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ABSTRACT

FoxO3a is a transcription factor that regulates various cellular functions such as cell
cycle or cell death. However, its role in the innate immune response is not clear. I investigated
the impact of FoxO3a signaling on the immune response during infection with Sa/wonella
Typhimurium (ST). My results revealed that FoxO3a regulated the homeostasis of myeloid cells
in the spleen and blood of mice during steady-state. Following infection of macrophages with
ST, FoxO3a signaling promoted the expression of pro-inflammatory cytokines such as I1.12 and
TNFa, but inhibited the expression of the anti-inflammatory cytokine I1.10. Phenotypic analysis
revealed that FoxO3a signaling had no effect on classical macrophage polarization into M1 vs
M2 phenotypes, although it appeared to regulate mitochondrial function during infection with
ST. Inflammatory responses are critical during infection with virulent intracellular pathogens,
and these results provide new insights into the role of FoxO3a signaling in inflammatory

responses.

111



ACKNOWLEDGEMENTS

To Jesus be the glory, for I completed this thesis by the grace of the Almighty.

I would like to thank my supervisor, Dr. Subash Sad, who gave me the opportunity to complete
my master’s degree research in his laboratory. Under your supervision, helped by your patience
and trust, I have acquired indispensable skills not only in research but also in everyday life. I
would like to extend my gratitude to my thesis advisory committee members, Dr. Lee, Dr.
Makrigiannis, and Dr. Fullerton, for their advice and support. I also thank Dr. Harper, Dr. Lee,
and Dr. Langlois’ laboratories for their technical help with some of my experiments. I am
sincerely grateful to Dr. Wright and Andrew Wight for having dedicated their time to the
revision of my thesis. Dr. Julie Joseph, thank you for having demonstrated so much patience
towards me during my Master’s degree, as well as for your teachings in science and in life.
Kwangsin Kim, thank you ever so much for your precious help with my experiments and for
your encouragement throughout my journey in the laboratory. Many thanks to all the members
of the BMI department and a special thank you to the members of the Subash Sad laboratory 1
have crossed paths with. You helped morph the trying times into pleasant ones, through your
encouragements, discussions, and advice. Finally, I would like to thank my parents and siblings
Ines, Carl, and Estelle for their prayers and moral support and for having shared my joys and

tribulations during this season.

My work was supported by a scholarship from the University of Ottawa, and research
funds were provided by grants awarded by the Canadian Institute of Health Research

(CIHR) to Dr. Subash Sad.

v



TABLE OF CONTENTS

PREFACE ...ttt s csssssessssssse s s s sssessssssssssssssssssssssssssassessssnenes ii
ABSTRACT ...ttt aas e sas e s sas e s sa s e s sas e s ssae s ssasssssnasessansssnns iii
ACKNOWLEDGEMENTS.......ooiitiiiitiniicniieniiectiecnne e ssssssssssssssssssssssesssssessnns iv
LIST OF ABBREVIATIONS ......coitiiittieiitieeitieecntnneesnnnreesssssesssssssesssssssesssssnnes vii
LIST OF FIGURES AND TABLES ......ccooriiiiiitiiiiieectireccnnieesnnnseessnssessessnees X
1. INTRODUCTION ....cooiiiiiiiiiiiiniieiniiecniieeniieenseessssessssessssesssssessssssssssssssssssssssssssssns 1
1.1, The imMmUNE SYSTEIMN weceiiiriiiiiriureeeeerriiiiiiiireeeeeeessieiiiiseeeeeeessssssssssssseesssssssssssssssesses 1
1.1.1.  Innate IMMUNE SYSTEM ..ueueuiuiriririereuiiiiriereieseisteserereseststssesesesestss s s sesestssesesesesessasesesesesssnans 1
1.1.2.  Adaptive IMMUNE SYSTEML...c.iuiuiiiieieiiiieieiriiieieteiiieiessiseies st sssaes 3
1.1.3.  Generation of hematopoietic Cells........ccoiiiiiiiiiiiiiii e 4
1.2, S52Imonella infeCtion ........ceeeueeeeeiiiiiiieiiiiieecniteeccrte e csssare s sare e s saaee e 5
1.2.1. Mechanism Of INECION ...oviuiieiiiicieiiicieiricecee e easene 7
1.2.2. Intracellular lifestyle Of Salmonella.................ccvviecuviniiciviniiiinniicisiicceecn, 10
1.2.3. Salmonella-induced inflammation.........cceeuviviririnininininiiicccceeeeeeeere e 11
1.2.4. Macrophage polariZation........cccviiiiiiiiiiiiiiicii s 13
1.3. FoxO3a transcription fACLOr ......uuiiieiiiiiiiiiiiiiiiiiiiiiinieeecccccrereee e ecseeanneeee 16
1.3.1. Regulation of FoxO3a by post-translational modifications............ccceuveverecerureiecnnn. 17
1.3.2. Regulation of FoxO3a target gene eXpression...... s 20
1.4, RaAtioNale...cccciiiiiiiniiiiiiiiiiiiiiiiiiiiiecccniiiere e s s e e s s s s saasanaes 21
1.5, HyPOthesis .ottt anaaneee 22
1.6, ODJECLIVES ..uurriiiiiiiiiiiiiiiiii s s 22
2. MATERIALS AND METHODS. ...ttt cssseessnees 23
2.1 ANIMALS uuueiiiiiiiiiiiiiiiiene e e s e s s saes 23
2.2. Bacterial Strains .....ceeeeeeieeeieeiiiieieecteeeee e an e s s naee 23
2.3. In vivo infection MOdEl ......cccuuieiiriiiiiieiteeeeeeeeee e 24
2.4, FlOW CYLOMEILY ceeeriiuunnnniieeiiiiiiiiiinneteeeeeiiiiisusssseeeeeessssssssssssseseesssssssssssssssssssssssssnes 24
2.5. Bone marrow myeloid precursor colony-forming assay .......ccccceevevvnnnerreeeeiiiiinnns 26
2.6. Generation of Bone Marrow-Derived Macrophages ..........ccceeeeeeiiinnnnnnieeeeiicnnnnnne 26
2.7. In vitro ST INFECHION ...uveeeniiiiiiiiiiiicteecteccte e aae e aae e s 27
2.8. Cell Viability asSAYS....cuueereiiiiiiiiiiinnririiiiiiiiiiiiiieeeeeiiiiinreeeeessesisssssssesseessssssssnns 28
2.9. Invitro LPS treatment and inhibitor asSays .......cceeeeeerereeiniineeeniinieeeneneeeenennes 29
2.10. TMRE StaiNiNg.....ccccevueeerueeesrueesiieeniieensieeesieeesssessssessssesssssesssssssssssessssssessssnes 29
2.11. Quantitative RT-PCRu......cccoiviiiiiiitiiiiiiiiiiiiniiteciirecinreccnnsessessseessssnnns 30
2.12. Mitochondrial biO€NergetiCs ASSAY .....eeerrrrurreerrsrrnreeiiiinreeiisinreesssssreesessssneessssnns 31
2.13. Cytokine ANAlySis .....cccevuieeiiiiireeiiiiiieeniiiieeiiireennereesesereesesase e s sanessessnnnes 32
2.14. Type IIFIN @SSAY ..uceeiiiiiuiriiiiiniiiiiiiiiieiiiiineeeniieseeissssseesssssssessssssssessssssssssssssnne 32
2.15. GILI€SS ASSAY.iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiititiiiieiiiieriteeeiiiereeeteeeteeteseteeesseesssssssssssssssssssssssssees 33
2.16. StAtISTICS .uuvverreiiiiiiiiiiiunntiieiiiiiiiiiiirreeeeeeeiiiiisarsrreeeeesessssssssnesseessssssssssssnsesssessssssses 33
2.17. Technical acknowledgment .........cccuueeeiiiiiieiiiiiiieeniiieeeniireenereeseseeeesesnans 34
3. RESULTS ...ttt cstre et sae e s as e s sas e s as e s ss s e s s s e s s sa e s s saaesssnnes 35
3.1. Impact of FoxO3a signaling on immune cell homeostasis before and during ST
INFECHON ceiiitiieeieecceecee e raa e e s anane 35
3.1.1. FoxO3a regulates cell numbers in the spleen ..o 35



3.1.2. FoxO3a limits T cell numbers in the spleen but not in the bone marrow ................ 38
3.1.3. FoxO3a signaling limits myeloid cell numbers in the spleen and blood but not in

the DONE MATTOW c..cuviiiiiiiiic s 45
3.1.4. Loss of FoxO3a has no impact on bone marrow myeloid progenitor numbers...... 52
3.1.5. FoxO3a does not regulate immune cell numbers in the spleen and blood of mice
INfected WIth ST ..ot 68
3.1.6. FoxO3a controls CMP and monocyte numbers in the bone marrow of ST-infected
mice 73
3.1.7.  FoxO3a does not control myeloid cell numbers in the spleen and blood during ST
INEECHIOMN c..ttiii et bbb 78
3.1.8. FoxO3a signaling limits T cell numbers in the bone marrow but not in the spleen
and blood of ST-INfected MICE......oiiiiiiiiiiiiiici e 78
3.2. FoxO3a signaling promotes the inflammatory response in ST-infected
MACTOPRAZES «euuriiiiiiiiiiiiiiiiiiteire s e e e e e s s sssssss s s e e e e e s s asnes 86
3.2.1. FoxO3a signaling does not impact macrophage cell death..........ccccevvvivicivininnnnnes 86
3.2.2. FoxO3a promotes macrophage inflammatory cytokine production upon ST
INEECHIOMN cuettttit bbbttt bbb b bbbt 97
3.2.3. FoxO3a signaling does not impact macrophage polarization upon ST infection..106
3.2.4. Glycolysis is required for expression of some cytokines during ST infection........ 112
3.2.5. FoxO3a regulates mitochondrial DNA amounts during ST infection ..........c.c...... 112
3.2.6. FoxO3a does not influence mitochondrial membrane potential in ST-infected
MACTOPRNAZES ..oviivviiiiiiii b 118
3.2.7. FoxO3a signaling enhances mitochondrial respiration in ST-infected macrophages
123
4. DISCUSSION.....uutiiitiiiitieiitieeiiieeiieesireearessaressssessssessssessssssesssssssssassssssessnes 126
4.1. Impact of FoxO3a signaling on immune cell numbers .........ceeeeeuveeeieinnneenennns 127
4.2. Impact of FoxO3a on macrophage function and death .........ccccuuuuunnrrenennnnnnnnne. 131
4.2.1. Impact of FoxO3a signaling on macrophage cell death.......cccccccvvvicivnnicinnnnee. 131
4.2.2. Impact of FoxO3a signaling on macrophage function ..........cceccevviiinvvinicinnninnen. 133
5. CONCLUSION.....ccotttiittiiiirenitinitecire e cssseesssssesssssesssssessssesssssesssssesssssssssas 141
6. REFERENCES........ott ittt cenne e e sssss e s ss e s assssssesssasesnanes 146
CURRICULUM VITAE .....uutiiiiiiiiieniienitecctiecssteeessteessasesssssessssesssssesssssessssassssssees 154

vi



LIST OF ABBREVIATIONS

2-DG
AMPKal
APC
ASC
Atgl2]
ATP
Bcl-6
BCR
BFA
BHI
BMDM
Bnip3
CARD
CCCP
CD
cDNA
CFU
CLP
CMP
COl
DAMP
DMEM
DNA
elF2a
ELISA
EPO
ER
ERK
FADD
FADH,
Fasl
FBS
FKHRIL1
FoxO
GADD45
GLUT1
GMP
HIF-1a
HIV
HRP
HSC
IFN
IgA

IL
IMDM

2-Deoxy-D-Glucose

5-AMP-Activated Protein Kinase catalytic subunit alpha-1

Antigen-Presenting Cell

Apoptosis-associated Speck-like protein containing a CARD

Autophagy related 12

Adenosine Triphosphate

B cell Leukemia/Lymphoma 6

B-Cell Receptor

Brefeldin A

Brain-Heart Infusion Medium

Bone Marrow-Derived Macrophage
BCI.2/adenovirus E1B interacting protein
Caspase Activation and Recruitment Domain
Carbonyl cyanide 7-chlorophenyl hydrazone
Cluster of Differentiation

Complementary DNA

Colony-Forming Unit

Common Lymphoid Progenitor

Common Myeloid Progenitor

Cytochrome ¢ Oxidase I
Danger-Associated Molecular Pattern
Dulbecco’s Modified Eagle’s Medium
Deoxyribonucleic Acid

Eukaryotic translation Initiation Factor 2 subunit alpha
Enzyme-Linked Immunosorbant Assay
Erythropoietin

Endoplasmic Reticulum

Extracellular signal-Regulated Kinase
Fas-Associated protein with Death Domain
Flavin Adenine Dinucleotide

Fas ligand

Fetal Bovine Serum

Forkhead in Rhabdomyosarcoma-like 1
Forkhead Box O

Growth Arrest and DNA Damage-inducible 45
Glucose Transporter 1
Granulocyte-Monocyte Progenitor
Hypoxia-inducible factor-1a

Human Immunodeficiency Virus
Horseradish Peroxidase

Hematopoietic Stem Cell

Interferon

Immunoglobulin A

Interleukin

Iscove’s Modified Dulbecco’s Medium

vil



iNOS
IRF
ISRE
JNK
LCMV
LDL
LPS
LT-HSC
M cells
M-CSF
MAPK
MEP
MFI
MHC
MLKL
MOI
MIEQ
mRNA
MtDNA
MTT
NADH
NADPH
Nec-1
NFkB
NK cells
NLR
NLRC4
NLRP3
NO

NR
0O.D.
OCR
PAMP
PBS
PCR
PDK1
PI3K
PKB
PMN
PRR
PtdIns3P
PUMA
qPCR
RBC
RIP(1/3)K
RLU
ROS
RPMI

Inducible Nitric Oxide Synthase

Interferon Regulatory Factor
Interferon-Stimulated Response Elements
c-Jun N-terminal Kinase

Lymphocytic Choriomeningitis Virus
Low-Density Lipoprotein

Lipopolysaccharide

Long-Term Hematopoietic Stem Cell
Microfold cells

Macrophage Colony-Stimulating Factor
Mitogen-Activated Protein Kinase
Megakaryocyte-Erythrocyte Progenitor

Mean Fluorescence Intensity

Major Histocompatibility Complex

Mixed Lineage Kinase domain-Like protein
Multiplicity of Infection

Regulatory Macrophage

Messenger RNA

Mitochondrial DNA
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Nicotinamide Adenine Dinucleotide
Nicotinamide Adenine Dinucleotide Phosphate
Necrostatin-1

Nuclear Factor Kappa-light-chain-enhancer of activated B cells
Natural Killer cells

Nod-Like Receptor
NOD-LRR-CARD-containing 4
NOD-LRR-Pyrin domain-containing protein 3
Nitric Oxide

Neutral Red

Optical Density

Oxygen Consumption Rate
Pathogen-Associated Molecular Pattern
Phosphate-Buffered Saline

Polymerase Chain Reaction
3-Phosphoinositide-Dependent protein Kinase-1
Phosphatidylinositol 3-kinase

Protein Kinase B

Polymorphonuclear

Pattern Recognition Receptor
Phosphatidylinositol-3-Phosphate
P53-Upregulated Modulator of Apoptosis
Quantitative PCR

Red Blood Cell

Receptor-Interacting Protein Kinase 1/3
Relative Light Units

Reactive Oxygen Species

Roswell Park Memorial Institute Medium

viil



rRNA
RT-PCR
S1P

SCF
SCV
SEM
SET9
SOD1/2
SPHK1
SPI

ST
ST-HSC
T3SS
TCR
TGFp
TLR
TMB
TMRE
TNFa
WwWT
zZVAD

Ribosomal RNA

Real-Time PCR
Sphingosine-1-Phosphate

Stem Cell Factor
Salmonella-containing vacuole
Standard Error of the Mean

SET domain-containing protein 7
Superoxide Dismutase 1/2
Sphingosine Kinase 1

Salmonella Pathogenicity Island
Salmonella Typhimurium
Short-Term Hematopoietic Stem Cell
Type 3-Secretion System

T-Cell Receptor

Transforming growth Factor Beta
Toll-Like Receptor
Tetramethylbenzidine
Tetramethylrhodamine Ethyl Ester
Tumor Necrosis Factor o

Wild Type

Benzyloxycarbonyl-Val-Ala-Asp-Fluoromethylketone Pan-Caspase inhibitor

1X



LIST OF FIGURES AND TABLES

Figure 1. Mechanism of Sa/monella infection

Figure 2. Regulation of FoxO3a

Figure 3. FoxO3a signaling controls immune cell numbers in the spleen

Figure 4. Gating strategy employed to analyze lymphoid cells

Figure 5. FoxO3a controls T cell numbers in the spleen

Figure 6. FoxO3a signaling does not impact T cell numbers in the bone marrow and blood
Figure 7. Gating strategy employed to analyze myeloid cells

Figure 8. FoxO3a signaling prevents abnormal expansion of myeloid cells in the spleen and
blood

Figure 9. FoxO3a does not regulate myeloid cell numbers in the bone marrow

Figure 10. Myeloid cells differentiate from progenitors in the bone marrow

Figure 11. Gating strategy employed to analyze hematopoietic stem cells (HSCs)

Figure 12. FoxO3a signaling does not affect HSC numbers in the bone marrow

Figure 13. Gating strategy employed to analyze myeloid progenitors

Figure 14. FoxO3a does not impact myeloid progenitor numbers in the bone marrow
Figure 15. Myeloid progenitor CFU assay protocol

Figure 16. FoxO3a signaling does not affect granulocyte or macrophage progenitor numbers in
the bone marrow

Figure 17. Splenic CFUs are comparable in WT and FoxO3a-deficient mice 7 days after ST
infection

Figure 18. FoxO3a affects immune cell numbers in the bone marrow but not in the spleen and
blood following ST infection

Figure 19. FoxO3a signaling limits CMP but not GMP expansion in response to ST

Figure 20. FoxO3a hinders the increase in monocyte numbers in the bone marrow in response
to ST infection

Figure 21. FoxO3a does not control myeloid cell numbers in the spleen and blood upon ST
infection

Figure 22. FoxO3a limits the increase in T cell numbers in response to ST in the bone marrow
Figure 23. FoxO3a does not affect lymphoid cell numbers in the spleen and blood upon ST
infection

Figure 24. FoxO3a signaling controls bone marrow-derived macrophages numbers after M-
CSF treatment

Figure 25. FoxO3a signaling does not impact macrophage cell death upon ST infection
Figure 26. FoxO3a signaling does not impact necroptotic cell death in macrophages

Figure 27. FoxO3a signaling does not influence ER stress-induced cell death in macrophages
Figure 28. FoxO3a promotes pro-inflammatory cytokine production upon ST infection
Figure 29. FoxO3a signaling promotes pro-inflammatory cytokine production upon LPS
treatment

Figure 30. Reduction of IL.12 and TNF expression in FoxO3a-deficient macrophages is not
solely due to increased expression of IL.10

Figure 31. FoxO3a does not influence classical macrophage polarization

Figure 32. FoxO3a signaling does not affect secretion of the M1 marker nitric oxide

Figure 33. Glycolysis is required for expression of some cytokines

Figure 34. FoxO3a promotes an increase in mitochondrial DNA levels during ST infection
Figure 35. FoxO3a signaling mildly enhances mitochondrial membrane potential in untreated
macrophages but not upon ST infection



Figure 36. FoxO3a signaling mildly enhances mitochondrial membrane potential in untreated
macrophages but not upon LPS treatment

Figure 37. FoxO3a signaling enhances mitochondprial respiration in infected macrophages
Figure 38. Model of the role of FoxO3a in inflammation in BMDMs

Table 1. Flow cytometry staining antibodies
Table 2. Inhibitors and agonists used for experiments
Table 3. List of primers used for qPCR

X1



1. INTRODUCTION

1.1.  The immune system

The immune system is a network of cells and soluble mediators that protect the host
from infectious disease and contribute to the maintenance of tissue homeostasis. When the skin
and mucosal barriers fail to prevent pathogen entry into the host, cells and soluble mediators of
the immune system intervene to halt their spread. The immune system can be divided into two
main axes, termed innate and adaptive immunity. The innate immune system is the first to
respond to breaches of physical barriers. It is not specific to pathogens and the strength of the
response remains unchanged regardless of the number of encounters with a given pathogen
(Delves et al., 2000). Adaptive immunity on the other hand develops more slowly, is pathogen-
specific, and displays immunological memory. In other words, upon repeated exposure to the
same pathogen or antigen, the adaptive immune response is faster and amplifies incrementally
(Parkin and Cohen, 2001). These two branches of the immune system do not act independently,

but instead interact to mediate efficient pathogen clearance (Parkin and Cohen, 2001).

