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Abstract 

Inflammatory bowel disease (IBD) affects about 322,600 Canadians and is expected 

to rise to 470,000 Canadians by 2035. Crohn’s disease (CrD) is a severe form of IBD, and in 

acute cases requires hospitalization and surgical intervention. CrD is mediated by complex 

gene-environment interactions where many genetic and environmental factors are associated 

with the disease. Current treatments manage the symptoms, but treatments that tackle the 

underlying cause are needed to improve patient outcomes. In this study, a novel mouse model 

for CrD was developed in which a susceptibility allele (IL-10) and a progression allele 

(Foxo3a) are deactivated. Foxo3a-/-IL-10-/- mice spontaneously develop a Crohn’s-like 

phenotype consistent with CrD in humans. Regulatory T cells (Tregs) play an important role 

in mediating immune homeostasis and peripheral self-tolerance, thus playing a key role in 

preventing chronic inflammation. DCs are important in regulating the response to the gut 

microbiota. This study demonstrates that Foxo3a plays a key role in maintaining the 

differentiation, stability, and suppressive capacity of Tregs in IL-10-deficient mice. This study 

demonstrates that Foxo3a plays a role in the in vitro differentiation of moDCs. Additionally, 

the results of this study indicate that excessive cytokine production by DCs can be inhibited 

through a variety of pathways. Foxo3a also regulates a key checkpoint in Treg differentiation 

and stability in IL-10-deficient mice. In sum, Foxo3a and IL-10 play antagonistic roles that 

maintain proper Treg and DC function and development. This study reveals novel pathways 

that can be targeted for therapeutic intervention in IBD. 
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1.0 Introduction 

1.1 Innate Immune System 

The immune system is comprised of two branches: the adaptive immune system and 

innate immune system. Both branches are made of a complex network of organs, cells, and 

proteins that protect the body from endogenous and exogenous threats and maintain 

homeostasis. The innate immune system serves as the first line of defence against invading 

pathogens. Pathogens can be broken down into four categories: viruses, bacteria, parasites, 

and fungi. The first defences an invader encounters are chemical and physical barriers. For 

example, the skin physically separates the inside and outside of the body and has high acidity 

not conducive to pathogen survival. If a pathogen overcomes these barriers, they will 

encounter the complement system, antimicrobial peptides, and phagocytic immune cells. 

Macrophages and neutrophils are the phagocytic cells that play the most predominant role in 

innate immunity. Dendritic cells (DCs) also phagocytose pathogens but use the deconstructed 

pathogens to alert the immune system of the invader.  

 A long-established defining characteristic of the innate immune response is the speed 

at which the response is mounted1. To facilitate the quick response time, the innate immune 

system must recognize pathogens non-specifically. Innate immune cells recognize 

evolutionarily conserved structures on pathogens, called pathogen-associated molecular 

patterns (PAMPs) through pattern recognition receptors (PRRs)2. Lipopolysaccharides (LPS), 

flagellin, and peptidoglycans are present on many pathogens and activate the innate immune 

system through recognition by PRRs3-5. Recognition of PAMPs by PRRs trigger signaling 

pathways, which activate transcription factors such as the nuclear factor-κB (NF-κB)6. Nuclear 

transcription factors such as NF-κB regulate the transcription of genes leading to the 

production of pro-inflammatory cytokines, chemokines, defence receptors, and immune cell 
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recruitment. All these factors lead to inflammation, which helps kill the invading pathogen, at 

the infection site. 

1.1.1 Monocytes 

Monocytes differentiate from progenitors in the bone marrow (BM) and circulate 

throughout the body7. Once they have migrated into peripheral tissues, monocytes can 

differentiate into macrophages and DCs8, 9. Murine monocytes are separated into two classes 

that differ in Ly-6C expression: inflammatory monocytes (Ly-6Chi), and patrolling monocytes 

(Ly-6Clow)10. Inflammatory monocytes tend to differentiate into macrophages, while patrolling 

monocytes differentiate into DCs10. Thus, the primary role of monocytes is to replenish 

macrophages and DCs in peripheral tissue. 

