scarce resources allocate them between different life history traits. Growth,
reproduction, and maintenance are the major life history traits that compete for these
resources. Allocation toward one or more of these affects an animal’s overall fitness.
When the demand for resources by one trait is greater than others, a trade-off is
inevitable. Throughout an organism’s lifespan, it must survive environmental insults. A
good example of this is a pathogenic invasion. The host immune system is responsible for
defense to pathogenic invasions, which relies on maintenance programs. For this reason,
the immune system is part of maintenance (1-5). Numerous studies have examined the
trade-offs induced by immunocompetence. Immunocompetence is the ability to mount an
effective immune response to a pathogen, which relies on an innate and adaptive immune
system. However, these studies have primarily relied on non-specific activation of innate
cells or T cells to examine the trade-offs (6-10). Thus, these studies do not actually
investigate the full range of responses encompassed by immunocompetence because
these studies examine the cost of either the innate or adaptive immune system not both.
Our study, utilizing a live pathogen, examined the trade-offs to Life-history traits (growth
and maintenance) induced by immunocompetence. Our present studies have some
similarities with the current literature that has investigated the trade-offs induced by
immunity.

We found that during a primary immune response we observed a decrease in body
weight, activity, energy expenditure, metabolic rate, and an increase in sleep coinciding
with the timing of innate immune response. Multiple studies have presented similar

results as our study, in different animals such as bats, birds, and rodents. When bats were
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injected with LPS, Otalora-Ardila et al. observed a 140-185% increase in resting
metabolic rate (RMR) (6), and Stockmaier et al. observed a decrease in activity and body
weight (7). Similar treatment in house sparrows resulted in a described a decrease in
bodyweight, activity, and reproduction as described by Bonneaud et al. (8). Studies in
rodents described reduction in weight and activity as well as metabolic rate and food
consumption following LPS treatment (9, 10).

Whereas many commonalities are found within the literature and our study, there
are also a few discrepancies with the change in metabolism. Otalora-Ardila et al.,
observed an increase in metabolic rate while Ganeshan et al., and our study observed a
decrease (6, 10). The discrepancy is due to the way metabolic rate is defined in the
studies. Otalora-Ardila et al., examined RMR while is an animal’s metabolic rate while
Ganeshan et al., and our study. Collectively, these studies suggest that innate immunity is
the driver of trade-offs and sickness behavior which our conclusions support. This could
relate to the potential demand caused by the innate immune response during cellular
activation, effector molecule production, recruitment and myelopoiesis.

As previously mentioned, cells of the innate immune system demonstrate a shift
toward aerobic glycolysis upon activation (11-14). However, these studies have all used
LPS as a stimulus to generate these results (15-20). Collectively, these studies have
demonstrated that the change in cellular metabolism is essential for effector function, and
inhibition of aerobic glycolysis impairs effector function as demonstrated by Everts et al.
(15, 20). Our present study supports these findings because we observed a shift towards
aerobic glycolysis in cells of the innate immune system as determined by increased

expression of Glutl and glucose uptake which was sustained throughout the timing of
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innate immunity. A Listeria infection is highly complex and better reflects the numerous
challenges by infection by having multiple PAMPs (flagellin, CpG, and Lipoteichoic
acid) and the toxin LLO (21-24). However, as previously mentioned, the shift towards
aerobic glycolysis in cells of the innate immune system has only been demonstrated with
the use of LPS. Thus, we extended the current understanding of PRRs activation that can
lead towards aerobic glycolysis (21-24). Aerobic glycolysis requires more nutrients for
energy since only 2 ATP are generated vs 36 ATP from OXPHOS. Therefore, the shift
towards aerobic glycolysis has the potential to induce the trade-offs observed to provide
the immune system with nutrients and energy.

Activated cells have an increased demand for biosynthetic precursors and energy
to produce immune-derived products. While we did not directly measure the demand for
these cellular processes, we indirectly measured them through the T cell expansion phase
since these cells would need the above mentioned nutrients and energy for immune-
derived products and proliferation (25-30). These studies demonstrated the importance of
glycolysis and glutaminolysis for effector function of T cells but not for energy (28-30)
while Chang et al., demonstrated that T cells rely on OXPHOS for generation of ATP
(31). Because we failed to observe differences during the T cell expansion phase of a
primary immune response, cell proliferation and cellular processes needed for effector
function are not likely very taxing on the host. Since the shift towards aerobic glycolysis
by these cells was not observed as in cells of the innate immune system, it provided
evidence that the shift towards aerobic glycolysis is the inducer of trade-offs. The
nutritional and energy requirement for cellular recruitment and myelopoiesis remain

poorly characterized.
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To our knowledge, there have been no studies to directly investigate the metabolic
demand of myelopoiesis or cellular recruitment. To thoroughly determine their demand,
these processes would need to be inhibited. However, we can possibly gain insight into
their cellular demand from T cells. As previously mentioned, activated T cells rely on
OXPHOS, glycolysis and glutaminolysis, and multipotent progenitor cells have the same
cellular metabolism (32-34) Because we did not observe trade-offs during T cell
activation, it is unlikely cellular differentiation is taxing to the host. Because the innate
immune system appears to be more metabolically demanding to the host and induces
sickness behavior, this could be a way to reallocate resources of nutrients and energy
towards the immune system.