1.1.1. Innate immune system

The innate immune system is the first to respond to infection. It is composed of cells
and soluble mediators that participate in the clearance of pathogens from the host. Innate
immune cells include neutrophils, eosinophils, basophils, mast cells, natural killer (NK) cells,
monocytes, macrophages and dendritic cells. Soluble factors include complement proteins,
which function in a cascade of reactions that result in attraction of phagocytes and enhancement

of the adaptive immune response (Parkin and Cohen, 2001). Cytokines, reactive oxygen species



(ROS) and antimicrobial peptides are also soluble mediators of the innate immune system that

are described in more detail in subsequent paragraphs.

Granulocytes include neutrophils, eosinophils, basophils and mast cells. These cells
contain cytoplasmic granules of inflammatory mediators and antimicrobial peptides that degrade
extracellular antigens, or phagocytosed antigens in the case of neutrophils. Eosinophils play a
key role in the elimination of parasites such as helminths. NK cells are cytotoxic lymphocytes
that destroy infected cells and tumor cells using perforin and granzyme. Perforin creates pores in
the plasma membrane of target cells, whereas granzymes cause the cells to undergo a non-
inflammatory form of cell death termed apoptosis (Parkin and Cohen, 2001).

Phagocytes are cells that can engulf foreign antigens and particulate matter by a process
termed phagocytosis. It begins with cells first extending their plasma membrane around the
antigen to form a vesicle. The resulting antigen-containing vesicle, also known as a phagosome,
is next internalized into the cytosol where it fuses with a lysosome to form a phagolysosome
(Parkin and Cohen, 2001). Lysosomes are organelles that are rich in hydrolytic enzymes, which
promote degradation of the engulfed matter contained in the phagolysosome (Lim and Zoncu,
2016). Neutrophils, monocytes and macrophages also have the ability to degrade pathogens
using ROS (Parkin and Cohen, 2001). ROS are generated from oxygen by a process called the
respiratory burst. Neutrophils, monocytes, macrophages, and naive dendritic cells are all
phagocytes. Neutrophils are among the first cells to reach a site of infection but they are short-
lived. Monocytes differentiate into highly phagocytic macrophages upon integration of various
signals emanating from infection sites. Dendritic cells are also phagocytic in peripheral tissues
and constantly sample the surrounding microenvironment to detect pathogens and antigenic

material. Once activated — usually upon infection — they migrate to the lymph nodes where they



present antigens to T cells of the adaptive immune system, leading to their activation (Abbas and

Janeway, 2000). Dendritic cells thus act as a bridge between the innate and adaptive immunity.

1.1.2. Adaptive immune system

Cells of the adaptive immune system include T and B lymphocytes. Each of these cells
bears unique antigen-specific receptors from a diverse repertoire generated through random
receptor gene rearrangements. T lymphocytes are activated when they recognize antigen-derived
peptides presented by professional antigen-presenting cells (APCs) such as dendritic cells.
Antigens can also be presented to T cells by macrophages and B cells. More precisely, T cells are
activated upon binding of their T-cell receptor (TCR) to a specific peptide presented in the
major histocompatibility complex (MHC) molecules, in association with other signals from the
APCs, namely co-stimulation and cytokines (Delves et al., 2004). Activated T cells proliferate
and differentiate into effector T cells. There are two types of effector T cells: CD8" T cells are
cytotoxic cells that kill infected cells presenting their specific antigen on MHC class I molecules.
CD8" T cells also express vatious cytokines such as IFNy or TNFa upon recognition of
infected target cells. In contrast, CD4" T cells recognize antigenic peptides presented by MHC
class II molecules, and express a diverse array of inflammatory and anti-inflammatory cytokines.

B lymphocytes can recognize antigens in their environment through their B cell receptor
(BCR). With the help of CD4" T cell cytokines, activated B cells undergo clonal expansion and
mature into plasma cells, a differentiated type of B cell that secretes antibodies (Delves et al.,
2000). An antibody is in fact a secreted form of the BCR that binds to specific extracellular
antigens such as bacteria and toxins, neutralizing them and promoting their phagocytosis by
innate immune cells. The onset of adaptive immunity is slower in comparison to innate

immunity, as T cell activation requires antigen presentation from innate immune cells and is



completed by 2-3 days post-infection (Parkin and Cohen, 2001). Upon resolution of infection,
the majority of activated T and B lymphocytes die by apoptosis, but some of the activated cells
survive as long-lived cells termed memory cells. These memory cells can then quickly recognize
their specific antigen upon secondary exposure, and induce an immune response that is faster

and of greater efficacy than the first (Parkin and Cohen, 2001).

1.1.3. Generation of hematopoietic cells

Hematopoiesis is the process of generation of hematopoietic cells that takes place mainly
in the bone marrow, although there are extra-medullary sites of minor hematopoiesis such as the
spleen or the liver (Zhu and Emerson, 2002). More than 10” hematopoietic cells are produced
each day in the homeostatic bone marrow to maintain blood cell counts in the human body
(Petvises and O’Neill, 2012). All blood cells originate from a common precursor cell, the
hematopoietic stem cell or HSC. Long-term HSCs (L'T-HSCs) are capable of lifelong self-
renewal and can differentiate into different cell lineages (Rosenbauer and Tenen, 2007). They
give rise to short-term HSCs (ST-HSCs), which have gained expression of the CD34 marker.
ST-HSCs can also differentiate into any blood cell type, but unlike LT-HSCs, they exhibit a
significantly reduced self-renewal capacity (Rosenbauer and Tenen, 2007). ST-HSCs can give rise
to both common myeloid progenitors (CMPs) and the common lymphoid progenitors (CLPs).
CMPs are the precursors of all myeloid and erythroid cells, whereas CLPs are the precursors of
all lymphoid cells. Common lymphoid progenitors express the IL7 receptor (Kondo et al.,
1997). They give rise to all lymphoid cells, including B cells, T cells, and NK cells. They can also
give rise to dendritic cells. B cells and NK cells mature in the bone marrow, whereas CLPs or
early T cells migrate to the thymus to develop into mature T cells (Zhu and Emerson, 2002).

After maturation, lymphoid cells home to the secondary lymphoid organs such as the spleen and



lymph nodes or to lymphoid tissues, and await their eventual encounter with their specific
antigen.

Common myeloid progenitors can give rise to two types of progenitors: granulocyte-
monocyte progenitors (GMPs) and megakaryocyte-erythrocyte progenitors or MEPs. All three
types of progenitors can be distinguished based on their expression of two markers (Rosenbauer
and Tenen, 2007). In fact, CMPs express CD34 but not CD16/32, also known as
FcyRII/FcyRIIL. GMPs express both CD34 and CD16/32, and MEPs express neither CD34,
notr CD16/32. As their name implies, MEPs differentiate into erythrocytes or megakatyocytes.
CMPs give rise to dendritic cells, granulocytes and monocytes, which migrate to the tissues via
the bloodstream. Monocytes receive various signals from cells and tissues —such as the cytokine

M-CSF— in homeostasis and during infection that cause them to differentiate into macrophages

(Ushach and Zlotnik, 2016).

1.2.  Salmonella infection

Bacteria of the Salmonella enterica species can infect a wide range of hosts and cause
different types of diseases in them, including typhoid fever. The gram-negative species
comprises over 2500 different serovars distinguished by the structure of their flagellar and
lipopolysaccharide antigens (Coburn et al., 2007). Non-typhoidal serovars — which do not cause
typhoid fever — such as Sa/monella Typhimurium and Enteritidis can infect humans, cattle,
poultry and swine (LaRock et al., 2015). They usually cause a self-limiting gastroenteritis in
humans, characterized by vomiting, intestinal inflammation, and diarrhea (Haraga et al., 2008).
However, immune-compromised individuals as well as infants and the elderly are at risk of
developing septicemia (Gilchrist et al., 2015; Feasey et al., 2012). On the other hand, Sa/wonella

serovars Typhi and Paratyphi are human-restricted pathogens that cause a systemic disease



called typhoid fever or enteric fever. The estimated number of typhoid fever cases worldwide is
of around 13.5 million per year (Buckle et al., 2012). Symptoms include constipation or diarrhea,
fever, abdominal pain, and septicemia (Haraga et al., 2008). There are a few genomic differences
between typhoidal and non-typhoidal strains that can account for the differential symptoms
observed during infection. For instance, unlike Sa/nonella Typhimurium, the Salmonella Typhi
genome encodes a capsular polysaccharide — termed Vi capsular polysaccharide — that covers the
bacterial surface, hindering complement activation and thus neutrophil recruitment (Keestra-
Gounder et al., 2015). That way, the immune response to Sa/nonella Typhi is impaired, allowing
the bacteria to disseminate into the bloodstream and infect other organs including the spleen

(Keestra-Gounder et al., 2015).

Most studies on the pathogenesis of Salmonella infections have been performed in mice
(Coburn et al., 2007). Murine Sa/monella Typhimurium is in fact used as a model for human
typhoidal infection. That is because mice are not susceptible to Sa/nonella Typhi, and Salmonella
Typhimurium causes a systemic disease in susceptible mice, including the C57BL/6 strain, that
resembles human typhoid fever (Santos et al., 2001). However, there are certain limitations to
the murine typhoid model (Santos et al., 2001). First of all, Sa/monella Typhimurium causes a
different disease in mice and in humans, namely typhoid fever and gastroenteritis respectively.
Furthermore, Salmonella Typhimurium has many active genes that are only pseudogenes in
Salmonella Typhi and Paratyphi (McClelland et al., 2004). Thus, extrapolating mouse data to
humans has to be exercised with caution. Nevertheless, the many strengths of this model
outweigh its weaknesses. For instance, the functions of many effectors encoded by the Salwonella
pathogenicity islands (SPIs) were discovered using mouse models (Santos et al., 2001; LaRock et

al., 2015). SPIs are groups of genes that are essential for Sa/monella virulence. Plus, live



attenuated vaccines against typhoid fever were designed based on mouse studies (Santos et al.,
2001). Overall, the mouse model has given us new insights into the host-pathogen interactions

involved in Salmonella-induced disease.

1.2.1. Mechanism of infection

Salmonella infections are common in areas of the world that lack adequate sanitation, and
in developed countries due to increased dependence on food storage. Infection is acquired
through ingestion of contaminated food or water. The bacteria survive the acidic pH of the
stomach and the many adverse conditions of the small intestine, including digestive enzymes,
bile salts, or IgA antibodies to reach the intestinal mucosa (Haraga et al., 2008). There, they can
infect epithelial cells, and are usually taken up by microfold or M cells, which are specialized
epithelial cells that take up antigen from the intestinal lumen to present them to the underlying
lymphoid Peyer’s patches (Figure 1). Thus, Salnonella are transported to immune cells including
macrophages and dendritic cells in the Peyer’s patches. They can also access these lymphoid
tissues through dendritic cells that extend pseudopods between epithelial cells to sample
antigens in the intestinal lumen. Upon exposure to Salmonella, local epithelial cells secrete small
chemo-attractant proteins called chemokines, such as IL8, that recruit polymorphonuclear
(PMN) leukocytes such as neutrophils to the site of infection (Eckmann et al., 1993). PMNss are
efficient at clearing bacteria from the gut, but in typhoid fever, Salmonella is able to significantly
alter recruitment of neutrophils (Jansen et al., 2011), thus evading a local immune response
(Keestra-Gounder et al., 2015). In this case, the bacteria then travel to the blood, either directly
or through the mesenteric lymph nodes when carried there by immune cells, causing a systemic

infection (Mastroeni et al., 2009).
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Figure 1. Mechanism of Salmonella infection

Salmonella are preferentially taken up by M cells in the small intestine. Dendritic cells that sample
the lumen can also take up the bacteria and transport them to the sub-mucosal space. Salmonella
can also infect epithelial cells, which then secrete the chemokine IL8 to recruit
polymorphonuclear leukocytes (PMNs) such as neutrophils to control the infection. In invasive
infections, Salmonella impair neutrophil recruitment. In the sub-mucosa, Sa/monella infect cells of
the reticulo-endothelial system such as macrophages, and reside inside a spacious vacuole in the
cells termed a Salmonella-containing vacuole (SCV). Recognition of bacterial pathogen-associated
molecular patterns (PAMPs) such as lipopolysaccharide (LPS) or flagellin by macrophage toll-
like receptors (TLRs) activates NFkB and interferon regulatory factors (IRFs). These
transcription factors respectively induce expression of pro-inflammatory cytokines such as 1112
or TNFa and of type I IFNs. Recognition of citrate by NLRP3 or of bacterial rod proteins and
flagellin by NRLC4 induces formation of the inflammasome and activates caspase 1 to produce
the mature pro-inflammatory cytokines IL1f and IL.18. Caspase 1 activation also leads to an
inflammatory form of cell death termed pyroptosis. Activated macrophages and dendritic cells
migrate to the lymph nodes to present antigen to lymphocytes, but failure to control the bacteria
leads to systemic dissemination through the lymphatics and blood. Sa/nonella then go on to
infect other organs such as the spleen or liver.



From the bloodstream, Sa/monella enters the spleen or the liver (Dunlap et al., 1991) and infects
and replicates preferentially within phagocytes of the reticulo-endothelial system, specifically

macrophages (Richter-Dahlfors et al., 1997; Santos et al., 2001).

1.2.2. Intracellular lifestyle of Salmonella

Salmonella usually enters macrophages by macropinocytosis, a process by which cells
engulf large volumes of fluid or particles (Alpuche-Aranda et al., 1994). The large vesicle — or
phagosome — that contains the bacteria then fuses with a lysosome, acidifies and shrinks to form
a Salmonella-containing vacuole (SCV) (Alpuche-Aranda et al., 1994; Haraga et al., 2008). Inside
the SCV, the bacteria must thrive under numerous constraints including a pH of 5.5 or less,
antimicrobial peptides, and reactive oxygen and nitrogen species (Haraga et al., 2008). Multiple
virulence factors contribute to the intracellular survival of Sa/monella (Alpuche-Aranda et al.,
1992).

Salmonella can become virulent by injecting effectors into the host cell cytoplasm using the
molecular machinery encoded by the Type 3-Secretion System (T3SS). The various effector
proteins secreted through the T3SS are segregated into various Salmonella pathogenicity islands.
These effectors have a wide range of roles in affecting host processes, from cytoskeletal
organization to cell death (Hansen-Wester et al., 2001). Indeed, knowledge of the specific
interaction of some Salmonella effectors with host processes is still scarce, and a better
understanding of those would be useful to modulate the deleterious effects of the bacteria in

infected hosts.

10



1.2.3. Salmonella-induced inflammation

Salmonella express various pathogen-associated molecular patterns (PAMPs) such as
lipopolysaccharide (ILPS) or flagellin, which are conserved structures on pathogens such as fungi,
viruses, or bacteria in this case, and that can be recognized by the innate immune system. Innate
immune cells recognize these bacterial components as well as host danger-associated molecular
patterns (DAMPs) using pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs)
and Nod-like receptors (NLRs) (ILaRock et al., 2015). These innate immune receptors are

germline-encoded and thus are not pathogen-specific, unlike T and B cell receptors.

Pattern recognition receptors in Salmonella infection
TLR signaling

Upon binding of PAMPs or DAMPs, TLR engagement leads to downstream signal
transduction that ultimately leads to the activation of the NF«kB and IRF transcription factors
(Gilchrist et al., 2015). Two major PAMPs involved in Salmonella-induced inflammation are LPS
—a component of the outer membrane of gram-negative bacteria— and flagellin, recognized by
TLR4 and TLRS5 respectively (Gilchrist et al., 2015). In fact, mice lacking TLLR4 show increased
susceptibility to Salmonella infection (Weiss et al., 2014). TLRs such as TLR4 are not only
expressed on the cell surface, but can also be recruited to phagosomes or endosomes (Gilchrist
et al., 2015). Activation of transcription factors of the IRF family induces secretion of type 1
IFNs (IFNa and IFN). NFkB activation upon TLR signaling induces transcription and
secretion of vatrious pro-inflammatory cytokines, including 1112 and TNFa, which play a key
role in controlling Salmonella (Gilchrist et al., 2015). IL12 is secreted by phagocytes such as

macrophages, and induces the production of IFNy by NK cells and helper T cells (Gilchrist et
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al., 2015). IFNy in turn augments the IL12 production (Gilchrist et al., 2015) and along with
TNFa, increases the microbicidal activity of macrophages (Coburn et al., 2007). Anti-
inflammatory cytokines such as IL10 act as dampeners of the immune response to prevent host
tissue damage. Thus, they can also have a negative impact on host defense if high levels are

secreted.

NLR signaling

NLRC4 (NOD-LRR-CARD-containing 4) and NLRP3 (NOD-LRR-Pyrin domain-
containing protein 3) are two types of Nod-like receptors involved in the innate immune
response to Salmonella. NLRP3 recognizes a diverse array of molecules such as citrate and
possibly bacterial cardiolipin, whereas NILRC4 recognizes bacterial virulence mediators such as
flagellin —a monomeric unit of the bacterial flagellum—, and T3SS rod proteins (LaRock et al.,
2015). These NLRs are parts of multi-protein complexes found in myeloid cells and called
inflammasomes. Upon binding of one of their ligands, NLRs associate with the apoptosis-
associated speck-like protein containing a CARD (ASC) protein and activate caspase 1 (LaRock
et al,, 2015). Caspase 1 in turn cleaves the pro-forms of IL1f and IL.18 — induced by TLR
signaling — into the mature pro-inflammatory cytokines. Caspase 1 activation also leads to an
inflammatory form of programmed cell death termed pyroptosis. Activation of another caspase,
namely caspase 11, can also cause pyroptotic cell death upon detection of cytosolic LPS
(Kayagaki et al., 2013). Pyroptosis releases Salmonella in the extracellular environment, allowing
them to infect other cells, but also to potentially be eliminated by neutrophils or opsonized by

antibodies and complement proteins for subsequent phagocytosis.
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Pyroptosis shares characteristics of two other forms of cell death, apoptosis and
necroptosis (Coburn et al., 2008), as it relies on caspases but also results in release of cellular
contents, including newly produced IL1P and IL18, in the extracellular milieu.