 During infection, monocytes are recruited to the sites of infection via C-C chemokine 

receptor (CCR2)-mediated recruitment11. Once in the peripheral tissues, a suite of PAMPs, 

inflammatory signals, and growth factors are balanced to induce monocyte differentiation into 

DCs12, 13. Granulocyte-macrophage colony-stimulating factor (GM-CSF) has been shown to 

have a great impact on DC generation from monocytes in vivo as mice deficient for the GM-

CSF receptor have a reduction in DC subsets, but conversely, seems to not be necessary for 

the differentiation of inflammatory DCs14. In contrast, in vitro differentiation of DCs from 

monocytes is much simpler. BM cells cultured with GM-CSF induce differentiation, while other 

studies report the necessity of GM-CSF and interleukin-4 (IL-4) for the in vitro differentiation 

of monocyte-derived DCs15, 16. Interestingly, some studies have also shown that monocytes 

and/or monocyte-derived DCs promote T cell responses in draining lymph nodes17, 18. 

Macrophage differentiation from monocytes is much simpler; both in vitro and in vivo models 

suggest that macrophage colony-stimulating factor (M-CSF) is responsible for differentiation 

of macrophages from monocytes19. 
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1.1.2 Dendritic Cells 

DCs are professional antigen presenting cells (APCs). DCs are responsible for 

phagocytosing and breaking down pathogens, then presenting antigens to lymphocytes20. 

This process is indispensable in beginning the activation of the innate immune response. 

Upon antigen capture and recognition of PAMPs or stimulation by pro-inflammatory cytokines, 

DC maturation is induced. Upon maturation, major histocompatibility complex II (MHCII) 

bound to antigens are trafficked to the cell membrane via endosomal compartments21. DCs 

also up-regulate the expression of the co-stimulatory molecules cluster of differentiation 80 

(CD80) and CD86, MHC I, T cell adhesion molecules, and chemokine receptors22. 

Upregulation of CCR7 allows DCs to migrate to secondary lymphoid organs, like the draining 

lymph nodes, where they present antigens to T cells23. DCs also play other important roles in 

the initial immune response. DCs produce cytokines and recognize pathogens early, 

activating the surrounding innate immune cells (e.g., innate lymphoid cells (ILCs) and/or 

natural killer (NK) cells)24, 25. 

1.1.2.1 DC Subsets and Differentiation 

DCs originate from both a myeloid and lymphoid origin. DCs are classified into unique 

subsets: conventional DCs (cDC), which are further classified as cDC1 and cDC2; 

plasmacytoid DCs (pDCs); monocyte-derived DCs (moDCs); and Langerhans cells (LCs). 

cDCs undertake the conventional role of antigen presentation and activation of T cells. pDCs 

are poor antigen presenters and are specialized at producing type I interferons (IFN-I)26. 

moDCs differentiate in the presence of inflammation in mucosal tissues and promote Th1 and 

Th17 differentiation27. LCs are also antigen presenting cells that reside in the stratified 

squamous epithelium28. cDC1s and cDC2s both differentiate from common myeloid 

progenitors (CMP) and common lymphoid progenitors (LMP)29, 30. Some studies, however, 

suggest that cDCs originate only from a myeloid origin31. The majority of pDCs originate from 
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myeloid CDPs, while a minority of pDCs seem to be of lymphoid origin32, 33. moDCs 

differentiate from monocytes as described above. Overall, DCs have diverse origins and 

specialized functions, and their relative proportions are modulated based on need.  

1.1.2.2 DC Cytokine Production 

DCs produce pro-inflammatory cytokines to aid with the innate and adaptive immune 

response. pDCs and moDCs primarily play the role of cytokine producers. Upon activation 

and maturation, via stimulation with PAMPs and pro-inflammatory cytokines, DCs produce 

cytokines of their own. Under pro-inflammatory conditions, DCs will produce pro-inflammatory 

cytokines, primarily IL-12p70, IL-6, and tumor necrosis factor α (TNF-α). Stimulation with LPS 

leads to low level production of IL-6 and TNF-α, but live bacteria in vitro are needed for the 

production of IL-12p7034. Increased production of these pro-inflammatory cytokines is often 

linked with diseased states. IL-6 causes differentiation of plasma cells, proliferation of 

cytotoxic T cells, differentiation of Th17 cells, and the production of IL-2, the latter of which 

contributes to T cell proliferation35-37. IL-12 is essential for proliferation and differentiation of 

Th1 cells38, 39. TNF-α is strongly linked with the pathogenesis of many autoimmune diseases, 

and αTNF-α antibodies have proven to successfully treat these autoimmune diseases40, 41. 