Sickness behavior is characterized by sleepiness, inactivity, reclusiveness, fever,
lack of appetite which is driven by the cytokines TNF-a, IL-6 and IL-1p (35-38).
Prostaglandin E; (PGE.) interacting with its receptor, EP3, in the medial preoptic nucleus
within the hypothalamus induced fever (39, 40), which is a well characterized innate
immune response that is metabolically taxing to the host (39-42). Furthermore, Kluger et
al., established that for each 1 °C rise in core body temperature requires a 10-12%
increase in metabolic rate (43). Because sickness behavior is observed across vertebrates,
it is likely an evolutionary mechanism used to shift resources towards the immune
system. Sickness behavior increases drowsiness and decreases activity, shifting energy
away from locomotion towards immunity. We observed the decrease in activity
coinciding with the timing of the innate immune response supporting this idea. Previous
studies have generally relied on mitogens or non-pathogenic antigen, which is why the

demand of adaptive immunity remains poorly characterized.
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Studies have previously used PHA, SRBCs, or KLH to determine the impact of
the adaptive immune system. PHA induced non-specific activation of T cells while
SRBCs and KLH are non-pathogenic antigens. Generally, these studies have failed to
observe any trade-offs induced by an activated adaptive immune system (6, 44-47).
However, a couple of studies have observed a cost. Martin et al., observed that house
sparrows injected with PHA had an increase in RMR (48), and Demas, et al., observed an
increase in metabolic rate in mice injected with KLH (49). Thus, generalization about
cost of the adaptive immune response is difficult. To better determine if the adaptive
immune response induces trade-offs, we monitored the primary and secondary response
to a live pathogen.

The results during the innate immune response of Chapter 3 did not resemble
what was observed in Chapter 2. As previously discussed, this is likely due to differences
in LDso of the two strains of Listeria. However, the results during the adaptive immune
response were similar for both studies, in which there were no observed trade-offs.
Because a secondary response has a higher magnitude of clonal expansion, this response
has a greater potential to induce adaptive immune response trade-offs (50, 51). We failed
to observe trade-offs during the time of detectable clonal expansion in the primary
response, indicating primary clonal expansion may not be metabolically taxing. However,
we did observe trade-offs within the first 24 hours during the time of reactivation. Gubser
et al., demonstrated that reactivation of memory T cells initially requires a rapid shift
towards aerobic glycolysis for cytokine production (52). Thus, this shift towards aerobic

upon reactivation potentially caused these trade-offs.
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Collectively, these studies suggest the shifts in cellular metabolism towards
aerobic glycolysis in cells of the immune system as the possible inducer of trade-offs. A
possible mechanism is the pro-inflammatory cytokines (TNF-a, IL-1p and IL-6)
interacting on the brain to initiate sickness behavior which allows for reallocation of
resources which are all produced during a Listeria infection (10, 53-58). During this
timing of reallocation, these mice become insulin resistant as observed by increased
HOMA-IR. This type of response has previously been observed to be induced by TNF-a
or IFN-y as determined by Hotamisligil et al and Sestan et al respectively (59, 60). Given
that these animals are systemically insulin resistant and utilize lipids as an energy source
as observed by a decrease in RER, these two findings are likely linked. One explanation
for this link might be that insulin resistance allows for reallocation of available glucose
towards cells of the immune system. These cells likely need excess glucose for energy
given that aerobic glycolysis generates only 2 ATP per glucose molecule vs. OXPHOS

which generates 36 ATP.

Implications of These Findings

These studies explore the cost of immunocompetence on life-history traits and
immunometabolism to a live pathogenic infection. These studies have implications for
ecological immunology and immunomodulation research. The first implication is to
provide current approaches to determine the cost of immunocompetence. The second
implication is advancing the field of immunometabolism by examining the

immunometabolism induced by a pathogen.
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There is a large collection of work investigating life-history trade-offs that occur
during an immune response. However, these studies have relied on the use of PAMPs or
mitogens to investigate the cost of immunocompetence which do not reflect an immune
response to a pathogen. Additionally, these studies tend to utilize antiquated techniques to
monitor an immune response. For example, a popular technique includes the
measurement of swelling at injection site as indication of immune cell proliferation where
some swelling is likely due to edema. Another technique used to measure the cellular
composition is the ration of heterophil/lymphocyte which does not differentiate the cell
types of the immune system. (6, 7, 47, 48, 61-63). Additionally, these studies tend to
remove animals from home caging and place them into chambers to monitor systemic
metabolism. These metabolic chambers restrict movement and likely stress the animal
which could influences the readouts. Collectively, these methods do not properly reflect
the conditions of an immune response. Our studies addressed these issues through well
characterized approaches in immunology and the use of metabolic cages that resemble

conventional home cages.