Apoptosis is a programmed form of cell death occurring upon external or internal signals and
dependent on cysteine aspartic proteases (caspases) 8 or 9 respectively (Galluzzi et al., 2010).
Phenotypically, apoptotic cells are characterized by membrane blebbing followed by the
formation of apoptotic bodies containing cellular contents (Blander, 2014). These are then
phagocytosed by innate immune cells without induction of inflammation (Galluzzi et al., 2016).
Necroptosis however is an inflammatory form of cell death that is independent of caspases.
Instead, the kinase RIP1K gets activated initially, which phosphorylates RIP3K, which interacts
with FADD, inactive caspase 8 and the pseudo-kinase MLKIL. Activated RIP3K phosphorylates
MILKI., which leads to trimetization of MLLKI.. As a result, MILKI. relocates to the cell
membrane, which results in impairment of membrane integrity, and cell rupture (Galluzzi et al.,
2016). Cellular contents are thus released in the extracellular milieu and these DAMPs are

recognized by innate immune cell PRRs to initiate inflammation (Blander, 2014).

1.2.4. Macrophage polarization

Macrophage function can be modulated by extracellular signals (Galvan-Pefia and
O’Neill, 2014). Indeed, microbial products such as LPS, in association with the cytokines
produced during infection such as IFNY, cause macrophages to become pro-inflammatory. In
this case, the cells become more phagocytic and produce higher amounts of antimicrobial
peptides and pro-inflammatory cytokines such as IL12 or TNFa. These macrophages are called
classically-activated or M1 macrophages. On the other hand, parasitic products associated with

the cytokines produced in parasitic infections, namely 114 or I1.13, cause macrophages to
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become more anti-inflammatory. In this case, they acquire functions that promote wound
healing and control of parasites; they also secrete anti-inflammatory cytokines such as IL10.
These cells are called alternatively-activated or M2 macrophages. There are no discrete subsets
associated with macrophage polarization. Rather, polarized macrophages reflect a continuous
spectrum of different states of activation. Thus, there are many macrophage phenotypes that
resemble M1 or M2 cells but that also have distinctive characteristics (Mosser and Edwards,

2008). These include regulatory macrophages also called “M,.,.”

regs b

which are anti-inflammatory
cells that secrete particularly high amounts of IL10 among other characteristics. Unlike M2
macrophages, they do not promote tissue repair (Mosser and Edwards, 2008). Differentiation
towards this phenotype appears to be induced by TLR signaling associated with another
stimulus such as binding of apoptotic bodies or immune complexes (Mosser and Edwards,

2008).

Modulation of metabolism is a direct consequence of macrophage polarization. M1
macrophages become highly glycolytic, which allows them to quickly produce the energy
required for the cell growth and proliferation needed during inflammation (Galvan-Pefia and
O’Neill, 2014). Glycolysis rapidly provides metabolic intermediates that are needed for the
biosynthesis of cell constituents such as fatty acids for membrane growth (O’Neill et al., 2010).
There is also a noted increase in the pentose phosphate pathway activity, for the generation of
NADPH among other functions (O’Neill et al., 2016). NADPH is a co-factor used by NADPH
oxidase to generate ROS used for bacterial killing. At the same time, M1 cells downregulate
oxidative respiration by disrupting the Krebs cycle (O’Neill et al., 2016). This leads to the
accumulation of citrate and succinate in the cell (O’Neill et al., 2016). Citrate is then used by the

M1 macrophage to generate fatty acids (O’Neill et al., 2016). It is also used to produce itaconic
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acid (Michelucci et al., 2013), as well as nitric oxide (NO) (Infantino et al., 2011), which are
antimicrobials. NO in turn can inhibit the electron transport chain (Clementi et al., 1998),
further contributing to the shutting down of oxidative respiration by M1 cells. Succinate is
known to increase the stability of the transcription factor hypoxia-inducible factor (HIF)-1a
(Tannahill et al., 2013). HIF-1a can be activated by LPS to increase the transcription of
glycolytic enzymes and pro-inflammatory cytokines including IL1B (Tannahill et al., 2013).

M2 macrophages, because of their role in tissue injury repair, need a sustained energy
supply. Thus, they rely on oxidative respiration and B-oxidation of fatty acids, which result in the
slow generation of energy (O’Neill et al., 2016). Both oxidative respiration and B-oxidation take
place in the mitochondria, so mitochondrial biogenesis is required in M2 macrophages.
Catabolism of fatty acids provides the cells with the Krebs cycle intermediate acetyl CoA and
with the reducing equivalents NADH and FADH,, which are used by the electron transport
chain to generate ATP (O’Neill et al., 2016). A key difference between M1 and M2 macrophages
is how they make use of the amino acid arginine (O’Neill et al., 2016). In M1 macrophages,
arginine is used by the enzyme inducible nitric oxide synthase (iINOS) to generate NO. In M2
macrophages however, arginine is used by the enzyme arginase to produce urea, ornithine and
polyamines, which are used in the production of the extracellular matrix, in accordance with the
role of M2 cells in tissue repait.

Thus, macrophage polarization can be assessed by measuring metabolic rates, as well as the
transcription of the various genes involved in cell-specific functions. Molecular contributors to

macrophage polarization still remain to be discovered.
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1.3.  FoxOa3a transcription factor

Forkhead box O (FoxO) transcription factors are a subclass of the Forkead family of
transcription factors. They were discovered in the fly Drosophila melanogaster, and mutations in the
gene encoding their homolog dFoxO resulted in flies with ectopic head structures that
resembled a fork (Jirgens and Weigel, 1988). Another well-studied homolog is the worm
Caenorbabditis elegans’ Daf-16. In mammals, there are four FoxO transcription factors, namely
FoxOl1, 3, 4, and 6, with FoxO6 being expressed mostly in the brain (Eijkelenboom and
Burgering, 2013). In humans, FoxO transcription factors were discovered at chromosomal
translocations in rhabdomyosarcomas and acute myeloid leukemias (Eijkelenboom and
Burgering, 2013). FoxO3a phosphorylation, which is associated with its inactivation, was found
to have a negative effect on survival to acute myeloid leukemia in humans (Kornblau et al.,
2010). Overall, FoxO transcription factors function as sensors of cellular stress. Thus, upon
disruption of cellular homeostasis, they undergo a wide variety of post-translational
modifications such as phosphorylation, acetylation, or methylation that regulate their activity by
affecting their cellular localization or their DNA binding ability (Eijkelenboom and Burgering,
2013). Depending on the context, FoxO transcription factors regulate the transcription of genes
involved in important cellular processes including cell cycle, cell survival/cell death, and cell
metabolism (van der Horst and Burgering, 2007). FoxO transcription factors all recognize the
same consensus sequence 5-TTGTTTAC-3’ via their DNA binding domain (Furuyama et al.,
2000). Thus, they act redundantly, although many specific functions have been attributed to
each FoxO family member, especially as they are expressed differently throughout cell types and

can be regulated differently (Furuyama et al., 2000).
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Many FoxO transcription factor functions have been studied using mouse knockout models.
FoxO3a-deficient mice are viable, but females display age-dependent infertility due to eatly

exhaustion of their oocyte pool (Castrillon et al., 2003).

1.3.1. Regulation of FoxO3a by post-translational modifications

FoxO function is regulated by two main factors: insulin and growth factor signaling, and
oxidative stress (Eijkelenboom and Burgering, 2013) (Figure 2). Insulin or growth factor
signaling activates PI3K, which produces phosphatidylinositol-3-phosphate. This lipid activates
PDKI1, which phosphorylates Akt (also called PKB). Phosphorylation of Akt induces its nuclear
localization, where it phosphorylates FoxO on three amino acid residues. In the case of FoxO3a,
also known as FKHRL1, phosphorylation occurs on Threonine 32, Serine 253, and Serine 315
(van der Horst and Burgering, 2007). Phosphorylated FoxO displays increased binding to 14-3-
3 proteins, which shuttle it out of the nucleus into the cytoplasm, where it can be degraded (van
der Horst and Burgering, 2007).
Upon oxidative stress, JNK activates FoxO3a by phosphorylation on residues that are not
known yet, to promote its nuclear localization (Greer and Brunet, 2005). Additionally, a host of
other post-translational modifications affect FoxO3a function. For instance, the kinases Akt and
ERK can promote FoxO3a ubiquitination and subsequent degradation (Eijkelenboom and
Burgering, 2013). Moreover, the SET9 methyltransferase can inhibit the transcriptional activity

of FoxO3a by methylation of its DNA binding domain (Eijkelenboom and Burgering, 2013).
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Figure 2. Regulation of FoxO3a

Insulin and growth factor signaling inhibit FoxO3a whereas oxidative stress activates the
transcription factor. Insulin and growth factors signal through the PI3K/Akt pathway to
phosphorylate FoxO3a on three residues (Thr 32, Ser 253 and Ser 315). Akt phosphorylation
of FoxO3a induces shuttling of the transcription factor out of the nucleus into the cytoplasm
where it can be degraded. Excess of reactive oxygen species (ROS) activates JNK, which
phosphorylates FoxO3a on unknown residues, but in a manner that promotes its nuclear
localization. In the nucleus, FoxO3a can regulate the transcription of genes involved in
various cellular processes such as cell cycle arrest or cell apoptosis.

PtdIns3P = Phosphatidylinositol-3-phosphate. P=phosphorylation.
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1.3.2. Regulation of FoxO3a target gene expression

The role of FoxO transcription factors becomes apparent when cellular homeostasis is
disturbed, for example during nutrient deprivation or oxidative stress (Eijkelenboom and
Burgering, 2013). FoxO transcription factors upregulate the transcription of genes involved in
various functions including ROS detoxification, cell cycle arrest, autophagy, DNA repair or cell
death. In fact, some FoxO3a single nucleotide polymorphisms have been associated with
increased longevity in humans (Morris et al., 2015). The precise ways in which FoxO3a regulates
lifespan are not known. Possible mechanisms include the control of cellular health by FoxO3a,
through the promotion of DNA repair and oxidative stress resistance for example, which would
increase host longevity (Mortis et al., 2015). The different stimuli that cause FoxO factors to
activate one type of genes or the other remain to be clarified.
Upon excessive ROS production, FoxO transcription factors can upregulate expression of ROS
detoxifying genes such as catalase and manganese superoxide dismutase (Greer and Brunet,
2005). Indeed, FoxO3a was shown to promote the transcription of antioxidant enzymes such as
catalase, SOD1, and SOD2 in mouse erythroid precursors (Marinkovic et al., 2007). In addition,
Miyamoto et al. (2007) demonstrated that FoxO3a is required for hematopoietic stem cell self-
renewal in adult mice. Since FoxO3a-deficient mice displayed increased ROS, it is possible that
FoxO3a maintains HSCs by reducing oxidative stress (Miyamoto et al., 2007). Another possible
mechanism they underlined is through the observed modulation of negative cell cycle regulators
by FoxO3a such as p27, which would maintain HSC quiescence.
FoxO transcription factors are known to mediate cell cycle arrest by upregulating genes such as
p27""" or cyclin G2. Martinez-Gac et al. (2007), for instance, demonstrated that cyclin G2 can be

upregulated in fibroblasts in a FoxO3a-dependent manner.
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Another role of FoxO3a is the positive regulation of autophagy-related genes. In 2007,
Mammucari et al. showed that FoxO3a could induce autophagy through Bnip3 when muscle
cells were starved. Results from Zhao et al. (2007) also indicate that FoxO3a signaling can lead
to muscle autophagy during nutrient deprivation, through modulation of genes such as Atgl2l
or LC3b.

FoxO3a is directly implicated in cell metabolism as it is inhibited by insulin signaling through
PI3K/Akt phosphorylation. A recent study by Jensen et al. (2011) showed that FoxO3a can be
activated by HIF-1a during hypoxia to repress various mitochondrial genes in Hel.a cells.
During DNA damage, FoxO transcription factors can increase transcription of DNA repair
genes. Upon DNA damage, FoxO3a induced cell cycle arrest at the G2-M phase and mediated
DNA repair in a GADD45-dependent manner (Tran et al., 2002).

Finally, FoxO transcription factors can induce cell death by apoptosis through up-regulation of
genes including BIM and FasL (Greer and Brunet, 2005). In fact, Cui et al. (2008) demonstrated
that FoxO3a signaling could cause macrophage cell death by apoptosis during HIV-1 infection
of human monocyte-derived macrophages. Cell death in this case was mediated by up-regulation

of the apoptosis modulator PUMA.

1.4.  Rationale

Salmonella infections still cause thousands of deaths worldwide (Buckle et al., 2012); this
finding can be attributed to poor efficacy of vaccines and increased resistance of Sa/nonella to
antibiotics (Gilchrist et al., 2015). Understanding the pathogenesis of these bacteria could
therefore be key to the design of better vaccines for prevention and new treatment alternatives
in the advent of antibiotic resistance. Given the importance of innate immunity in controlling

infection early on — especially of macrophages in Sa/lmonella infections both as host weapon and
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Salmonella reservoir —, we decided to investigate the host-pathogen interactions in this cell type.
Previous research in our laboratory has demonstrated that FoxO3a-deficient mice were more
susceptible to systemic infection with Salmonella Typhimurium (ST) as they displayed a median
survival of 16 days after infection compared with 32 days for WT mice (Joseph et al., 2016).
Given the role of FoxO3a in sensing cellular stress, which occurs during Sa/monella infection,
and in maintenance of homeostasis, as well as the importance of inflammation in mediating
pathogen clearance (see previous sections), I here investigate the potential inflammatory

mechanisms through which FoxO3a promotes survival of ST infected mice.

1.5.  Hypothesis
I hypothesize that chronic infection of mice with Salnonella Typhimurium results in
excessive inflammation which is deleterious to host survival, and FoxO3a regulates excessive

inflammation to promote host survival.

1.6.  Objectives
1. To determine the role of FoxO3a in the regulation of immune cells during homeostasis

and infection with Salmonella Typhimurium.

2. To investigate the impact of FoxO3a signaling on macrophage function during

homeostasis and infection with Sa/nonella Typhimurium.
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2. MATERIALS AND METHODS

2.1. Animals

Mice were housed at the University of Ottawa Animal Facility. They were maintained in
accordance with Canadian Council on Animal Care (CCAC) guidelines. Wild type (WT)
C57BL/6] mice were obtained from The Jackson Laboratory (Bar Harbor, Maine, USA).
FoxO3a-deficient mice were generated as previously described (Tzelepis et al., 2013). Briefly, a
gene-trap targeting strategy was used to disable the FoxO3a allele and thus generate FoxO3a-
deficient mice (Lin et al., 2004). These were maintained by mating male homozygous knockouts
with female heterozygous knockouts. Genomic polymerase chain reaction (PCR) on mouse ear
clips was used for genotype determination. All mice were age and sex-matched for experiments.
Protocols and procedures were approved by the University of Ottawa Animal Care Committee

and Ethics Board.

2.2. Bacterial strains

Two bacterial strains were used for experiments:

1. SL1344 strain Salmonella enterica serovar Typhimurium (ST WT)
2. OVA-expressing SLL1344 Salmonella (ST-OVA), engineered as previously described

(Tzelepis et al., 2012).
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2.3.  Invivoinfection model

Animals were infected by intravenous (i.v.) injections. ST-OVA bacteria were re-
suspended at 10° CFU/mL in cold phosphate-buffered saline (PBS) and 100 pl were injected
into each mouse. Mice were sacrificed 7 days following infection. The bacterial burden in the
spleens was assessed upon euthanasia. Briefly, spleens were homogenized using frosted glass
slides (Fisher Scientific #12-550-343) and re-suspended in 10 mL of R8 medium (RPMI-1640
(Thermo Fisher Scientific #31800089) supplemented with 8% fetal bovine serum (FBS)
(NorthBio #NBSF-701) and 55puM 2-mercaptoethanol (Thermo Fisher Scientific #21985-023)).
Ten-fold serial dilutions of the spleen suspensions were made and 100 pl aliquots were plated
onto BHI-Agar plates. Plates were incubated at 37°C overnight and colony-forming units (CFU)

were then counted.

2.4. Flow cytometry

Uninfected and infected mouse spleen, blood, and bone marrow immune cells were analyzed
by flow cytometry. Specifically, spleens were removed and placed in R8 medium on ice. The R8
medium for uninfected samples also contained 50 pg/ml gentamicin (Thermo Fisher Scientific
#15750-060). The R8 medium for infected samples did not contain any gentamicin. Whole
spleens were homogenized using frosted glass slides and filtered through a 70 um cell strainer
(Fisher Scientific #22363548). The resulting single-cell suspension was used for flow cytometry.
Blood was collected via saphenous bleeding in lithium-heparin anti-coagulant tubes (BD
Biosciences #365965) to prevent clotting. Red blood cells were lysed using RBC lysis buffer
(Sigma-Aldrich #R7757) according to manufacturer’s instructions, then cells were washed with
ice cold PBS and re-suspended in R8 medium for flow cytometric analysis. To collect bone

marrow cells, mice were sacrificed and hind limbs were excised and placed in R8 medium, on

24



ice. Fur and muscles were removed from the bones using scissors and forceps. Bones were then

flushed with a 26-gauge needle (BD Biosciences #309625) through a 100 um strainer (Fisher

Scientific #22363549). The resulting single cell suspension was used for flow cytometry.

For live cell staining, up to 3 X 10° cells (or 50 pl of blood) were transferred to 5 ml tubes

(Fisher Scientific #14-961-10) and washed with staining buffer (1% Bovine serum albumin

(Sigma-Aldrich #A79006) in PBS). To prevent non-specific binding of antibodies, FcBlock (anti-

CD16/32) (BD Biosciences #553142) was added to the cells in staining buffer followed by a 10-

minute incubation period at 4°C. Then, fluorophore-conjugated antibodies against various cell
surface receptors were added in staining buffer. Cells were protected from light and incubated

for 30 minutes at 4°C. A list of the antibodies used can be found in table 1.

Table 1. Flow cytometry staining antibodies

Antibody Conjugated Source Catalog number
fluorophore
CDl1ic eFluor 450 eBioscience 48-0114-80
CD11b PE/Cy7 eBioscience 2500112-81
Ly6G FITC eBioscience 11-5931-82
Ly6C PE eBioscience 12-5932-82
F4/80 APC-eFluor 780 eBioscience 47-4801-80
TCRp PE eBioscience 12-5961-82
B220 BV510 BioLegend 103247
DX5 FITC eBioscience 11-5971-82
Terl19 APC eBioscience 17-5921-81
Lin* FITC eBioscience 22-7770-72
c-kit PE/Cy7 eBioscience 25-1171-81
Sca-1 PerCP-Cy5.5 eBioscience 45-5981-80
CD34 eFluor 450 eBioscience 48-0341-80
IL7R APC eBioscience 17-1271-82
CD16/32 PE eBioscience 12-0161-81

*Lin cocktail contains antibodies against the following markers: CD11b, Ly6G, CD3, B220,

Ter119.

Cells were then washed with staining buffer to remove excess unbound antibodies. Cells were

re-suspended in flow fixative (PBS containing 1% paraformaldehyde and 0.02% sodium azide)
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and acquired immediately on the flow cytometer (CyAn ADP analyzer, Beckman Coulter). Data

were analyzed using Kaluza software (Version 1.2, Beckman Coulter).