 

1.2 Adaptive Immune System 

The adaptive immune system differs from the innate immune system in that it 

responds much slower, but it develops a specific, targeted response to the invading pathogen. 

The adaptive immune system also retains memory of past infections so that it can fight them 

off more effectively in the future. The adaptive immune system is effective in killing its targets; 

thus, it is imperative that it does not attack the host. One of the most important aspects of the 

innate immune system is its ability to distinguish what is self and what is foreign. Failures of 
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this system result in autoimmune diseases. The adaptive immune system also works in tight 

conjunction with the innate immune system. To avoid unnecessary reactions, the adaptive 

immune system is only activated when innate immune cells recognize PAMPs, which identify 

dangerous pathogens. Problems with this interaction result in allergies.  

 The adaptive immune response is mediated by B and T cells. B cells are primarily 

responsible for antibody production, while T cells play a variety of roles depending on their 

distinct subset and are necessary for mounting a robust immune response42, 43. What allows 

B and T cells to mount a specific response to pathogens is the B cell receptor (BCR) and T 

cell receptor (TCR). The BCR and TCR have incredible diversity in their ability to bind 

antigens through random recombination of Variable (V), Diversity (D), and Joining (J) regions 

of the receptors44-46. The diversity of BCRs and TCRs on B cells and T cells, respectively, is 

what allows the adaptive immune system to mount a specific response to a pathogen. Another 

subset of lymphoid cells are NK cells. The primary role of NK cells is to destroy infected and 

tumor cells through cell-to-cell interactions47-49. Recently, ILCs have been discovered that do 

not express the TCR and mount both innate and adaptive responses to pathogens50. 

1.2.1  T Cell Activation 

T cell activation requires three signals. Signal one is the recognition of an antigen on 

an MHCII of an APC by the T cell’s TCR51. Signal two is the co-stimulatory signal provided by 

CD80 and CD86 on an APC, both of which are ligands to CD28 on T cells. Signal three is 

provided by cytokines secreted by APCs and other immune cells. Signal 3 also determines 

the lineage of the T cell. Upon TCR engagement with an antigen, many pathways are 

activated, such as extracellular signal regulated kinase (ERK), c-JUN N-terminal kinase 

(JNK), NF-κB, and nuclear factor of activated T cells (NFAT), all of which contribute to the 

induction of effector functions52-54. Co-stimulation through CD28 leads to an increase in 
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production of IL-2, an increase in T cell proliferation, and T cell viability55. IL-2 promotes T cell 

survival by activating the protein kinase B (AKT) pathway56. Without CD28 co-stimulation, the 

threshold for T cell activation is much higher57. Full activation of CD8+ and CD4+ T cells 

requires IL-12 and IFN-I and IL-1, respectively, to develop full effector functions58, 59. 

Upon activation, CD4+ T cells express the surface marker CD25 and differentiate into 

various helper T cell subsets while CD8+ T cells differentiate into different cytotoxic T cell 

subsets, all of which express various identifying markers. Activation allows CD4+ and CD8+ T 

cells to carry out their respective functions related to host defense. In general, activated CD4+ 

T cells help activate innate immune cells, B cells, CD8+ T cells, and nonimmune cells, and 

prevent an excessive immune reaction. In contrast, activated CD8+ T cells (cytotoxic) kill 

infected or malignant cells through effector cytokines, cytotoxic granules, and death receptor-

dependant cytotoxicity60-62.  

1.2.2  T Cell Development 

T cell development starts in the BM. T cell precursors migrate from the BM to the 

thymus in early stages of life. The thymus secretes thymosin, thymotaxin, thymopoietin, and 

other thymic factors, all of which collectively draw the T cell precursors to the thymus. In the 

thymus, T cell precursors begin expressing TCRs, CD8, and CD4 (double-positive T cell). 

Thymic epithelial cells expressing MHCI and MHCII then bind CD8 and CD4, respectively; 

this binding process is called positive selection63-66. If this recognition event does not happen, 

the double positive T cell undergoes apoptosis through FAS signaling67. After positive 

selection, the double-positive T cell then interacts with thymic epithelial cells presenting self-

antigens on MHCI and MHCII. If the TCR on the double-positive T cell recognizes the self- 

antigen, it undergoes apoptosis through FAS signaling; this latter process is called negative 

selection68, 69. Lastly, the double-positive T cell arbitrarily interacts with either an MHCI+ or 
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MHCII+ thymic epithelial cell. If it interacts with an MHCI+ thymic epithelial cell, it down-

regulates CD4 and upregulates CD8, creating a CD8+ T cell. The opposite happens when the 

double-positive T cell interacts with an MHCII+ thymic epithelial cell, creating a CD4+ T cell70. 