An immune response to a pathogen relies on the innate and adaptive immune
system. Additionally, the adaptive immune response involves pathogen-specific cells.
Previous studies have used the H:L ratio to determine the number of granulocytes and
lymphocytes in a blood smear which provides quantitative but not qualitative information
about immune cells. By using flow cytometry, we were able to provide both parameters.
For example, we determined the number of innate immune cells, cell type, and activation
statue of cells recruited to the spleen. This technique provided better resolution of an

immune response compared to H:L ratio. The technique of measuring swelling at the site
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of infection is an inappropriate way to monitor T cell proliferation/activation because it
cannot determine the total number of T cells or proliferating T cells. Additionally, there is
likely edema at the injection site skewing these interpretations. Since we used cell surface
markers and IFN-y production, we were able to determine the total number of T cells and
number of antigen-specific T cell in the spleen. This is the typical adaptive immune
response since it is antigen-specific not non-specific proliferation as observed with a
mitogen. Applying these techniques used in our study provide quantitative and qualitative
results which these antiquated techniques cannot achieve which provide better resolution
of an immune response. If these techniques are applied to future studies involving Life-
history theory, these studies will be robust studied compared to previous studies. These
techniques allowed for the longitudinally analysis of immunometabolism induced by a

pathogen.

Our current understanding of immunometabolism of cells of cells of the innate
immune system relies on the use of LPS which has been shown to causes a shift in
cellular metabolism towards aerobic glycolysis (15-18). Our study used Listeria (a Gram-
positive pathogen) which lacks LPS, but we observed similar shift towards aerobic
glycolysis by innate immune cells regardless of PRR detection. Additionally, the
previous studies have used the Seahorse Bioanalyzer where they generally examine the
cellular metabolism for 4 hours. Where the Seahorse Bioanalyzer may be more sensitive,
we were able to examine cellular metabolism of immune cells over the course of an
infection using flow cytometric analysis. In the spleen, we observed sustained aerobic
glycolysis by cells of the innate immune system during the period of bacterial

colonization. Our results align with previous studies but demonstrate sustained aerobic
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glycolysis during the timing of pathogen colonization. Thus, this metabolism is likely

sustained until pathogen clearance.

The threshold to induce protective immunity for an infection is below the
threshold for trade-offs between growth, reproduction, and maintenance because we
failed to observe overt cost by the adaptive immune system This phenomenon is used to
great advantage in vaccination. Vaccines provide protective immunity through the
development of strong adaptive immune responses without inducing disease symptoms
including sickness behavior. Thus, dampening the innate immune response would

alleviate the monetary cost associated with infections.

In the US alone, the cost for work absences due to illness is about $226 billion
annually (41). With the use of immune modulation, we could dampen the immune
response allowing for pathogen clearance without the cost of sickness behavior
preventing absences due to illnesses. Several studies have examined the effect of immune
modulation on cells of the innate immune system, however these studies use immune
modulation prior to or at the time of immune activation (42, 43). Since people generally
do not know the time of infection, these studies do not represent a real-world application.
Future studies need to investigate the effects of immune modulation after immune

activation.

Short-comings, Limitations, and Future works
This dissertation was the first to investigate the systemic and cellular cost of an
immune response to a pathogen. To achieve the longitudinal analysis of the metabolic

phenotype, immune response to Listeria, and cellular metabolism of immune system,
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required the use of two cohorts of mice. An underlining assumption was that each cohort
had similar responses to Listeria. To eliminate as many variables, the same infectious
dose was used for all mice, similar age, same sex, and inbred strain of mice were used,
however, there is no guarantee this was occurring. Future studies can get around this

variability by increasing sample size.

While Chapter 2 was more robust of the two studies, it did have its short-comings
and limitations. One short-coming is that only the immunometabolism of the high dose of
infection was examined which would support the idea of the high dose being more
metabolically demanding. Additionally, a limitation of this study was the systemic pro-
inflammatory cytokines were not determined. Thus, future studies would include
measuring immunometabolism of the low dose of infection and determine the systemic
pro-inflammatory cytokines of both infectious doses. This study could support the idea
that the high dose if more metabolically taxing than the low dose. Additionally, it might
elucidate if the aerobic glycolysis by innate immune cells that is demanding, and the
induced sickness behavior by these cells that leads to reallocation of resources towards
the immune system.