2.5. Bone marrow myeloid precursor colony-forming assay

Murine bones were extracted and flushed as detailed above. Bone marrow cells were
resuspended in Iscove’s IMDM supplemented with 2% FBS (STEMCELL #07700) and added
to 3 ml of Methocult methylcellulose medium (STEMCELL # M3534) at a concentration of 2 X
10* cells/ml. Then, 2 X 10* cells in Methocult medium were plated in duplicates in low cell
adherence 35 mm dishes (STEMCELL #27100). Dishes were then placed inside a loosely
covered 100 mm petri dish (Fisher Scientific #FB0875713). An uncovered supplementary 35
mm dish filled with sterile water was added to the 100mm petri dish to maintain humidity. Cells
were incubated in a 5% CO, incubator at 37°C for 12 days. Myeloid colony assessment was
performed according to colony morphology as per manufacturet’s instructions using a Nikon
TMS inverted microscope. Methods of colony identification are described in more details in the
Results section. Colony numbers of three myeloid sub-populations were obtained — namely
CFU-G, CFU-M and CFU-GM (Colony-forming unit — Granulocyte, Macrophage and

Granulocyte/Macrophage respectively).

2.6. Generation of Bone Marrow-Derived Macrophages

Mouse hind limbs were extracted and flushed as mentioned above. One hundred
millimeter plastic petri dishes were coated with macrophage colony-stimulating factor (M-CSF)
(R&D Systems #416-ML-010) at 5 ng/ml using an L-stick (Sigma-Aldrich #SPR-1L-S10).

Thirteen million bone marrow cells were re-suspended in 10 ml R8 media with gentamicin and
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were added to each petri dish. Roughly, bone marrow cells from both hind limbs of a mouse
yielded 8-10 petri dishes. Cells were incubated at 37°C for 12 days to allow macrophage
differentiation to occur. In some cases, they were harvested 6 days post-incubation. On average,
3-6 million live macrophages could be collected from each petri dish. Macrophage purity was

confirmed by flow cytometry (CD11b", F4/80").

2.7. Invitro ST infection

Bone marrow-derived macrophages (BMDMs) were plated after differentiation in M-CSF-
coated dishes. Cells were seeded in a 24-well flat bottom tissue culture plate (Fisher Scientific
#353047) at 3 X 10’ cells/well in R8 medium without gentamicin. Macrophages were incubated
overnight at 37°C to prevent the effects of plating-derived cellular stress from impacting the
experiment. The following day, cells were infected with ST WT. Higher multiplicity of infection
(100 MOI) was used for cell death measurements. Lower multiplicity of infection (10 MOI) was
used for cytokine measurements. Upon addition of the bacteria, cells were centrifuged at 1500
RPM for 10 minutes, followed by a 30-minute incubation at 37°C to allow infection to occur.
Gentamicin was then added to eliminate extracellular bacteria. This was followed by a 6-hour
incubation period for RNA extractions, or a 24-hour incubation period for cell death and
cytokine measurements.
In some experiments, cells were also treated with various inhibitors while being infected with
ST. For 2-deoxy-D-Glucose (2-DG) treatment, 1 mM 2-DG was added to macrophages 3 hours
prior to infection. Then, cells were treated with the same concentration of 2-DG concurrently
with ST. For the anti-IL10 treatment, macrophages were treated with 10 pg/ml anti-11.10

antibody concurrently with ST. A list of the inhibitors used can be found in table 2.
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Table 2. Inhibitors and agonists used for experiments

Inhibitor/Agonist Soutrce Catalog number Concentration
Ultra-pure Sigma-Aldrich 1.3024 100 ng/ml
lipopolysaccharide
(LPS)
2-Deoxy-D-glucose Sigma-Aldrich D6134 1 mM
(2-DG)
Anti-IL10 Antibody BD Biosciences 554421 10 pg/ml
zVAD ApexBio A1902 50 uM
Necrostatin-1 Sigma-Aldrich N9037 25 uM
(nec-1)
Brefeldin A eBioscience 00-4506-51 3 pug/ml
(BFA)
Salubrinal Sigma-Aldrich SML0951 20 uM

2.8. Cell viability assays

Two methods were used to determine cell viability in my experiments. To determine cell
death after ST infection, a Neutral Red assay was performed 24 hours after infection. A 5%
Neutral Red solution (Sigma-Aldrich #N2889) was prepared in R8 medium. To minimize the
possibility of crystal formation, the solution was then filtered with a 0.22 pm filter (EMD
Millipore #SLGO033SS) before addition to the cells. Macrophages were incubated with the
Neutral Red solution for 15 minutes. The stain was then removed by aspiration and the cells
washed with PBS. Next, the dye was solubilized with a solution of ethanol and acetic acid in
sterile water. The absorbance of the dye was immediately measured at 570 nm using a
FilterMax™ F5 plate reader (Molecular Devices). Absorbance measured was normalized to the
unstimulated control (i.e. cells with R8 medium only).

To determine cell death after LPS and inhibitor treatments, a 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed 24 hours after treatment. A
5% MTT solution (Sigma-Aldrich #M5655) was prepared in R8 medium and 100 pl were added

to the cells. Macrophages were incubated for 2 hours at 37°C. Cells were then lysed by adding
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100 pl of a solution of 37% HCI diluted in isopropanol. To solubilize the MTT crystals, the
solution was mixed as vigorously as possible inside the wells. The absorbance of the solubilized
dye was immediately measured at 570 nm using a FilterMax ™ F5 plate reader (Molecular
Devices). Absorbance values were normalized to the unstimulated control (i.e. cells with R8

medium only).

2.9. Invitro LPS treatment and inhibitor assays

BMDMs were plated after differentiation in M-CSF-coated dishes. Cells were seeded in a 96-
well flat bottom tissue culture plate at 10° cells/well in R8 medium. Macrophages were
incubated overnight at 37°C to prevent cellular stress. The following day, cells were treated with
lipopolysaccharide (LPS) concurrently with various small molecule inhibitors listed in table 2.
Techniques varied for some experiments and details are provided in the text. Cells were treated

for 24 hours, before cell death or viability was measured by MTT assay.

2.10. TMRE staining

Mitochondrial membrane potential in macrophages was assessed using
tetramethylrhodamine ethyl ester (TMRE) staining. Cells were seeded in a 24-well tissue culture
plate, on circular cover slips. The cover slips allowed for easy macrophage detachment when
transferring the cells to 5 ml tubes for TMRE staining. Cells were infected with ST or treated
with LPS for 24 hours, and then macrophages were detached with a cell scraper. Cells were
transferred into a 5 mL tube and washed with warm R8 medium lacking phenol. FcBlock was
then added to the macrophages to prevent any non-specific binding, and cells were incubated

for 10 minutes at 37°C. Next, 485 nM TMRE (Thermo Fisher Scientific #T669) was added to

29



the cells, followed by 30 minutes of incubation at 37°C. Cells were washed twice with R8

medium lacking phenol and immediately acquired on the flow cytometer.

2.11. Quantitative RT-PCR

RNA was extracted from macrophages 6 hours after ST infection using TRIzol (Thermo
Fisher Scientific #15596026). DNA was extracted from cells 24h post-infection, using a
QIAamp DNA mini kit (Qiagen #51304). RNA was converted to cDNA using Superscript 111
Reverse Transcriptase (Thermo Fisher Scientific #56575). DNA or cDNA relative amounts
were then obtained by the SYBR green method using an Applied Biosystems 7500-Fast qRT-
PCR System. Specific primers for mRNA or DNA sequences of interest were generated using
the NCBI primer tool and are listed in table 3.

Table 3. List of primers used for qPCR

Gene of Forward primer sequence (5’-3%) Reverse primer sequence (3’-5’)
interest

B-actin GATCAAGATCATTGCTCCTCCTG  AGGGTGTAAAACGCAGCTCA
AMPKal GCCATGCGCAGACTCAGTTC ACTCGTGCTTGCCCACCTT

Arginase 1 [TTTAGGGTTACGGCCGGTG CCTCGAGGCTGTCCTTTTGA

Cytochrome GCCCCAGATATAGCATTCCC GTTCATCCTGTTCCTGCTCC
c oxidase 1
GLUT1 ACGATCTGAGCTACGGGGTC GTCACCTTCTTGCTGCTGGGAT
HIF-1o TGACGGCGACATGGTTTACA ACTGGGCCATTTCTGTGTGT
IL1B TGCCACCTTITGACAGTGATG TGATGTGCTGCTGCGAGATT
I1.10 GGTTGCCAAGCCTTATCGGA GGGGAGAAATCGATGACAGC
11.12a ATGTGTCAATCACGCTACCTCC TCAGGCGGAGCTCAGATAGCC
iNOS GCCACCAACAATGGCAACAT TCGATGCACAACTGGGTGAA
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LIGHT CTGCATCAACGTCTTGGAGA GATACGTCAAGCCCCTCAAG
Mannose GGCTGATTACGAGCAGTGGA ATGCCAGGGTCACCTTTCAG

rgl(;?l)ltar ACAGCAGTGTGCAGTTGATGA GGCAGTCATGTCCGGTGATG
18S rRNA TAGAGGGACAAGTGGCGTTC CGCTGAGCCAGTCAGTGT

TGFp1 TGACGTCACTGGAGTTGTACGG GGTTCATGTCATGGATGGTGC

TNFa ACGTCGTAGCAAACCACCAA ATAGCAAATCGGCTGACGGT

2.12. Mitochondrial bioenergetics assay

Cell adhesive Cell-Tak™ (Corning #354240) was used to coat the wells of a 24-well
Seahorse tissue culture plate (Seahorse Bioscience #100777-004) to ensure macrophage
adherence. Macrophages were then seeded into the wells at a density of 3 X 10° cells/well and
incubated overnight at 37°C. The following day, cells were infected with ST as described above,
for 24 hours. The R8 medium was then removed and cells were washed twice with warm
Seahorse assay medium (Bicarbonate-free DMEM supplemented with D-glucose, L.-Glutamine
and sodium pyruvate, pH 7.4). Cells were then allowed to equilibrate at 37°C for 1 hour without
CO,. Next, oxygen consumption rates (OCR, in pmol/min) were recorded on a Seahorse
Bioscience XF24 Extracellular Flux Analyzer, to assess mitochondrial respiration. Basal OCR
was recorded, as well as OCR fluctuations in response to sequential addition of mitochondrial
inhibitors in the following order: Oligomycin, CCCP, and Antimycin A (Sigma-Aldrich). Once
the experiment was over, cells were lysed with 50 ul 0.5N NaOH and their protein contents
measured using a Bradford assay (Bio-Rad #500-0006). OCR values were normalized to protein

contents.
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2.13. Cytokine Analysis

Enzyme-linked immunosorbant assays (ELISAs) were used to measure the concentrations
of cytokines in the supernatants of ST-infected macrophages, as well as macrophages treated
with various inhibitors and agonists 7 vitro. Murine TNF-a, 1112, IL1pB, IL6, and 1110 were
measured using kits purchased from BD Biosciences. Specifically, extra-high binding 96-well
plates (Fisher Scientific #14245153) were coated with 50 pl/well of diluted capture antibody and
incubated overnight at 4°C. The following day, plates were washed 3 times with PBST washing
buffer (1X PBS and Tween 20 in H,O). They were then blocked with 200 pl of assay diluent
(10% FBS in PBS) for 1 hour at room temperature. Plates were subsequently washed 3 times
with PBST and 50 pl of standards and samples were added. Sample and standard incubation
lasted 2 hours, at room temperature. After washing 5 times, a mix of detection antibody +
Streptavidin-HRP in assay diluent was made and 50 pl were added for 1 hour. Finally, after
washing 7 times, 50 pl of a 1:1 mix ratio of tetramethylbenzidine (TMB) substrate solution
(R&D systems #DY999) was added. Plates were incubated in the dark for up to 30 minutes,
depending on the development of standards. Lastly, the reaction was stopped by adding 25 pl of
stop solution (96% H,SO, diluted in H,0). Absorbance was read at 450 nm on the plate reader.

Data were analyzed using SoftMax Pro software.

2.14. Type I IFN assay
Type I IFN concentration in cell culture supernatants was assessed using an 1.929 cell line
obtained from Dr. Bruce Beutler (University of Texas, USA). The cell line contains a luciferase

reporter gene cloned under the regulation of an ISRE promoter. A frozen stock of ISRE-1.929

cells was thawed in DMEM media (Sigma-Aldrich #D5796) supplemented with 10% FBS and
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2-mercaptoethanol. Cells were incubated at 37°C for several days to allow proliferation. ISRE-
1.929 cells were seeded at 5 X 10* cells/well in a 96-well flat bottom plate and incubated with 50
ul of ST-infected macrophage culture supernatant for 4h. Cells were washed with PBS then
lysed with 30 pl of 1.5X lysis buffer supplied in the luciferase assay system kit (Promega
#E1500). 100 pl of luciferase assay reagent were added to the wells and luminescence was

measured using the plate reader.

2.15. Griess assay

The Griess diazotization assay was used to estimate nitrite concentrations as a measure of
nitric oxide (NO), in ST-infected macrophage supernatants. The kit used for this assay was
purchased from Thermo Fisher Scientific (#G7921). The Griess reagent was prepared by mixing
equal volumes of N-(1-Naphtyl)ethylenediamine and sulfanilic acid. Twenty pl of Griess reagent
were added to wells of a 96-well plate, along with 130 pl of deionized water and 150 pl of
samples or standards. The mixture was incubated at room temperature for 30 minutes.

Absorbance was measured at 570 nm using the plate reader.

2.16. Statistics
All error bars show standard error of the mean. Unpaired two-tailed student’s t-test was
used to determine statistical significance. All statistical analyses were performed using GraphPad

Prism Software.
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2.17. Technical acknowledgment
The following technical procedures were performed with my assistance by: (1) Kwangsin
Kim — intravenous injections and some CFU assays after 7z vivo ST infections, (2) Ardeshir

Ariana — Type I IFN assay.
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3. RESULTS

3.1.  Impact of FoxO3a signaling on immune cell homeostasis before and during ST

infection

3.1.1. FoxO3a regulates cell numbers in the spleen

FoxO3a has been shown to regulate genes involved in various cellular functions such as
cell cycle or cell death (Eijkelenboom and Burgering, 2013). Thus, the first aim of this thesis was
to determine the impact of FoxO3a on the numbers of various immune cell types in mice before
and upon infection with Sa/nonella Typhimurium (ST). First, total cell numbers were analyzed in
primary and secondary immune tissues in naive mice. WT mice and mice lacking the FoxO3a
gene, herein referred to as FoxO3a-deficient mice, were used. Blood was collected by saphenous
bleed, and then mice were euthanized as described in the materials and methods section. Spleens
and hind leg bones were extracted for isolation of cells and single cell suspensions were
prepared. Blood, spleen, and bone marrow cells were stained with Trypan blue. Trypan blue is a
dye that is taken up by dead cells but not by live cells. Hence, live cells were counted. As
indicated in Figure 3, there were no differences in total bone marrow cell counts between WT
and FoxO3a-deficient mice. FoxO3a-deficient mice displayed a trend towards an increase in
blood cell counts and a significant increase in splenocyte numbers compared with WT mice.

Collectively, these results indicate that FoxO3a prevents abnormal expansion of splenocytes.
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Figure 3. FoxO3a signaling controls immune cell numbers in the spleen

Blood, spleen, and hind leg bones (hip bone, femur, and tibia) were collected from naive WT
and FoxO3a-deficient mice. Blood, spleen, and bone marrow single cell suspensions were
obtained as described in the experimental methods. Live cells were counted with a
hemocytometer, using trypan blue stain.

Graphs show total live cell counts, excluding red blood cells. Blood cell counts are indicated
per 50 pl of blood collected. Bone marrow cell counts are indicated per bone flushed. Data
are pooled from at least 4 independent experiments, and presented as mean * SEM.
Statistical significance was calculated by unpaired two-tailed Student’s t-test: ***p<0.0001.
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3.1.2. FoxO3alimits T cell numbers in the spleen but not in the

bone marrow

To further investigate the impact of FoxO3a on specific immune cell subsets, flow
cytometry was used to analyze lymphoid cells in the spleens of WT and FoxO3a-deficient mice.
Spleen suspensions were stained with fluorophore-conjugated antibodies against the various
lymphoid markers listed in Figure 4B. Cells were immediately acquired on a flow cytometer, and
cell subsets were analyzed using the gating strategy indicated in Figure 4A. Briefly, a gate was
drawn around cells that were not debris, and then doublets were excluded and cell subsets were
gated. FoxO3a-deficient spleens had increased numbers of T cells (TCRB") compared to WT
mice (Figure 5). There were no differences in B cell (B220") and NK cell (DX5") numbers
between WT and FoxO3a-deficient mice. The same protocol was used for blood and bone
marrow cells. In the blood, there were no significant differences in any of the cell types studied,
although there was a trend towards a decrease in B cell numbers in FoxO3a-deficient mice
(Figure 6). In the bone marrow, there were fewer B cells in the absence of FoxO3a (Figure 06).
Nevertheless, NK cell and T cell numbers were similar in the two groups. Taken together, these
results indicate that FoxO3a controls T cell numbers in the spleen, and is required for bone

marrow B cell homeostasis.
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Figure 4. Gating strategy employed to analyze lymphoid cells

Spleens were collected from naive WT and FoxO3a-deficient mice and homogenized using
frosted glass slides. Splenocytes were washed and resuspended in R8 medium, then counted

and resuspended at 10 cells/ml. Cells were treated with FcBlock (anti-CD16/32) to prevent
non-specific binding of antibodies and stained with various fluorophore-conjugated
antibodies against lymphoid markers. Cells were acquired on a flow cytometer (CyAn ADP
analyzer, Beckman Coulter).

(A) Representative gating strategy employed for lymphoid cells. Data were analyzed using
Kaluza software (Version 1.2, Beckman Coulter). Data are representative of at least 3
independent experiments.

(B) List of markers used to identify lymphoid cell types.
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Figure 5. FoxO3a controls T cell numbers in the spleen

Spleen cells were obtained from naive WT and FoxO3a-deficient mice as mentioned above.
Cells were stained for flow cytometry, acquired on a flow cytometer and data were analyzed
using Kaluza software (Version 1.2, Beckman Coulter) as mentioned above.

Graphs display total numbers of the various lymphoid cell types indicated in graph titles.

Data are pooled from at least 3 independent experiments, and presented as mean = SEM.
Statistical significance was calculated by unpaired two-tailed Student’s t-test: **p<<0.001.
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Figure 6. FoxO3a signaling does not impact T cell numbers in the bone marrow and
blood

Blood was obtained by saphenous bleed and hind leg bones (hip bone, femur, and tibia) were
extracted from naive WT and FoxO3a-deficient mice. Bones were flushed with R8 medium
to extract bone marrow cells. Blood and bone marrow cells were stained for flow cytometry,
acquired on a flow cytometer and data were analyzed using Kaluza software (Version 1.2,
Beckman Coulter) as mentioned above.