These T cells then migrate into the secondary lymphoid organs to await antigen presentation, 

activation, and maturation.  

1.2.3 CD8+ T cells 

 CD8+ T cells are responsible for killing (i.e. lysing) infected or malignant cells. Upon 

recognition of an antigen on an MHCI of a DC, CD8+ T cells become activated and expand in 

number. Most of this expanded population will be effector CD8+ T cells tasked with killing the 

infected cells, while a minority of the population become memory CD8+ T cells71. Activated 

CD8+ T cells will make the metabolic switch from oxidative phosphorylation to aerobic 

glycolysis to meet the demands of making new cells72. IL-2 and IL-12 both play critical roles 

in the development of effector functions in activated CD8+ T cells73, 74. When effector CD8+ T 

cells bind an antigen on the surface of a cell, they release granules containing perforin and 

granzymes. Perforin creates pores in the membrane of the target cell, contributing to cell 

death75, 76. Granzymes induce apoptosis in the target cell through a number of pathways 

including the activation of caspases77. Memory CD8+ T cells are responsible for maintaining 

molecular memory of defense against the pathogen. This information is conserved in their 

TCR, so that if the pathogen returns, the immune system can fight it off more efficiently78. 

When a pathogen has been cleared, the majority of effector CD8+ T cells undergo apoptosis, 

while memory T cells persist in the blood, secondary lymphoid organs, and non-lymphoid 

tissues79. 
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1.2.4 CD4+ T cells 

CD4+ T cells facilitate the activation of other immune cells and regulate the immune 

response. CD4+ T cells are separated into several subsets: Th1, Th2, Th17, follicular helper 

T cell (Tfh), and regulatory T cells (Tregs). Th1 cells express the transcription factor t-box 

expressed in T cells (T-bet) and signal transducer and activator of transcription 1 (STAT1). 

They are involved in the type I T cell response, producing IFN-γ80, 81. Th1 cells are primarily 

responsible for activating macrophages and cytotoxic T cells and mediating the immune 

response against intracellular pathogens82. Upon activation, CD4+ T cells will differentiate into 

Th1 cells if signal 3 is provided by IL-12 or IFN-γ38, 39, 83. Th2 cells express the transcription 

factor GATA binding protein 3 (GATA-3) and STAT684. They are involved in the type II T cell 

response, producing IL-4, IL-5, IL-9 and IL-1380. Th2 cells are responsible for mediating the 

B cell immune response and defence against parasites85, 86. Upon activation, CD4+ T cells will 

differentiate into Th2 cells if signal 3 is provided by IL-487. Th17 express RAR-related orphan 

nuclear receptor γt (RORγt) and STAT3 and are involved in the type III T cell response, 

producing IL17 and IL-2236, 88, 89. This response is important for the immune response to 

extracellular bacteria and fungal invasion90, 91. Th17 cell differentiation from activated CD4+ T 

cells is associated with IL-6 and transforming growth factor β (TGF-β) in vitro92. Tfh express 

B cell lymphoma 6 (Bcl-6) and are involved in forming germinal centres. Tfh differentiation is 

governed through IL-6 and interaction with B cells in the follicles of secondary lymphoid 

organs93. Tregs express forkhead box class P3 (Foxp3) and are involved in maintaining self- 

tolerance and in regulating the immune response. A subset of activated CD4+ T cells also 

become memory CD4+ T cells. The memory CD4+ T cells persist after infection so that when 

a pathogen returns, CD4+ T cells with a TCR that recognizes the pathogen are able to mount 

a quick response and fight off the pathogen94. 
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1.2.5  Regulatory T cells 

Tregs were first identified as being CD4+CD25+ T cells that were able to protect 

against autoimmunity caused by neonatal thymectomy95. This was followed by great 

controversy as to the actual existence of Tregs. The seminal finding that led to their 

acceptance was the discovery of the transcription factor Foxp3 and its mostly unique 

expression in Tregs96. Foxp3 serves as a global regulatory transcription factor of Treg 

function97. A decrease in the expression of Foxp3 leads to a decrease in their ability to 

suppress the proliferation of T cells97. Foxp3 is the only reliable marker for Treg identification 

discovered to date. The primary roles of Tregs are to prevent autoimmune disease by 

maintaining self-tolerance, suppressing immune responses to non-threatening antigens (e.g., 

allergy, fetus, weak antigen simuli, etc.), and protecting commensal bacteria from immune 

responses95, 98-101.  