Another limitation of this research is the differences in LDs¢ for the two strains of
Listeria used in these studies. Recall that the use of Lm-OVA allows for the direct
comparison of CD4" and CD8" T cells ex vivo during an infection (64-68). We
determined that similar infectious doses of the different strains did not lead to similar
bacterial colonization. Wirth et al., and other have determined the lethal dose of wild-type
Listeria is 10-fold lower than that of Lm-OVA (69-71). For this reason, the direct

comparison of the systemic metabolic profile of the two primary immune responses is not
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appropriate. In the future, the more appropriate approach would be to use an infectious
dose of Listeria for the two strains that would have similar bacterial colonization.

Immunomodulation is the therapeutic intervention aimed at modifying the
immune response, and a few studies have applied this technique during infections.
Varanasi et al. infected mice with herpes-simplex virus and administered 2-DG which
prevents glycolysis (72). They observed pathogen clearance, but the off-target damage by
IFN-y was decreased because T cell cytokine production relies on glucose. Pearce et al.
examined the manipulation of FAO on immunological memory (73). They determined
that increased FAO lead to increased immunological memory. Both studies have
manipulated to adaptive immune system with promising outcomes. A future study would
be to administer 2-DG during the timing of innate immunity. This could dampen the

innate immune response and decrease the cost of immunity on the host.

Conclusion

Overall, the shift towards aerobic glycolysis that drives trade-offs during an
immune response is likely fueling the demand placed on the host by the immune system.
During a primary response, we observed the mice infected with the highest dose of
Listeria exhibited sickness behavior and a hypometabolic state. Furthermore, the timing
of trade-offs corresponds to the timing of innate immunity. Thus, the threshold to induce
protective immunity must be below the threshold for trade-offs between growth,
reproduction, and maintenance. We observed sustained shifts towards aerobic glycolysis
in cells of the innate immune system for up to five days after infection. While we failed

to observe a shift towards aerobic glycolysis by T cells, we did observe their activation as
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determined by IFN-y production by Listeria-specific T cells. Thus, aerobic glycolysis is
likely a good marker for innate immune cell activation but not for T cell activation.
During a secondary response, we observed trade-offs to life-history traits that
corresponded to the timing of activation of memory cells, but not the expansion,
contraction, or re-established memory of these cells. Because we failed to observe clonal
expansion of T cells during a primary and secondary response inducing trade-offs, it is
unlikely that myelopoiesis, generation of effector molecules or cell recruitment induces
trade-offs. Collectively, these studies, to our knowledge, provide the first comprehensive

understanding of systemic and cellular metabolism to a live pathogen.
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Appendix I

Contributions to Others Work

Auburn University strives for collaboration. While pursuing my Ph.D., I was able
to collaborate with my fellow lab mates and other labs outside of the department. These
collaborations honed my research skills and critical thinking, but unfortunately, did not
directly connect with my dissertation work. I wish to describe these collaborations and
my contributions below.

The first collaboration occurred with Dr. Michael Greene in the Department of
Nutrition and my former labmate Dr. Keah Higgins. The goal of this study was to
longitudinally monitor mice on a Western diet to determine when and how the intestinal
microbiota shifts in composition, as well as the development of a metabolic phenotype
resembling obesity. I aided in specimen collection and determined the intestinal
inflammatory status through Lipocalin-2. Lipocalin-2 or neutrophil gelatinase-associated
is a protein released by neutrophils to sequester iron; thus, limiting bacterial growth.
Before this study, Chassaing, ef al. had established Lipocalin-2 as a marker of intestinal
inflammation in a mouse model of DSS-induced colitis (1). We wanted to determine if
this marker could monitor the chronic “low-grade” inflammation observed in obesity.
Unfortunately, the “low-grade” inflammation observed during obesity was not enough to
elicit a detectable difference between lean and obese individuals. Thus, this marker is not
a useful marker for chronic “low-grade” inflammation observed during obesity but is an
excellent marker of acute inflammation as observed during DSS induced colitis.

The second collaboration involved Dr. Terry Brandebourg in the Department of

Animal Sciences and my labmate, Haley Hallowell. This project had two goals. The first
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was to define and characterize the Mangalica pig as a novel model of obesity. Secondly,
after establishing this model, the goal was to determine whether overconsumption alone
was enough to drive changes in the gut microbiota as piglets developed obesity. My
contribution to this project was specimen collection, animal husbandry, and monitoring
intestinal inflammation. Due to my bachelor’s degree in Animal Sciences, I had the
responsibility of animal husbandry. This study was occurring concurrently with my other
collaborations, so we used the same fecal marker of intestinal inflammation Lipocalin-2.
As observed with the mouse study, lipocalin-2 was not a useful marker of chronic “low-

grade” inflammation.
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