Graphs display counts/ 10" cells of the various lymphoid cell types indicated in graph titles.
Data are pooled from at least 3 independent experiments, and presented as mean * SEM.
Statistical significance was calculated by unpaired two-tailed Student’s t-test: **p<<0.001.
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3.1.3. FoxO3a signaling limits myeloid cell numbers in the spleen and blood but not in

the bone marrow

Myeloid cell numbers in the spleen and blood of WT and FoxO3a-deficient mice were
also analyzed using flow cytometry. The same protocol used for lymphoid cells was employed,
only here, myeloid cell markers were used (Figure 7B).
Figure 7A describes the gating strategy employed in this case. In FoxO3a-deficient spleens
compared with WT spleens, there was a significant increase in the counts of all myeloid cell
subsets studied, namely dendritic cells (CD11c"), neutrophils (CD11b* Ly6G"" Ly6C”™),
monocytes (CD11b* Ly6G "™ Ly6C"") and macrophages (CD11b* Ly6G "™ Ly6C"*"™ F4/80")
(Figure 8). The same trend was observed for blood dendritic cells and neutrophils. Although the
difference was not significant, there was also an increase in FoxO3a-deficient monocyte counts.
These results indicate that FoxO3a signaling thus contributes to homeostasis of myeloid cell
numbers in spleen and blood, and in the absence of this transcription factor, the numbers of

myeloid cells in these tissues increase.

The bone marrow is known to be the main site of generation of immune cells (Zhu and
Emerson, 2002). I hypothesized that the increase in spleen and blood myeloid cells in the
absence of FoxO3a could be due to an increase in the production of these cells in the bone
marrow. To address this possibility, myeloid cell subsets in the bone marrow of WT and

FoxO3a-deficient mice were compared by flow cytometry.
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Figure 7. Gating strategy employed to analyze myeloid cells

Spleens were collected from naive WT and FoxO3a-deficient mice and homogenized using
frosted glass slides. Splenocytes were washed and resuspended in R8 medium, then counted

and resuspended at 10 cells/ml. Cells were treated with FcBlock (anti-CD16/32) to prevent
non-specific binding of antibodies and stained with various fluorophore-conjugated
antibodies against myeloid markers. Cells were acquired on a flow cytometer (CyAn ADP
analyzer, Beckman Coulter).

(A) Representative gating strategy employed for myeloid cells. Data were analyzed using
Kaluza software (Version 1.2, Beckman Coulter). Data are representative of at least 3
independent experiments.

(B) List of markers used to identify myeloid cell types.
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Figure 8. FoxO3a signaling prevents abnormal expansion of myeloid cells in the
spleen and blood

Spleen and blood cells were obtained from naive WT and FoxO3a-deficient mice as
mentioned above. Cells were stained for flow cytometry, acquired on a flow cytometer and
data were analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned
above.

Graphs display the total numbers in the spleen and counts/ 10" cells in the blood of the
myeloid cell types indicated in graph titles. Data are pooled from at least 3 independent
experiments, and presented as mean T SEM. Statistical significance was calculated by
unpaired two-tailed Student’s t-test: *p<0.05, **p<0.001, ***p<0.0001.
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Figure 9. FoxO3a does not regulate myeloid cell numbers in the bone marrow

Bone marrow cells were obtained from naive WT and FoxO3a-deficient mice as mentioned
above. Cells were stained for flow cytometry, acquired on a flow cytometer and data were
analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned above.

Graphs display the counts/ 10 cells of the myeloid cell types indicated in graph titles. Data
are pooled from at least 3 independent experiments, and presented as mean = SEM.
Statistical significance was calculated by unpaired two-tailed Student’s t-test: *p<<0.05.

51



A subtle but statistically significant increase was observed in dendritic cell numbers in the bone
marrow of FoxO3a-deficient animals (Figure 9). Despite the high numbers in the spleen and
blood of FoxO3a-deficient mice, there were no differences in bone marrow neutrophil and
monocyte counts between the two groups. Collectively, these results demonstrate that loss of
FoxO3a expression had no impact on bone marrow myeloid cell numbers, except for dendritic

cells.

3.1.4. Loss of FoxO3a has no impact on bone marrow myeloid
progenitor numbers

I wanted to further investigate why there was an increase in spleen and blood myeloid cell
counts in the absence of FoxO3a, but no difference in cell numbers in the bone marrow of
these mice. There could be more cells produced in the bone marrow of FoxO3a-deficient mice
associated with more egress of these cells. This would explain why no differences were observed
in bone marrow myeloid numbers. Myeloid cells mainly originate from differentiated bone
marrow progenitors that arise from hematopoietic stem cells (HSCs) (Figure 10) (Zhu and
Emerson, 2002). Thus, the numbers of HSCs in the bone marrow of WT and FoxO3a-deficient
mice were assessed by flow cytometry, using the markers cited in Figure 11B and the gating
strategy described in Figure 11A. There was no impact of loss of FoxO3a on the numbers of

HSCs (c-kit" Lin CD34 Sca-1") (Figure 12).
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Figure 10. Myeloid cells differentiate from progenitors in the bone marrow

Myeloid cells are produced in the bone marrow from progenitors. Hematopoietic stem cells
(HSCs) in the bone marrow give rise to all immune cells. HSCs differentiate into common
myeloid progenitors (CMPs), which in turn differentiate into granulocyte-monocyte
progenitors (GMPs) and megakaryocyte-erythrocyte progenitors (MEPs). GMPs give rise to
granulocytes (neutrophils, eosinophils, basophils, mast cells) and to monocytes, while MEPs
give rise to erythrocytes (RBCs) and to megakaryocytes.

54



c-kit
Sca-1

Lin

FoxO3a”

- HSCs
V2 ~,
N

o,

c-kit
Sca-1

Lin

B
Cell type Markers
Hematopoietic Stem Cells c-kit* Lin- CD34- Sca-1+*
(HSCs)

55



Figure 11. Gating strategy employed to analyze hematopoietic stem cells (HSCs)

Bone marrow cells were obtained as mentioned above, from naive WT and FoxO3a-deficient
mice. Cells were treated with FcBlock (anti CD16/32) to prevent non-specific binding of
antibodies and stained with fluorophore-conjugated antibodies against HSC markers. Cells
were acquired on a flow cytometer (CyAn ADP analyzer, Beckman Coulter).

(A) Representative gating strategy employed for HSCs. Data were analyzed using Kaluza
software (Version 1.2, Beckman Coulter). Data are representative of at least 3
independent experiments.

(B) Markers used to identify HSCs. Lin cocktail contains antibodies against the following
markers: CD11b, Ly6G, CD3, B220, Ter119.

56



Count/10° cells

Hematopoietic stem cells

(HSCs)
100+
804 =
°
60-¥ (X
-

404 EE eeo

20+

ole—

m WT
® FoxO3a’

57



Figure 12. FoxO3a signaling does not affect HSC numbers in the bone marrow

Bone marrow cells were obtained from naive WT and FoxO3a-deficient mice as mentioned
above. Cells were stained for flow cytometry, acquired on a flow cytometer and data were
analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned above.

Graph displays the numbers of HSCs/ 10 cells. Data are pooled from at least 3 independent
experiments, and presented as mean T SEM. Statistical significance was calculated by
unpaired two-tailed Student’s t-test.
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HSCs differentiate into common myeloid progenitors (CMPs), which in turn differentiate into
granulocyte monocyte-progenitors (GMPs) and megakaryocyte-erythrocyte progenitors (MEPs).
Finally, GMPs give rise to granulocytes (neutrophils, eosinophils, basophils, mast cells) and to
monocytes. MEPs give rise to erythrocytes (RBCs) and to megakaryocytes. Hence, the numbers
of these three populations of progenitor cells were studied by flow cytometry, using the markers
listed in Figure 13B and the gating strategy detailed in Figure 13A. There was no impact of the
loss of FoxO3a signaling on the numbers of any of the progenitor cell subsets analyzed, namely
CMPs (c-kit" Lin" IL7R Sca-1" CD34" CD16/32), GMPs (c-kit" Lin IL7R Sca-1" CD34"

CD16/32") and MEPs (c-kit" Lin" IL7R Sca-1" CD34  CD16/32) (Figure 14).

The impact of FoxO3a on GMP numbers was further examined by using a colony-
forming assay described in Figure 15. Briefly, bone marrow cells from WT and FoxO3a-
deficient mice were plated in a semi-solid methylcellulose medium formulated for granulocyte
and macrophage progenitor growth. After 12 days of incubation, GMP colonies (called CFU-
GM) were counted using an inverted microscope. This technique also allowed us to identify
specific colonies that would differentiate into granulocytes (CFU-G) or into macrophages (CFU-
M). Colonies could be distinguished based on morphology (Figure 15). Upon enumeration of
the colonies, no effect of FoxO3a was detected on the numbers of CFU-GM, CFU-G or CFU-
M (Figure 106), providing further support to the previous data demonstrating that FoxO3a has

no impact on bone marrow precursor numbers.
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Figure 13. Gating strategy employed to analyze myeloid progenitors

Bone marrow cells were obtained as mentioned above, from naive WT and FoxO3a-deficient
mice. Cells were stained with various fluorophore-conjugated antibodies against myeloid
progenitor markers and acquired on a flow cytometer (CyAn ADP analyzer, Beckman
Coulter).

(A) Representative gating strategy employed for myeloid progenitors. Data were analyzed
using Kaluza software (Version 1.2, Beckman Coulter). Data are representative of at
least 3 independent experiments.

(B) Markers used to identify myeloid progenitors. Lin cocktail contains antibodies against
the following markers: CD11b, Ly6G, CD3, B220, Ter119.
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Figure 14. FoxO3a does not impact myeloid progenitor numbers in the bone marrow

Bone marrow cells were obtained from naive WT and FoxO3a-deficient mice as mentioned
above. Cells were stained for flow cytometry, acquired on a flow cytometer and data were
analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned above.

Graph displays the numbers of myeloid progenitors/ 10" cells. Cell types are indicated in
graph titles. Data are pooled from at least 3 independent experiments, and presented as mean
T SEM. Statistical significance was calculated by unpaired two-tailed Student’s t-test.
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Figure 15. Myeloid progenitor CFU assay protocol

Bone marrow cells were obtained from naive WT and FoxO3a-deficient mice as described
above, and were plated in a semi-solid methylcellulose medium formulated for granulocyte
and macrophage progenitor growth. Cells were incubated for 12 days in a CO_ incubator at

37°C, then GMP colonies (called CFU-GM), granulocyte progenitor colonies (CFU-G) and
macrophage progenitor colonies (CFU-M) were counted using an inverted microscope.
Colonies could be distinguished based on morphology as indicated on the photograph.
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Figure 16. FoxO3a signaling does not affect granulocyte or macrophage progenitor
numbers in the bone marrow

Bone marrow cells were obtained from naive WT and FoxO3a-deficient mice as mentioned
above. A myeloid progenitor CFU assay was performed on cells as mentioned above and in
the experimental methods.

Graphs display the numbers of colonies counted per myeloid progenitor cell type. Cell types
are indicated in graph titles. Data are pooled from 3 independent experiments performed in
duplicates, and presented as mean = SEM. Statistical significance was calculated by unpaired
two-tailed Student’s t-test.
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3.1.5. FoxO3a does not regulate immune cell numbers in the spleen and blood of mice
infected with ST

After observing increased numbers of immune cells in the spleen and blood of naive
FoxO3a-deficient mice, the next aim was to determine the impact of FoxO3a on immune cell
numbers during ST infection, especially as FoxO3a-deficient mice were more susceptible to ST
(Joseph et al., 2016). Thus, WT and FoxO3a-deficient mice were infected intravenously with 10*
CFU of bacteria in 100 pl of PBS. OV A-expressing Salmonella (ST-OVA) were used in this case,
as they inject OVA peptide into the cytosol of host cells, allowing a strong immune response
(Tzelepis et al., 2012). Since splenic CFUs are similar between WT and FoxO3a-deficient mice at
day 7 post-infection (Figure 17), total cell counts were determined at this time point. Spleen
cellularity increased during infection in both sets of mice (Figure 18). Blood counts increased
very subtly in WT mice but slightly decreased in FoxO3a-deficient mice. Bone marrow cell
numbers decreased in both groups. In contrast to the previous observations with naive mice,
there were no differences in blood or spleen cell numbers between the two groups of infected
mice. Furthermore, there was a significant decrease in bone marrow cellularity in the absence of

FoxO3a compared with WT mice during infection (Figure 18).
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Figure 17. Splenic CFUs are comparable in WT and FoxO3a-deficient mice 7 days
after ST infection

WT and FoxO3a-deficient mice were infected with 10° CFU of ST-OVA as described in the
experimental methods. Seven days after infection, spleens were collected and homogenized
with frosted glass slides. Splenocytes were resuspended in 10 ml R8 medium and 100 pl
aliquots of 10-fold serial dilutions were plated on BHI-Agar plates. Plates were incubated at
37°C overnight after which the colony-forming units (CFUs) were counted.

Graph displays CFU counts per spleen. Data are pooled from 2 independent experiments,

each with 3-4 mice per group, and presented as mean = SEM. Statistical significance was
calculated by unpaired two-tailed Student’s t-test.
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Figure 18. FoxO3a affects immune cell numbers in the bone marrow but not in the
spleen and blood following ST infection

WT and FoxO3a-deficient mice were infected with 104 CFU of ST-OVA as described in the
experimental methods. 7 days after infection, spleen, bone marrow, and blood cells were
collected as mentioned above and live cells were counted with a hemocytometer using trypan
blue.

Graphs show total cell counts, excluding red blood cells. Blood cell counts are indicated per
50 ul of blood collected. Bone marrow cell counts are indicated per bone flushed. Data are
pooled from at least 4 mice per group, and presented as mean = SEM. Statistical significance
was calculated by unpaired two-tailed Student’s t-test: *p<<0.05, ***p<0.0001.
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3.1.6. FoxO3a controls CMP and monocyte numbers in the bone marrow of ST-infected
mice

I delved further into the impact of FoxO3a on specific immune cell populations in the bone
marrow of ST-infected mice. After infection, the hind leg bones of infected mice were flushed
and the isolated cells were stained for flow cytometry. First, precursor populations in the bone
marrow were determined at 7 days post-infection with ST. HSC counts increased after infection
in both sets of mice to a similar extent (Figure 19), which suggests that there was no effect of
FoxO3a signaling on their numbers. The ST-induced increase in CMP numbers was significantly
more marked in FoxO3a-deficient mice (Figure 19). Infection of WT mice with ST resulted in
an increase in the GMP population and a reduction in MEP numbers in the bone marrow. In
the FoxO3a-deficient mice, the change in numbers of these populations was the same as in the

WT mice.

Subsequently, mature myeloid cell populations in the bone marrow were analyzed. Counts
of all myeloid cells studied, namely dendritic cells, neutrophils, and monocytes, increased as a
result of infection (Figure 20). There were no differences in bone marrow dendritic cell and
neutrophil numbers between WT and FoxO3a-deficient mice after infection. However, bone
marrow monocyte counts were significantly higher in the absence of FoxO3a (Figure 20).
Collectively, these results reveal that FoxO3a controls CMP and monocyte expansion in the

bone marrow during ST infection.
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Figure 19. FoxO3a signaling limits CMP but not GMP expansion in response to ST

WT and FoxO3a-deficient mice were infected with 10 CFU of ST-OVA as described in the
experimental methods. Seven days after infection, bone marrow cells were obtained as
mentioned above. Cells were stained for flow cytometry, acquired on a flow cytometer, and
data were analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned
above.

Graphs display the numbers of progenitors/ 10" cells. Cell types are indicated in graph titles.
Data are pooled from at least 2 independent experiments with a total of 7 mice per group,
and presented as mean £ SEM. Statistical significance was calculated by unpaired two-tailed
Student’s t-test: ***p<0.0001.
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Figure 20. FoxO3a hinders the increase in monocyte numbers in the bone marrow in
response to ST infection

WT and FoxO3a-deficient mice were infected with lO4 CFU of ST-OVA as described in the
experimental methods. Seven days after infection, bone marrow cells were obtained as
mentioned above. Cells were stained for flow cytometry, acquired on a flow cytometer, and
data were analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned
above.

Graphs display the counts/ 10 cells of the myeloid cell types indicated in graph titles. Data
are pooled from at least 2 independent experiments with a total of at least 6 mice per group,
and presented as mean + SEM. Statistical significance was calculated by unpaired two-tailed
Student’s t-test: *p<<0.05, **p<<0.001.
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3.1.7. FoxO3a does not control myeloid cell numbers in the spleen and blood during ST
infection

Having evaluated the impact of FoxO3a on bone marrow myeloid cells and observed
that FoxO3a was important for preventing aberrant expansion of monocytes after infection, I
next analyzed spleen and blood myeloid cell numbers. In the spleen, neutrophil numbers
dropped after infection and the difference between WT and FoxO3a-deficient mice was no
longer observable (Figure 21). Dendritic cells, monocytes, and macrophage counts all increased
after infection in both sets of mice and in contrast with naive mice, the effect of FoxO3a on
their numbers was no longer present. In the blood, dendritic cell and neutrophil counts were
reduced after infection in both groups of mice and unlike naive mice, infected mice did not
display any difference between WT and FoxO3a-deficient groups (Figure 21). Monocyte
numbers increased in WT mice and decreased in FoxO3a-deficient mice after infection. There
were no differences in monocyte counts between the two groups. These results demonstrate
that FoxO3a signaling maintains spleen and blood myeloid cell numbers in naive mice but does

not affect changes in cell numbers associated with ST infection.

3.1.8. FoxO3a signaling limits T cell numbers in the bone marrow but not in the spleen
and blood of ST-infected mice
Next, the effect of FoxO3a on lymphoid cell numbers during infection with ST was
assessed. In the bone marrow, B cell numbers decreased after infection in both groups but
compared with uninfected mice, there was no longer a difference between WT and FoxO3a-
deficient mice after infection (Figure 22). The numbers of bone marrow NK cells did not
change in WT mice after infection but were slightly increased in FoxO3a-deficient mice (Figure

22). There was no significant difference in NK cell numbers between the two groups.
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T cell counts in the bone marrow increased in both groups after ST infection, although the
increase was significantly higher in FoxO3a-deficient mice (Figure 22).

In the spleen, T cell numbers decreased as a result of infection but the differences observed
before infection between the two groups were not present after infection (Figure 23). Splenic B
cell and NK cell counts also decreased during infection but there were no differences between
the two sets of mice. In the blood, T cell and B cell counts decreased upon infection and I did
not note any difference between the two groups (Figure 23). Collectively, these results highlight
the fact that even though there are differences in the bone marrow between infected WT and
FoxO3a-deficient mice, FoxO3a has no impact on lymphoid cell numbers in the blood and in

the spleen.
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Figure 21. FoxO3a does not control myeloid cell numbers in the spleen and blood
upon ST infection

WT and FoxO3a-deficient mice were infected with 104 CFU of ST-OVA as described in the
experimental methods. Seven days after infection, spleen and blood cells were obtained as
mentioned above. Cells were stained for flow cytometry, acquired on a flow cytometer, and
data were analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned
above.

Graphs display the total numbers in the spleen and counts/ 10" cells in the blood of the
myeloid cell types indicated in graph titles. Data are pooled from at least 2 independent
experiments with a total of at least 3 mice per group, and presented as mean = SEM.

Statistical significance was calculated by unpaired two-tailed Student’s t-test: *p<<0.05,
p<0.001, ¥*p<0.0001.
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Figure 22. FoxO3a limits the increase in T cell numbers in response to ST in the
bone marrow

WT and FoxO3a-deficient mice were infected with lO4 CFU of ST-OVA as described in the
experimental methods. Seven days after infection, bone marrow cells were obtained as
mentioned above. Cells were stained for flow cytometry, acquired on a flow cytometer, and
data were analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned
above.

Graphs display the counts/ 10° cells of the lymphoid cell types indicated in graph titles. Data
are pooled from at least 2 independent experiments with a total of 7 mice per group, and

presented as mean = SEM. Statistical significance was calculated by unpaired two-tailed
Student’s t-test: *p<<0.05, **p<<0.001.
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Figure 23. FoxO3a signaling does not affect lymphoid cell numbers in the spleen and
blood upon ST infection

WT and FoxO3a-deficient mice were infected with 10° CFU of ST-OVA as described in the
experimental methods. Seven days after infection, spleen and blood cells were obtained as
mentioned above. Cells were stained for flow cytometry, acquired on a flow cytometer, and
data were analyzed using Kaluza software (Version 1.2, Beckman Coulter) as mentioned
above.

Graphs display the total numbers in the spleen and counts/ 105 cells in the blood, of the
lymphoid cell types indicated in graph titles. Data are pooled from at least 2 independent
experiments with a total of at least 4 mice per group, and presented as mean = SEM.
Statistical significance was calculated by unpaired two-tailed Student’s t-test: **p<<0.001.
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3.2. FoxO3a signaling promotes the inflammatory response in ST-infected

macrophages

3.2.1. FoxO3a signaling does not impact macrophage cell death

Because of the importance of macrophages during ST infection, the second aim of this
thesis was to examine the impact of FoxO3a on macrophage function during ST infection.
Inflammatory cell death following infection has been previously shown to be a protective
mechanism to fight intracellular pathogens (Broz and Monack, 2011). Thus, the impact of
FoxO3a on macrophage cell death after various stimuli was evaluated. Briefly, WT and FoxO3a-
deficient mice were euthanized, hind legs were collected and bones were flushed to collect the
bone marrow. Bone marrow cells were then counted and plated in petri dishes coated with
recombinant M-CSF. M-CSF is a cytokine that differentiates myeloid precursors and monocytes
into macrophages. Cells were then incubated for 12 days and in some cases 6 days at 37°C and
5% CO,. The resulting bone marrow-derived macrophages (BMDMs) were harvested and plated
for experiments. On both day 6 and 12 after incubation, there were more BMDMs from
FoxO3a-deficient mice than WT mice (Figure 24). For the first cell death assay, macrophages
were infected with ST for 24h, at a multiplicity of infection (MOI) of 100. At this MOI, cells
died whereas lower MOIs did not kill the macrophages. After infection, a neutral red assay was
performed on the cells to determine cell viability. Neutral red is a dye that is taken up by the
lysosomes of live cells but not of dead cells. Cell survival was established by normalizing neutral

red optical density (O.D.) of infected cells to that of control cells.
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Figure 24. FoxO3a signaling controls bone marrow-derived macrophage numbers
after M-CSF treatment

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Live cells were counted with a
hemocytometer, using trypan blue stain.

Graphs display the numbers of BMDMs harvested per petri dish. Data are pooled from at
least 9 independent experiments and presented as mean £ SEM. Statistical significance was
calculated by unpaired two-tailed Student’s t-test: **p<<0.001.
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I did not note any difference in BMDM survival between WT and FoxO3a-deficient
cells (Figure 25). The main form of cell death observed during ST infection of macrophages is
called pyroptosis (Brennan and Cookson, 2000) and is an inflammatory form of cell death
wherein cells are lysed, releasing their contents. The results obtained reveal that FoxO3a does

not impact pyroptotic cell death.

The impact of the FoxO3a transcription factor on another form of cell death called
necroptosis was also evaluated. Necroptosis can be induced by treating macrophages
simultaneously with lipopolysaccharide (LPS) and zZVAD (McComb, 2014). LPS is a portion of
gram-negative bacteria that acts as a pro-inflammatory signal, and zVAD is a pan-caspase
inhibitor. Inhibiting caspases while providing a pro-inflammatory stimulus induces necroptosis
(McComb, 2014). Hence, macrophages were treated with LPS and zVAD for 24h. After
treatment, cell viability was determined by MTT assay. This assay is based on the reduction of
the dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide into formazan crystals in
live cells but not in dead cells. Cell survival was established by normalizing MTT optical density
of infected cells to that of uninfected control cells. There were no differences in necroptotic cell
death between WT and FoxO3a-deficient macrophages (Figure 26). Necroptosis can be
inhibited by necrostatin-1 (nec-1) treatment (McComb, 2014). Thus, the cells were treated
concomitantly with LPS, zZVAD and nec-1 to verify that the cell death observed was indeed
necroptosis. As expected, nec-1 treatment did rescue the BMDMs from death (Figure 206), thus
confirming that necroptosis occurred upon LPS and zVAD treatment. There were still no

differences between WT and FoxO3a-deficient macrophages.
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The impact of FoxO3a on a third type of cell death induced upon endoplasmic
reticulum (ER) stress was also studied. WT and FoxO3a-deficient macrophages were treated
with brefeldin A for 24 hours before an MTT assay was performed on them to determine cell
viability. Brefeldin A is an antibiotic that inhibits protein transport between the endoplasmic
reticulum and the Golgi apparatus, leading to protein accumulation in the ER (Klausner et al.,
1992). This causes ER stress, followed by cell death through apoptosis. There was no difference
in ER-stress-induced cell death between WT and FoxO3a-deficient macrophages after brefeldin
A treatment (Figure 27). ER stress can be inhibited by treating cells with salubrinal. Salubrinal is
a small molecule that phosphorylates and prevents dephosphorylation of eukaryotic translation
initiation factor 2 subunit alpha (eIF20) (Boyce et al., 2005). elF2a. is a protein that, when
phosphorylated, temporarily down-regulates global protein translation but up-regulates
translation of stress-induced proteins (Celli and Tsolis, 2015). This leads to a reduction of ER-
stress. Accordingly, co-treating macrophages with brefeldin A and salubrinal rescued them from
death, but no differences could be noted between WT and FoxO3a-deficient cells in this case
either. Together, these findings reveal that FoxO3a has no impact on macrophage cell death

induced by various stimuli.
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Figure 25. FoxO3a signaling does not impact macrophage cell death upon ST
infection

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. BMDMs were infected with ST at
100 MOI for 24 hours. Cell viability was then assessed by neutral red (NR) assay.

Graphs display % cell survival. NR optical densities (ODs) were normalized to the
unstimulated control (i.e. cells with R8 medium only). Data are pooled from 2 independent
experiments performed in triplicate and presented as mean = SEM. Statistical significance
was calculated by unpaired two-tailed Student’s t-test.
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Figure 26. FoxO3a signaling does not impact necroptotic cell death in macrophages

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. BMDMs were treated with LPS
(100 ng/ml) and zVAD (50 uM) with or without nec-1 (25 pM) for 24 hours. Cell viability
was then assessed by MTT assay.

Graphs display % cell survival. MTT ODs were normalized to the unstimulated control (i.e.
cells with R8 medium only). Data are pooled from 3 independent experiments performed in
triplicate and presented as mean £ SEM. Statistical significance was calculated by unpaired
two-tailed Student’s t-test.
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Figure 27. FoxO3a signaling does not influence ER stress-induced cell death in
macrophages

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. BMDMs were pre-treated with
salubrinal (20 pM) for 1h. Cells were then treated with brefeldin A (3 pg/ml) with or without
salubrinal for 24 hours. Cell viability was then assessed by MTT assay.

Graphs display % cell survival. MTT ODs were normalized to the unstimulated control (i.e.
cells with R8 medium only). Data are pooled from 3 independent experiments performed in
triplicate and presented as mean * SEM. Statistical significance was calculated by unpaired
two-tailed Student’s t-test.
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3.2.2. FoxO3a promotes macrophage inflammatory cytokine production upon ST
infection

Next, I wanted to determine the effect of FoxO3a on macrophage function. For that
purpose, I started by evaluating the impact of the transcription factor on macrophage cytokine
production upon ST infection. Cytokines are proteins whose production is generally increased
upon infection. Cytokines are secreted by various cell types including macrophages and can
modulate macrophage function towards an anti-inflammatory or pro-inflammatory phenotype
(Mosser and Edwards, 2008). Thus, they act as great indicators of macrophage function. To
study the impact of FoxO3a on macrophage cytokine production, WT and FoxO3a-deficient
macrophages were infected with ST at 10 MOI for 24h. Cell supernatants were then collected,
and secreted cytokine concentrations were determined by ELISA. Pro-inflammatory cytokine
(INFo, IL12, IL1B and IL.6) and the anti-inflammatory cytokine IL10 concentrations wete
assessed. Upon infection with ST, all cytokine concentrations increased in both WT and
FoxO3a-deficient macrophage supernatants relative to uninfected controls (Figure 28). All pro-
inflammatory cytokine concentrations were significantly lower in the absence of the
transcription factor FoxO3a (Figure 28A). However, FoxO3a-deficient macrophages produced

significantly higher amounts of the anti-inflammatory cytokine IL10.

Type I IFN has been shown to positively regulate I.10 production in macrophages
infected with Mycobacterium tuberculosis (McNab et al., 2014). Hence, the amount of type I IFN,
specifically IFNa and IFNP, produced in cell supernatants after ST infection was measured. A
mouse connective tissue cell line - namely the L929-ISRE cell line — which expresses luciferase
under the control of interferon-stimulated response element (ISRE) sequences was used for that

putpose. ISRE sequences are normally responsive to IFNa or IFNP signaling. In the 1.929-
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ISRE cell line, presence of type I IFN in cell supernatants thus activates the luciferase gene. The
activated luciferase produces luminescence by cleaving the substrate luciferin contained in the
luciferase assay reagent added. Quantifying this luminescence allows for an estimation of the
amount of IFNa and IFNP produced by the cells from which the supernatant was harvested. As
expected, results indicated that there was significantly more type I IFN produced by FoxO3a-
deficient macrophages compared with WT macrophages during infection, and surprisingly there
were low but significant levels of type I IFN production in uninfected FoxO3a-deficient cells

(Figure 28B).

ST infection activates many macrophage receptors including toll-like receptors (TLRs).
TLR4 is known to bind to LPS, a common pathogen-associated molecular pattern (PAMP)
found on gram-negative bacteria (de Jong et al., 2012). I investigated the impact of FoxO3a on
cytokine production during TLR4 signaling. To do that, WT and FoxO3a-deficient macrophages
were treated with LPS for 24h; and then cytokine concentrations were determined by ELISA.
The results were similar to those obtained in the ST infection model, in that the quantities of
pro-inflammatory cytokines produced were reduced compared to WT controls in the absence of
FoxO3a, specifically 112 and IL1P (Figure 29). Other pro-inflammatory cytokines, namely
TNFa and IL6 were reduced in supernatants from FoxO3a-deficient cells compared with WT
supernatants, although the differences did not reach statistical significance. A significant increase
in IL10 concentrations was also noted in cells lacking FoxO3a. These results confirm that
FoxO3a promotes pro-inflammatory cytokine production by macrophages in the context of ST

infection.
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In some cases, I1.10 has been shown to inhibit IL.12 production (Rahim et al., 2005).
Since there was an increase in IL10 production during infection of FoxO3a-deficient
macrophages I wanted to determine if this caused the concomitant reduction in I11.12
concentrations. Hence, cells from both groups were treated with an antibody against 1L10
during ST infection for 24h, and then cytokine concentrations were measured by ELISA. As
expected, after neutralizing 1110, there was a decrease of about 100 fold in IL10 concentration
in both sets of cells, although the difference between WT and FoxO3a-deficient macrophages
was still present (Figure 30). IL10 neutralization caused an increase in IL12 concentrations but
also in TNF concentrations in both groups. There were still significant differences between the
two groups, indicating that IL.10 was not the only factor causing the decrease in IL12 or TNF

production in the absence of FoxO3a.
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Figure 28. FoxO3a promotes pro-inflammatory cytokine production upon ST
infection

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Cells were infected with ST at 10
MOI for 24 hours. Cell supernatants were used for measurements of various cytokine
concentrations.

(A) Graphs display cytokine concentrations determined by ELISA, in pg/ml. Cytokines
measured are indicated on the y-axes. Data are pooled from at least 3 independent
experiments performed in triplicate and presented as mean £ SEM. Statistical
significance was calculated by unpaired two-tailed Student’s t-test: ***p<<0.0001.

(B) Graph shows type I IFN (IFNa and IFN) relative light units (RLU) determined by
type I IFN bioassay, as described in the experimental methods. Data are pooled from
3 independent experiments performed in triplicate and presented as mean £ SEM.
Statistical significance was calculated by unpaired two-tailed Student’s t-test: *p<0.05,
**p<0.001.
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Figure 29. FoxO3a signaling promotes pro-inflammatory cytokine production upon
LPS treatment

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Cells were treated with LPS (100
ng/ml) for 24 hours. Cell supernatants were used for measurements of vatious cytokine
concentrations.

Graphs display cytokine concentrations determined by ELISA, in pg/ml. Cytokines
measured are indicated on the y-axes. Data are pooled from at least 2 independent
experiments performed in triplicate and presented as mean * SEM. Statistical significance
was calculated by unpaired two-tailed Student’s t-test: **p<0.001, ***p<0.0001.
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Figure 30. Reduction of IL12 and TINF expression in FoxO3a-deficient macrophages
is not solely due to increased expression of IL10

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Cells were infected with ST at 10
MOI and treated with anti-IL10 antibody (10 pg/ml) for 24 hours. Cell supernatants wete
used for measurements of various cytokine concentrations.

Graphs display cytokine concentrations determined by ELISA, in pg/ml. Cytokines
measured are indicated in graph titles. Data are pooled from 2 independent experiments
performed in triplicate and presented as mean = SEM. Statistical significance was calculated
by unpaired two-tailed Student’s t-test: *p<<0.05 **p<0.001, ***p<<0.0001.
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3.2.3. FoxO3a signaling does not impact macrophage polarization upon ST infection

Macrophage function can be modulated by a wide variety of extracellular signals (Mosser
and Edwards, 2008). For instance, infection can induce macrophage differentiation towards a
pro-inflammatory phenotype also called M1. These macrophages display an increased
microbicidal activity and produce more pro-inflammatory cytokines such as IL12 or TNF. On
the other hand, macrophages can also be polarized towards an anti-inflammatory phenotype,
producing more I1.10 and contributing to tissue repair. These macrophages are called M2
macrophages. Since FoxO3a signaling affected the production of pro-inflammatory and anti-
inflammatory cytokines by macrophages during ST infection, I wanted to investigate the impact
of FoxO3a on macrophage polarization. M1 and M2 macrophages can be recognized using
specific markers. To examine polarization, the relative amounts of mRNA of some of these
markers was assessed by qRT-PCR before infection and 6h after infection in WT and FoxO3a-
deficient macrophages. Before ST infection, the M1 markers studied were metabolism genes
GLUT1 and HIF-10, as well as the pro-inflammatory cytokine IL1P. The M2 markers used were
the metabolism regulator AMPKa, the cytokine TGFp and the pathogen-sensitive mannose
receptor (MannoseR). After infection, the same M1 markers were used, plus the cytokines
TNFa, the p35 subunit of ILL12, and the enzyme iNOS. The cytokine IL.10 and the enzyme
arginase-1 were added as M2 markers after infection. Results revealed relative transcript levels of
M1 and M2 markers were similar when comparing WT and FoxO3a-deficient macrophages

before infection (Figure 31). The same trends were obtained after infection.

Since macrophage polarization is a spectrum, some macrophage phenotypes are not fully
M1 or M2 but instead have shared characteristics of both. One of these is the regulatory

macrophage phenotype. These macrophages are polarized by TLR activation associated with

106



another signal such as IL.10 or apoptotic bodies, and produce high levels of I1.10 and low levels
of ILL12 for instance (Mosser and Edwards, 2008). Since these are characteristics observed in
FoxO3a-deficient macrophages, I wanted to know if FoxO3a played a role in M,,, polarization.
The markers used in this case were the TNF superfamily ligand LIGHT and the enzyme
SPHKI1. There was no difference in SPHK1 expression between WT and FoxO3a-deficient
macrophages before infection. There was a slight increase in the transcription of these markers
in the absence of FoxO3a after infection, although that increase was subtle. These results
suggest that FoxO3a does not play a role in macrophage polarization.

To confirm that FoxO3a does not have any impact on M1 macrophage polarization, the
production of nitric oxide (NO), an M1 marker, was determined. NO is a chemical compound
that can have an antimicrobial function. Since NO has a very short half-life, the concentration of
nitrites, a product of the breakdown of NO, can be used as a direct measure of NO
concentrations using a Griess assay. Briefly, nitrites react with sulfanilic acid and N-(1-
Naphtyl)ethylenediamine to form a colored product, the absorbance of which can be
determined using a plate reader. Measurements of supernatants collected from WT and
FoxO3a-deficient macrophages revealed an increase in nitrite concentrations in both groups at
24h but not 6h after ST infection, as compared with uninfected control cells (Figure 32). There
were no differences between WT and FoxO3a-deficient macrophages. These results indicate

that FoxO3a does not influence nitric oxide production upon ST infection.
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Figure 31. FoxO3a does not influence classical macrophage polarization

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Cells were infected with ST at 10
MOI for 6h, then RNA was isolated and reverse transcription and subsequent qPCR were
performed as indicated in the experimental methods.

Graphs display FoxO3a-deficient levels of various mRNAs relative to WT and normalized to
B-actin, before and after infection. Data are pooled from at least 2 independent experiments
and presented as mean = SEM.
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Figure 32. FoxO3a signaling does not affect secretion of the M1 marker nitric oxide

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Cells were infected with ST at 10
MOI for 6 and 24 hours (h). Cell supernatants were used for measurement of nitrite
concentrations as a measure of nitric oxide concentrations by Griess assay, as described in
the experimental methods.

Graphs display nitrite concentrations in cell supernatants in uM. Data are pooled from at

least 2 independent experiments and presented as mean + SEM. Statistical significance was
calculated by unpaired two-tailed Student’s t-test.
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3.2.4. Glycolysis is required for expression of some cytokines during ST infection
Metabolism plays a key role in the response to infection, including cytokine production.
For instance, cells are known to become more glycolytic when they are infected (Galvan-Pena
and O’Neill, 2014). Thus, since there was an impact of FoxO3a on anti and pro-inflammatory
cytokine production, I investigated the effect of FoxO3a on metabolism. First, to determine if
glycolysis plays a role in the effect of FoxO3a signaling on cytokine production, I inhibited
glycolysis in WT and FoxO3a-deficient macrophages by treating the cells during ST infection
with the glucose analog 2-deoxy-D-glucose (2-DG). Inhibiting glycolysis slightly decreased cell
viability (Figure 33A) and reduced IL.12, IL1f, and IL.10 concentrations produced during
infection (Figure 33B). There were still significant differences in the concentrations of 112 and
IL10 between WT and FoxO3a-deficient macrophages after 2-DG treatment, suggesting that
FoxO3a does not regulate these cytokines through glycolysis. IL1f was lower in ST-infected
FoxO3a-deficient BMDMs as compared with WT cells although the difference did not reach
statistical significance in this case. When glycolysis was inhibited however, even though IL1
concentrations were reduced in both groups, there was a subtle but statistically significance
increase in FoxO3a-deficient macrophages compared with WT cells. IL6 concentrations barely
changed in either population after 2-DG treatment. TNF concentrations decreased in WT
macrophages but remained unchanged in the absence of FoxO3a after inhibiting glycolysis,

indicating that FoxO3a promotes TNF production through glycolysis.

3.2.5. FoxO3a regulates mitochondrial DNA amounts during ST infection

Next, the role of FoxO3a on mitochondrial metabolism during infection was analyzed.
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The numbers of mitochondrial DNA copies were evaluated in infected macrophages relative to
controls by qPCR. Total DNA was isolated, and relative mitochondrial DNA copy numbers
were established using cytochrome c oxidase I (COI) copy numbers, normalized to 185 rRNA
copy numbers. COI is encoded by the mitochondrial genome and was used to estimate the
number of mitochondria in cells, whereas 18S rRNA is encoded by the nuclear genome. ST
infection did not cause any change in mitochondrial DNA copy numbers in FoxO3a-deficient
macrophages (Figure 34). However, in WT macrophages, there was an increase in mitochondrial
DNA copy numbers after infection. These results highlight the role of FoxO3a in promoting an

increase in mitochondrial DNA copy numbers during infection.
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Figure 33. Glycolysis is required for expression of some cytokines

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Cells were pre-treated with 2-deoxy-
D-glucose (2-DG) (ImM) for 3h. Cells were then infected with ST at 10 MOI and treated

with 2-DG for 24 hours. Cell viability was assessed by neutral red (NR) assay. Cell
supernatants were used for measurement of cytokine concentrations by ELISA.

(A) Graph displays % cell survival. NR optical densities (ODs) were normalized to the
unstimulated control (i.e. cells with R8 medium only). Data are pooled from 3
independent experiments performed in triplicate and presented as mean = SEM.

(B) Graphs display cytokine concentrations determined by ELISA, in pg/ml. Cytokines
measured are indicated in graph titles. Data are pooled from 2 independent
experiments performed in triplicate and presented as mean * SEM. Statistical
significance was calculated by unpaired two-tailed Student’s t-test: *p<<0.05
p<0.001, ¥***p<0.0001.
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Figure 34. FoxO3a promotes an increase in mitochondrial DNA levels during ST
infection

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. Cells were infected with ST at 10
MOI for 24 hours. DNA was extracted and qPCR was performed as described in the
experimental methods. Relative mitochondrial DNA copy numbers were determined using
cytochrome c oxidase I (COI) copy numbers normalized to 18S rRNA copy numbers.

Graph displays mitochondrial DNA (MtDNA) copy numbers in infected BMDMs relative to
uninfected BMDMs. Data are pooled from 2 independent experiments and presented as
mean * SEM. Statistical significance was calculated by unpaired two-tailed Student’s t-test:
*

p<0.05.
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3.2.6. FoxO3a does not influence mitochondrial membrane potential in ST-infected
macrophages

After investigating the impact of FoxO3a on mitochondrial copy number, I wanted to study
its impact on mitochondrial function. I determined the impact of FoxO3a signaling on
mitochondrial membrane potential during ST infection. Macrophages were infected with ST at
various MOIs for 24h, then stained with tetramethylrhodamine ethyl ester (TMRE) for flow
cytometry. TMRE is a cationic dye that accumulates in negatively charged, hyperpolarized active
mitochondria in live cells. TMRE signal decreased with increasing MOI, indicating a reduction
in mitochondrial membrane potential as cellular bacterial load increased (Figure 35A and B).
TMRE signal appeared to be lower in uninfected FoxO3a-deficient macrophages but differences

could no longer be observed between WT and FoxO3a-deficient cells after infection.

I repeated the same protocol using a simpler model with TLLR4 activation using a 24h
LPS treatment. The same trend could be noted as control FoxO3a-deficient BMDMs appeared
to display a lower TMRE signal than WT BMDMs, but the difference could no longer be seen
after LPS treatment (Figure 36A and B). Collectively, these results suggest that FoxO3a signaling
might enhance mitochondrial membrane potential in uninfected cells but not during ST

infection.
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Figure 35. FoxO3a signaling mildly enhances mitochondrial membrane potential in
untreated macrophages but not upon ST infection

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. BMDMs were infected with ST at
various MOIs for 24 hours. Cells were then stained with TMRE as described in the
experimental methods and acquired on a flow cytometer. Data were analyzed using Kaluza
software (Version 1.2, Beckman Coulter).

(A) Representative TMRE histograms of infected cells.

(B) Graph displays total TMRE mean fluorescence intensity (MFI) of BMDMs infected
with ST at various MOlIs. Data are representative of 3 independent experiments.

120



Count

Control + LPS

—_— WT

—  FoxO3a”

24h

2.5
- WT

- FoxO3a™

2.0

Total TMRE MFI

121



Figure 36. FoxO3a signaling mildly enhances mitochondrial membrane potential in
untreated macrophages but not upon LPS treatment

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-
deficient mice as described in the experimental methods. BMDMs were treated with LPS
(100 ng/ml) for 24h. Cells were then stained with TMRE as described in the experimental
methods and acquired on a flow cytometer. Data were analyzed using Kaluza software
(Version 1.2, Beckman Coulter).

(A) Representative TMRE histograms of LPS-treated cells.

(B) Graph displays total TMRE mean fluorescence intensity (MFI) of BMDMs treated
with LPS. Data are pooled from 2 independent experiments.
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3.2.7. FoxO3a signaling enhances mitochondrial respiration in ST-infected

macrophages

I next studied the effect of FoxO3a on mitochondrial respiration during ST infection.
WT and FoxO3a-deficient macrophages were infected with ST at 10 MOI for 24h, then oxygen
consumption rates (OCR) were determined in the media using a Seahorse Bioscience XF24
Extracellular Flux Analyzer. Various inhibitors of mitochondrial respiration effectors were
added as OCR was measured. First, basal OCR was measured, then oligomycin, carbonyl
cyanide 7-chlorophenyl hydrazone (CCCP), and Antimycin A were added at 14, 34, and 55
minutes, respectively. Oligomycin is an inhibitor of ATP synthase and thus allows determination
of the oxygen consumption associated with ATP production. CCCP is an uncoupler that
disrupts the mitochondrial membrane potential and allows a free movement of electrons
through the electron transport chain. CCCP treatment reveals the maximal oxygen consumption
capacity of a cell. Finally, antimycin A is a mitochondrial complex III inhibitor that completely
shuts down mitochondrial respiration and thus allows determination of extra-mitochondrial
respiration. There were no differences in OCR between WT and FoxO3a-deficient BMDMs
before infection (Figure 37A). After ST infection however, the overall oxygen consumption of
macrophages decreased in both groups and was disrupted as CCCP treatment was unable to
increase the OCR (Figure 37B). Results also revealed that basal OCR and OCR after oligomycin
treatment were lower in the absence of FoxO3a compared with WT macrophages during
infection, although the differences did not reach statistical significance for basal OCR. No
differences were noted in OCR after CCCP and antimycin A treatment. Together, these results

reveal that FoxO3a promotes mitochondrial respiration in ST-infected macrophages.
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Figure 37. FoxO3a signaling enhances mitochondrial respiration in infected macrophages

Bone marrow derived macrophages (BMDMs) were generated from WT and FoxO3a-deficient mice
as described in the experimental methods. BMDMs were infected with ST at 10 MOI for 24 hours.
Mitochondrial respiration in BMDMs was then evaluated by measuring oxygen consumption rates
(OCR) before and after sequential addition of specific inhibitors of mitochondrial respiration, as
mentioned in the experimental methods.

Graphs show OCR of uninfected (A) and infected (B) BMDMs, before and after treatment with
inhibitors of mitochondrial respiration. Data are pooled from 2 independent experiments and
presented as mean * SEM. Statistical significance was calculated by unpaired two-tailed Student’s t-
test: *p<<0.05.
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4. DISCUSSION

FoxO3a is a transcription factor that regulates genes involved in various important
cellular processes including cell cycle, cell death, and metabolism. In particular, FoxO3a has
been shown to regulate cell death in macrophages during HIV infection (Cui et al., 2008) and T
cells during Listeria monocytogenes infection (Tzelepis et al., 2013). In various infection models,
FoxO3a signaling has been shown to impact the T cell response without any impact on host
survival (Tzelepis et al., 2013; Hedrick et al., 2012). Since the functions of FoxO3a might
become more pertinent during conditions of chronic, cellular stress (Eijkelenboom and
Burgering, 2013), I investigated the role of FoxO3a in the host response to invasive Sa/nonella
infection, which induces a chronic infection that affects immune cell metabolism and death
(Kelly and O’Neill, 2015; Keestra-Gounder et al., 2015). I hypothesized that FoxO3a might
regulate inflammation during ST infection, which might be beneficial to the host. It is well
known that immune cells such as neutrophils and macrophages are essential cell types of the
innate immune system that are required for controlling Sa/monella infection (LaRock et al., 2015).
Since FoxO3a regulates cell cycle and cell death, my first objective was to determine the impact
of FoxO3a on immune cell numbers both before and after Salmonella intection. I used WT
C57BL/6 and FoxO3a-deficient mice for this purpose. FoxO3a-deficient mice were originally
generated on a 129 background but were backcrossed more than 10 times to the C57BL/6 strain
(Tzelepis et al., 2013). Both WT and FoxO3a-deficient mice were infected intravenously with
ST-OVA, a transgenic strain of ST that injects OVA peptide into the cytosol of host cells while
remaining inside the phagosome (Tzelepis et al., 2012). Relative to ST, ST-OVA infection is
associated with the earlier onset of a potent CD8" T cell response that contributes to increased
survival in susceptible C57BL/6 mice (Tzelepis et al., 2012). Using this model, I could thus

study the impact of FoxO3a on innate and adaptive immune cell numbers during infection.
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4.1.  Impact of FoxO3a signaling on immune cell numbers

Since the model consisted of infecting mice systemically, and given the important role of
the spleen in controlling blood borne bacteria (Delves et al., 2000) and as a protective niche for
Salmonella (Dunlap et al., 1991), I decided to determine the impact of FoxO3a on the numbers of
splenocytes. I observed that naive FoxO3a-deficient mice displayed significantly increased
numbers of spleen cells compared to WT mice. The same trend has been reported at least twice
before, by Lin et al. (2004), as well as by Yalcin et al. (2010) even though the latter generated

FoxO3a-deficient mice on a different background (FVB/n).

By dissecting individual splenocyte subsets, I noted that before infection, total T cell —
but not B cell or NK cell — counts were increased in the absence of FoxO3a. Lin et al. (2004)
also reported increased T cell numbers in FoxO3a-deficient spleens, with the ratio of CD4" to
CD8" T cells and the number of B cells being unchanged. They indicated that CD4" T cells
proliferated more readily upon stimulation in the absence of FoxO3a. However, the cause of the
CD8" T cell increase remained to be identified. Another study by Dejean et al. (2009) did not
observe any difference in T cell or B cell numbers between WT and FoxO3a-deficient mice;
however, that study generated FoxO3a-deficient mice through two different methods on
C57BL/6 and FVB backgrounds, while my work was performed using the same gene-trap
model as that of Lin and colleagues. Consequently, the different approach in the generation of
FoxO3a-deficient mice may explain the differential results.

After ST infection, there were no differences in total splenic T cell numbers, but
FoxO3a-deficient mice displayed increased total bone marrow T cell numbers. According to
Mazo et al. (2005), the major type of CD8" T cell in the bone marrow is a central memory T cell.

Moteover, FoxO3a-deficient mice have enhanced numbers of splenic memory CD8" T cells
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after Listeria monocytogenes infection (Tzelepis et al., 2013) and Lymphocytic Choriomeningitis
Virus (LCMV) infection (Sullivan et al., 2012). Thus, it is possible that FoxO3a-deficient mice
generate a higher proportion of memory T cells upon ST infection, which then home to the
bone marrow. Because of the beneficial role of memory T cells during vaccination, it is possible

that modulation of FoxO3a might impact vaccine development.

A study published in 2009 by Hinman et al. reported a decrease in bone marrow B cell
numbers in FoxO3a-deficient mice compared with WT mice without any effect on splenic B cell
counts. My results in uninfected mice confirm their findings. They also noted a subtle but
reproducible decrease in S1P; mRNA levels in FoxO3a-deficient B cells. Since S1P; is a receptor
for S1P — which participates in the migration of cells out of peripheral lymphoid organs and into
the circulation — they suggested that FoxO3a-deficient mice displayed reduced numbers of bone
marrow-homing B cells because of defective egress of those cells from peripheral lymphoid
organs (Hinman et al., 2009).

After ST infection however, I did not observe any difference in bone marrow B cell
counts between WT and FoxO3a-deficient mice. The same observation was made for B cells in
the spleen and blood, indicating that ST infection normalizes any differences in B cell numbers,

observed between naive WT and FoxO3a-deficient mice.

The effect of FoxO3a signaling on splenocytes was much more uniform in myeloid cells
as all cell numbers — including dendritic cells, neutrophils, monocytes, and macrophages — were
significantly increased in the absence of FoxO3a, and all differences were abrogated by ST
infection. The same trend was observed in the blood as well. Similar findings were described by

Dejean et al. (2009) in the naive spleen, as well as by Yalcin et al. (2010). Furthermore, in this

128



last report, the authors suggested that the increased blood and spleen myeloid counts were
caused by an enhanced myeloid progenitor compartment in the bone marrow, spleen, and blood
of FoxO3a-deficient mice. Specifically, they demonstrated using flow cytometry that bone
marrow Lin- Sca-1" c-kit" (LSK) IL7R" cells were increased in the absence of FoxO3a. However,
these cells encompass CMPs and their derivatives that include megakaryocyte and erythrocyte
progenitors (MEPs). Thus, the differences observed could originate from MEP numbers. Yalcin
and colleagues also confirmed their previous result by using an 7z vitro CFU assay of myeloid
progenitor growth to show that myeloid progenitor colonies were increased in the bone marrow
(Yalcin et al., 2010). My results did not corroborate their findings, as I did not observe any
differences in CMP, GMP or MEP numbers by flow cytometry, nor an increase in myeloid
progenitor colony numbers by 7z vitro CFU assay. However, they used erythropoietin (EPO) in
their methylcellulose medium for the CFU assay whereas I did not. Since EPO promotes
differentiation of erythroid cells, the differential growth of progenitors they observed could
again stem from increased erythroid progenitors. Miyamoto et al. (2007) also performed a CFU
assay with a methylcellulose medium that contained EPO and did not find differences in
erythroid or granulocyte-monocyte (CFU-GM) progenitor colony numbers between WT and
FoxO3a-deficient mice. Thus, the cause of the increased myeloid cell numbers in the blood and
spleen in my model remains to be identified. Possible causes include enhanced proliferation or
reduced cell death given the role of FoxO3a as a negative regulator of cell cycle and a positive
regulator of cell death in some cell types (Greer and Brunet, 2005). Indeed, a recent report stated
that MYFKO:IdIR”" mice (a knock-out of LDL receptor and myeloid-specific knock-out of
FoxO1, 3, and 4) displayed splenomegaly with a concomitant expansion of monocytes in the
spleen and blood and of neutrophils in the blood in comparison to IdIR”" mice (which just lack

the LDL receptor). This expansion appeared to be caused by increased cycling of GMPs.
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Absolute GMP numbers appeared to be similar in both strains (Tsuchiya et al., 2013). Although
I have used mice in which only the FoxO3a gene was deleted, my results were similar to
Tsuchiya and colleagues’. Thus, it is conceivable that there could also be increased cycling of
myeloid progenitors in FoxO3a-deficient mice, which would account for the increase in myeloid
cell numbers in the spleen. Moreover, I have observed that upon M-CSF treatment of bone
marrow cells to generate macrophages from myeloid precursors, there were more FoxO3a-
deficient macrophages compared with WT cells on day 6 and 12 after treatment (Figure 24).
This indicates that there is a possible role of FoxO3a signaling in controlling myeloid progenitor
proliferation or death. However, it is not clear why myeloid cell numbers were not increased in
the bone marrow, an anatomical site where they are generated. The increase in splenic and blood
myeloid counts could also be explained by enhanced egress of myeloid cells from the bone
marrow to the spleen. Lastly, another reason that could explain the myeloid cell expansion is
enhanced extra-medullary hematopoiesis, especially as Yalcin and colleagues reported an
increase in FoxO3a-deficient myeloid progenitor CFU of splenic origin iz vitro (Yalcin et al.,
2010).

After infection, the numbers of bone marrow monocytes were higher in the absence of
FoxO3a, and this was associated with a concomitant increase in bone marrow CMP but not
GMP. Spleen monocyte numbers remained unaffected. Therefore, it is possible that more
monocytes were produced in the bone marrow in response to infection, but had impaired
egress, which has to be verified. It is also possible that these cells migrated to the spleen and

were efficiently eliminated in response to Salmonella infection.
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4.2.  Impact of FoxO3a on macrophage function and death

Macrophages act both as scavengers of Salmonella and as a niche for replication of
Salmonella Mastroeni et al., 2009). The molecular pathways that govern host—pathogen
interactions between the bacteria and macrophages are still not fully understood. Given the role
of FoxO3a in various important processes during infection such as cell death or cell cycle, my
second objective was to determine the impact of FoxO3a signaling on macrophage function and
death during ST infection. For this purpose, I have used bone-marrow-derived macrophages
(BMDMs) throughout my experiments. These macrophages were generated by treating bone
marrow cells with the cytokine M-CSF, which induces differentiation of myeloid progenitors
into macrophages (Zhang et al., 2008). This technique is practical as it yields at least 30 million
of CD11b" F4/80" macrophages per mouse. My results indicated that FoxO3a has no impact
on macrophage cell death before or upon ST infection. However, the transcription factor was
found to positively regulate inflammation by up-regulating pro-inflammatory cytokine

production.

4.2.1. Impact of FoxO3a signaling on macrophage cell death

Salmonella can induce different types of cell death in macrophages as a virulence
mechanism (Hu and Zhao, 2012). These include apoptosis, necroptosis, pyroptosis, or
autophagic cell death (Hu and Zhao, 2012). The first three types have already been described
earlier in this thesis, and autophagy can cause a form of cell death that involves destruction of
cellular contents in vesicles called autophagosomes and that associate with lysosomes (Hu and
Zhao, 2012). Similarly to apoptosis, it is a non-inflammatory form of cell death. I have studied
the impact of FoxO3a on some of these types of cell death in BMDMs. First of all, I induced

necroptosis in macrophages by treating them with LPS while inhibiting caspases with the pan-
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caspase inhibitor zZVAD (McComb et al., 2014). Data linking FoxO transcription factors and
necroptosis are scarce, and my results revealed that FoxO3a does not impact necroptotic cell

death in BMDMs.

FoxO3a 1s known to positively regulate apoptosis in a cell-type- and context-dependent
manner (Greer and Brunet, 2005). For instance, Haoues and colleagues (2014) demonstrated
using human and murine macrophages that FoxO3a could induce caspase-independent
apoptosis in BCG-infected macrophages. Another study reported that FoxO1 and FoxO3a
signaling contributed to apoptosis induced in peritoneal macrophages during endoplasmic
reticulum (ER) stress (Senokuchi et al., 2008). Many intracellular bacteria, such as Listeria
monocytogenes or Mycobacterium tuberculosis can cause ER-stress-induced apoptosis in host cells (Celli
and Tsolis, 2015). Thus, I evaluated the effect of FoxO3a on ER-stress-induced cell death in
BMDMs as induced by brefeldin A. Unlike Senokuchi and colleagues (2008), I did not note any
effect of FoxO3a on ER-stress-induced cell death. This difference could arise from the fact that
ER-stress was induced in different ways in both cases. More specifically, I induced ER-stress
using brefeldin A, whereas Senokuchi et al. (2008) have used free-cholesterol loading for that
purpose. Brefeldin A disrupts ER-Golgi apparatus protein transport leading to ER stress
(Klausner et al., 1992), while free cholesterol induces ER stress through disruption of ER
calcium stores (Feng et al., 2003). Unlike the studies mentioned above, I have not verified that

brefeldin-A-induced cell death was indeed apoptosis so this remains to be confirmed.

In my experiments, overall cell death after ST infection as determined by neutral red
assay was not different between both groups of BMDMs. The main form of cell death induced

during ST infection in macrophages is caspase-1 dependent pyroptosis (Brennan and Cookson,
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2000). Caspase-1 is known to cleave the pro-inflammatory cytokines IL1 and IL.18, which
results in their activation and release along with other intracellular contents during pyroptosis.
Since I observed similar cell death in WT and FoxO3a-deficient macrophages, I expected to
measure the same concentrations of these cytokines in cell supernatants after ST infection.
Unexpectedly, FoxO3a-deficient macrophages secreted significantly reduced amounts of IL1.
These BMDMs also had reduced levels of IL1J transcripts as compared to WT BMDMs. This
result suggests that FoxO3a signaling does not impact inflammasome-induced processing of
pre-IL1P to its active form. Thus, the reduced expression of IL1P in FoxO3a-deficient cells can
be attributed to mechanisms involved in gene transcription such as NFkB or MAPK signaling.
A study published in 2009 by Su and colleagues reported that FoxO1 also promoted I1L1J3
production in murine RAW264.7 macrophages upon LPS treatment. These results are not
surprising, as it is known that although FoxO factors have distinct roles, they can also be
redundant (Eijkelenboom and Burgering, 2013). In their paper, Su et al. (2009) indicated that
FoxO1 induced IL1P production in an NFkB-dependent manner. Whether FoxO3a regulates

IL1P the same way is still not known.

4.2.2. Impact of FoxO3a signaling on macrophage function

Pro-inflammatory cytokine production by host cells is essential for the control of
pathogens during infection whereas anti-inflammatory cytokines can be detrimental (Mosser and
Edwards, 2008). For example, during Sa/monella infection, macrophages produce IL12, which
induces IFNY secretion by NK cells and T cells. This in turn promotes pathogen clearance
through increased activation of phagocytes with enhanced secretion of antimicrobial

compounds (Gilchrist et al., 2015). Other important pro-inflammatory cytokines during ST
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infection include TNFo, IL1f3, and IL6 (de Jong et al., 2012). T have measured the expression of
these cytokines in the supernatant of ST-infected BMDMs. My results revealed that FoxO3a-
deficient macrophages had significantly reduced levels of all the aforementioned pro-
inflammatory cytokines. Conversely, concentration of the anti-inflammatory cytokine IL10 was
significantly higher in the absence of FoxO3a. Similar trends in cytokine concentrations were
obtained upon TLR4 engagement following LPS treatment.

ILL10 mediates its anti-inflammatory effect in a variety of ways, including through down-
regulation of pro-inflammatory cytokines and chemokines in myeloid cells at the transcriptional
and post-transcriptional level (Moore et al., 2001). As explained earlier, FoxO1 was already
found to promote IL1B production in macrophages after LPS treatment (Su et al., 2009).
Although they reported no impact of FoxO1 on TNFa, IL12, or IL6, this previous report found
that FoxO1 also negatively regulated ILL10 production in the same cells. However, they have not
explained the mechanism behind that inhibition. A previous study by McNab et al. (2014)
established that type I IFN enhanced IL10 production in murine BMDMSs during Mycobacterinm
tuberculosis intection. Therefore, I tested whether type I IFN was also higher in FoxO3a-deficient
macrophages using infection with ST. This was indeed the case, indicating that FoxO3a could
inhibit IL.10 during ST infection in a type I IFN-dependent manner. Accordingly, another study
demonstrated that FoxO3a could inhibit IFNf in human monocyte-derived dendritic cells,
possibly through modulation of NFkB and IRF transcription factors (Luron et al., 2012). In
addition, a recent report mentioned that FoxO3a knockdown in murine peritoneal macrophages
promotes type I IFN secretion in an IRF7-dependent manner during vesicular stomatitis virus
(VSV) infection (Chen et al., 2010).

It has been reported previously that IL10 can inhibit ILL12 subunit p40 (McNab et al.,

2014) and IL12p70 (Rahim et al., 2005) protein levels in macrophages. Thus, I wanted to
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determine if FoxO3a promoted I1.12 production through inhibition of IL.10. Neutralization of
IL10 in FoxO3a-deficient macrophages with an anti-IL.10 antibody did not rescue the
impairment in IL12 expression in BMDMs, suggesting that FoxO3a does not regulate 11.12
through increased IL10 expression.

Transcriptional analysis by qRT-PCR revealed that FoxO3a-deficient macrophages also
had lower levels of 1112, TNFa, and IL.1J transcripts after infection. Whether FoxO3a increases
the transcription of these cytokines or promotes mRNA stability remains to be addressed.
Taken together, these results suggest that FoxO3a can be modulated to promote inflammation
for the control of intracellular bacteria such as ST. A study by Dejean et al. (2009) stated that
FoxO3a-deficient dendritic cells (IDCs) produced higher amounts of I1.6 and TNFa than WT
DCs upon LCMV infection. Perhaps the contrast between their results and mine is related to the
different cell types studied or the different nature of the pathogens used for infection. Another
report by Lee et al. (2013) suggested that FoxO3a nuclear localization in human monocytes
inhibited pro-inflammatory cytokines upon LPS stimulation. This difference could be due to the
different model organisms used and indicates that data extrapolation to humans must be

exercised with caution.

Next, I wanted to determine if FoxO3a signaling promoted pro-inflammatory cytokine
production and inhibited anti-inflammatory cytokines by modulating macrophage polarization.
As explained earlier, extracellular signals such as bacterial products — including LPS — and
cytokines — including I1.4 — can induce macrophage differentiation towards pro- or anti-
inflammatory phenotypes, called M1 and M2 respectively, or towards different phenotypes that
share characteristics of both to different degrees (Mosser and Edwards, 2008). That way,

macrophages can respond to extracellular stimuli by either increasing their microbicidal activity
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as M1 macrophages or promote wound healing and tissue repair as M2 macrophages (Mosser
and Edwards, 2008). Differentiation towards a context-appropriate phenotype during specific
environmental conditions is essential. For example, M2 macrophages are not suitable to control
ST as they have reduced ability to control intracellular replication of Salmonella compared with
M1 macrophages (Lathrop et al., 2015). My results suggested that FoxO3a had no impact on
macrophage polarization towards M1 or M2 phenotypes, as markers for both M1 and M2
macrophages (Kelly and O’Neill, 2015; Mosser and Edwards, 2008) were down regulated in
FoxO3a-deficient macrophages after ST infection.

Nitric oxide (NO) has antimicrobial properties and is produced from arginine by the
enzyme inducible nitric oxide synthase (iINOS), an M1 macrophage marker (Mosser and
Edwards, 2008). As expected, the concentration of NO increased after infection in both WT
and FoxO3a-deficient BMDMs. Nevertheless, in accord with the fact that FoxO3a does not
influence macrophage polarization towards M1 or M2 phenotypes, I did not observe any
difference in NO production between both groups.

Interestingly, compared with WT macrophages, FoxO3a-deficient macrophages
appeared to express slightly higher levels of two regulatory macrophage (M,,,) markers, namely
LIGHT and sphingosine kinase-1. Regulatory macrophages are cells that downregulate
inflammation without affecting wound healing and thus can be detrimental during infection or
for vaccine efficacy as these states require potent inflammatory responses (Mosser and Edwards,

2008). M,.,, are usually induced by FcyR ligation associated with a pro-inflammatory stimulus

regs
such as LPS signaling (Edwards et al., 2006). My data suggest that FoxO3a could play a role in
preventing macrophage polatization towards the M,,, phenotype. Confirmation of this role for

FoxO3a would mean that its activity could be increased to promote vaccine efficacy for

instance, and decreased in infected individuals with fibrosis, as regulatory macrophages do not
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promote extracellular matrix generation. More work needs to be done to decipher whether

FoxO3a signaling indeed impacts the development of M, cells.

Macrophage polarization is associated with modulation of metabolism. In fact, M1
macrophages display enhanced glycolysis for a quick source of energy whereas M2 macrophages
tend to resort to oxidative phosphorylation for a slower but sustained energy supply in the form
of ATP (O’Neill et al., 2016). In fact, during inflammation, the increase in glycolysis in M1
macrophages promotes pro-inflammatory cytokine production (O’Neill et al., 2016). Thus, 1
wanted to determine if the higher amounts of pro-inflammatory cytokines produced in WT
BMDMs in comparison to FoxO3a-deficient BMDMs were the result of an alteration of
metabolism by FoxO3a signaling. To do that, I evaluated the impact of glycolysis on cytokine
production during ST infection in WT and FoxO3a-deficient macrophages by inhibiting
glycolysis with the glucose analog 2-DG. Treatment with 2-DG resulted in reduced cell survival
during infection, indicating the importance of glycolysis for macrophage survival during ST
infection. I did not note any difference in survival between WT and FoxO3a-deficient BMDMs,
which indicates that FoxO3a did not impact 2-DG-induced cell death. Most cytokines, including
IL12, IL1PB, and 11.10, were decreased upon 2-DG treatment. This could either confirm that
glycolysis is required for cytokine production during infection, or these results could simply be
due to the reduction in cell survival observed upon 2-DG treatment. However, the differences
in IL12 and IL.10 concentrations between WT and FoxO3a-deficient BMDMs were not
abrogated by inhibiting glycolysis, indicating that FoxO3a does not regulate these cytokines
through glycolysis. Thete was a subtle increase in IL1P production in FoxO3a-deficient
macrophages compared with WT cells after inhibition of glycolysis, which might suggest that

FoxO3a limits IL1B production when glycolysis is inhibited during infection. However, since
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there were no differences in cell death between both groups, it is unlikely that the reduction in
IL1B was associated with reduced pyroptosis. IL6 concentrations remained unchanged after 2-
DG treatment. A previous paper reported that during infection of BMDMs with the bacterium
Bordetella pertussis, inhibition of glycolysis with 2-DG reduced IL1f but did not affect IL6 at the
transcriptional level (Tannahill et al., 2013). These findings are similar to my data with ST.
However, in that paper, they also found that TNFa transcription and protein levels were
unaffected by 2-DG in these settings whereas my results indicated that TNF concentration was
reduced in WT cells when glycolysis was inhibited. These differences might be due to the
difference in the bacteria used. Interestingly, while TNFo was reduced in infected BMDMs from
WT mice, the TNFa levels remained unchanged in FoxO3a-deficient BMDMs following 2-DG
treatment. These data suggest that during ST infection, FoxO3a up-regulates TNFa through
glycolysis suggesting that increasing the glycolytic capacity of a cell could increase its production
of TNFa through FoxO3a-signaling. It has been shown before that FoxO3a is a negative
regulator of glycolysis in IL.3-dependent hematopoietic FL5.12 liver cells (Khatri et al., 2010). A
recent report published by the Sad laboratory indicated that FoxO3a signaling had no effect on
glycolysis during ST infection, as determined by L-lactate production, an end product of

glycolysis (Joseph et al., 2010).

As mentioned above, M2 macrophages rely on oxidative phosphorylation for energy
(O’Netll et al., 2016). Oxidative phosphorylation consists of serial redox reactions that produce
ATP through the electron transport chain (ETC), which is a group of proteins located in the
inner mitochondrial membrane. Hence, mitochondrial biogenesis can contribute to increasing
oxidative phosphorylation (O’Neill et al., 2016). Thus, I evaluated the impact of FoxO3a on the

number of mitochondria during ST infection by measuring mitochondrial DNA (MtDNA) copy
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numbers. Although WT macrophages displayed an increase in MtDNA copy numbers after
infection, these numbers did not change in FoxO3a-deficient macrophages even though these
cells were more anti-inflammatory as indicated by their cytokine production profiles. Unlike my
results, a study by Ferber and colleagues (2012) found that FoxO3a signaling reduced MtDNA
copy numbers and negatively regulated mitochondrial respiration in a human epithelial cell line.
Many factors could explain the differences between my results and the report by Ferber et al.
(2012), such as the different cell types from different species that were used. Overall, my results
suggest that FoxO3a signaling promotes mitochondrial biogenesis or prevents degradation of

mitochondria during ST infection.

I also assessed mitochondprial function in BMDMs by evaluating the oxygen
consumption rate (OCR), as well as the mitochondrial membrane potential. Compared with
uninfected cells, the basal OCR and the mitochondrial membrane potential were reduced after
ST infection of macrophages, which was expected since infected cells are known to upregulate
glycolysis to the detriment of mitochondrial respiration (O’Neill et al., 20106). I observed that in
contrast to WT cells, the basal OCR was slightly reduced in FoxO3a-deficient cell following ST
infection. These results were consistent with the MtDNA copy number data that was also lower
in FoxO3a-deficient BMDMs after infection. ATP-associated OCR, which is defined as basal
OCR minus OCR after ATP synthase inhibition by oligomycin (Reily et al., 2013) did not appear
to be affected by FoxO3a. This finding was confirmed by assessing the mitochondrial
membrane potential, which is a more direct measure of ATP-associated mitochondrial function
(Perry et al., 2011) and was similar between WT and FoxO3a-deficient BMDMs upon ST
infection or LPS treatment. These data suggest that even though FoxO3a signaling appears to

up-regulate the number of mitochondria and promote oxygen consumption after infection, it
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does not affect mitochondrial membrane potential and possibly ATP production although this
last possibility remains to be confirmed by direct measures of ATP production. The impact of
the increased mitochondrial biogenesis and oxygen consumption in cells with a functional
FoxO3a protein after infection also remains to be understood. Rimmelé et al. (2015) noted
decreased oxygen consumption in FoxO3a-deficient HSCs — which I also observed in
macrophages but only after ST infection —, as well as a reduction in ATP production in these
cells. Rimmelé and colleagues also found that mitochondrial membrane potential was increased
in these cells, which they suggest was a compensatory mechanism to palliate the reduction in
ATP. I have found that the reduced oxygen consumption after infection in FoxO3a-deficient
BMDMs was not associated with any change in mitochondrial membrane potential, which
indicates that there might be less ATP produced in these cells although this remains to be

confirmed.

Interestingly, mitochondrial membrane potential appeared to be lower in FoxO3a-
deficient macrophages before infection, even though oxygen consumption was similar between
both groups at this point. These results suggest that despite normal oxygen consumption,
FoxO3a might promote mitochondrial activity in uninfected macrophages. The mechanism of

that increased mitochondrial activity by FoxO3a signaling also remains to be unveiled.
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5. CONCLUSION

The work presented in this thesis reveals that FoxO3a plays a role in the promotion of
inflammation. First, my results consolidated previous findings indicating that FoxO3a negatively
regulates splenic and circulating myeloid cell numbers (Dejean et al., 2009; Yalcin et al., 2010).
FoxO3a had a less consistent role in the regulation of lymphoid cell numbers. No differences
were observed in terms of bone marrow myeloid cell numbers or myeloid progenitor cell
numbers. A few possibilities that could explain the lower spleen and blood myeloid cell counts
in WT mice would be that FoxO3a controls cell cycling or regulates egress from the bone
marrow for example. The mechanism behind that phenomenon remains to be uncovered. My
results also revealed that after ST infection, spleen and blood cell numbers were similar between
WT and FoxO3a-deficient mice. Thus, FoxO3a did not appear to play a role in the regulation of

peripheral myeloid cell numbers during ST infection.

Although FoxO3a was not found to play a role in the regulation of myeloid cell numbers
during infection, it was found to profoundly affect macrophage function, specifically the
expression of pro/anti-inflammatory cytokines by macrophages. Even though there was no
impact of FoxO3a on ST-induced cell death, FoxO3a signaling was found to promote pro-
inflammatory cytokine production upon infection — namely TNFa, IL12, and IL1J at the
transcriptional level — as well as IL6, while inhibiting the anti-inflammatory cytokine IL.10. Since
type I IFN was also lower in W'T cells, it is possible that FoxO3a regulated I1.10 through these
cytokines although this remains to be confirmed. As mentioned eatlier, a recent report from the
Sad laboratory has demonstrated that FoxO3a-deficient mice are more susceptible to ST
infection than WT mice (Joseph et al., 2016). It is unclear whether FoxO3a-mediated survival of

the host during ST infection is mediated by specific cytokines. I vitro infection data indicated
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that inhibition of I11.10 did not revert the reduced ILL12 production in FoxO3a-deficient
macrophages to WT levels, but current research in our laboratory will investigate how inhibition
of IL.10 7n vive in FoxO3a-deficient mice impacts survival during ST infection. Together, these
results indicate that up-regulation of FoxO3a activity might have beneficial effects on host
survival during ST infection and possibly other intracellular bacterial infections. Identifying the
upstream regulators of FoxO3a signaling during infection would also provide us with precise
targets and ways to increase FoxO3a activity in order to promote inflammation. FoxO3a
affected cytokine profiles but not classical (M1) or alternative (M2) macrophage polarization.
Nevertheless, it seemed to prevent expression of regulatory macrophage (M,,,) markers, which
indicates FoxO3a signaling might have a role in controlling differentiation towards this
phenotype. M,,, macrophages ate known to downregulate inflammation and thus are supposed
to have an adverse effect on vaccine efficacy, which requires potent inflammatory responses
(Mosser and Edwards, 2008). Thus, perhaps preventing this phenotype by increasing FoxO3a
activity could be used during ST infection or vaccination to improve the host response. The data
presented in this thesis also unveil a role of glycolysis in the generation of FoxO3a-dependent
TNFa and in the production of other cytokines including 11.12, IL1f, and I1.10. This means that
modulating glycolysis during infection could be used for instance to prevent septic shock which
is associated with aberrant cytokine signaling (Coburn et al., 2007). Finally, FoxO3a was found
to increase mitochondrial membrane potential before infection. After infection, the transcription
factor seemed to increase the number of mitochondria as estimated by the number of
mitochondrial DNA copy numbers, as well as to promote oxygen consumption in macrophages.
These findings reveal novel roles of FoxO3a in macrophage metabolism. Understanding how

FoxO3a regulates metabolism and the downstream effects of this regulation are important. Since
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mitochondria are a source of sustained ATP production, FoxO3a could promote cellular activity

through its effect on these organelles.

Collectively, these results highlight the importance of FoxO3a signaling on macrophage
inflammation during bacterial infection. Through the regulation of different cellular processes
(Figure 38), FoxO3a promotes the inflammatory response in macrophages and thus appears to

be an ideal target to enhance vaccine or therapeutic efficacy against intracellular bacteria such as

ST.
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Figure 38. Model of the role of FoxO3a in inflammation in BMDMs

Salmonella infection causes enhanced pro-inflammatory cytokine transcription through FoxO3a
signaling. At the same time, IL.10 is inhibited, possibly through type I IFN. FoxO3a signaling also
promotes an increase in the number of mitochondria, as well as an increase in oxygen consumption,
which might together upregulate ATP production.
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