1.2.5.1 Treg subsets 

Treg populations in vivo are heterogenous and are broken down into well-established 

general subsets, and less well-established specific subsets. Tregs that have committed to 

their lineage and/or differentiated in the host are termed natural Tregs (nTregs). nTregs are 

further divided into thymic Tregs (tTregs) and peripheral Tregs (pTregs). tTregs originate from 

the thymus, whereas pTregs differentiate from naïve CD4+ T cells in the periphery. tTregs are 

separated from pTregs based on their expression of Helios, where tTregs are Helios+ and 

pTregs are Helios- 102. In vitro generated Tregs from naïve CD4+ T cells are called induced 

Tregs (iTregs). iTregs are also Helios-. tTregs are able to trigger the generation of pTregs in 

vivo and iTregs in vitro from Foxp3-CD4+ T cells103. Thus, it is possible that tTregs play an 

important role in the development of pTregs.  
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Tregs are needed to suppress diverse immune responses and, therefore, need to 

acquire specialized function in the periphery, becoming effector Tregs (eTregs). The 

determining factor for their specialization is their TCR affinity104. Low-affinity TCR eTregs 

upregulate TCR-independent suppressive pathways including Epstein-Barr virus induced 

gene 3 (Ebi3) and amphiregulin. Ebi3 is responsible for IL-35-mediated suppression and 

amphiregulin is a growth factor involved in tissue regeneration105, 106. High-affinity TCR eTregs 

upregulate TCR-dependant suppressive pathways, including cytotoxic T-lymphocyte 

associated protein 4 (CTLA-4), T cell immunoreceptor with Ig and ITIM domains (TIGIT), 

lymphocyte activation gene 3 (Lag3), and IL-10107. eTregs also develop specialized functions 

unique to the tissue, such as RORγt+ eTregs in the lamina propria of the intestine that have 

enhanced suppressive capacity unique to that tissue108. It is hypothesized that these 

specializations arise from the unique inflammatory environment of the tissue in health or 

disease109. Characterizing eTreg specializations in other tissues has yet to be fully elucidated.  

1.2.5.2 Treg differentiation 

Tregs differentiate through two different pathways in vivo. Firstly, tTregs differentiate 

in the thymus. When exposed to self-antigens in the canonical negative selection step of T 

cell maturation, CD4+ T cells with higher affinity to the self antigen than conventional T cells, 

but lower than conventional T cells which undergo apoptosis, become Foxp3 expressing 

Tregs110. Many pathways downstream of TCR signaling such as NF-κB, DNA 

methyltransferase activity, mammalian target of rapamycin (mTOR), sphingosine-1 

phosphate receptor type 1 (S1P1), NFAT,  forkhead box class O1 (Foxo1), and Foxo3 have 

been shown to play important roles in tTreg development111-116. IL-2, and to a lesser degree, 

IL-7 and IL-15, also play an important role in tTreg differentiation117, 118. Evidence suggests 

that this is potentiated through STAT5 signaling119. It seems that tTreg generation is 
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independent of TGF-β signaling or that TGF-β signaling is redundant in tTreg development120, 

121. 

  pTregs differentiate from naïve CD4+ T cells in the periphery. pTreg development 

seems to be distinct from tTreg development in that TCR engagement does not happen with 

self-antigens, rather it occurs with allergens or commensal bacteria122-124. The TCR repertoire 

of pTregs seems to be specific to the antigens encountered in the tissues in which they 

reside124. High affinity TCR recognition along with insufficient co-stimulation favour Foxp3 

induction in CD4+ T cells125. In contrast to tTregs, pTreg differentiation requires TGF-β induced 

signaling in the periphery126. IL-2 is also necessary for the differentiation of pTregs by 

preventing the differentiation of CD4+ T cells into Th17 cells, likely through STAT5-mediated 

activation of Foxp3 expression127. TGF-β and TCR signaling both prevent the recruitment of 

DNA methyltransferases to the Foxp3 locus, preventing methylation and promoting 

expression of Foxp3123.   

1.2.5.3 Treg Suppression and Cytokine Production 

 Tregs play a role in suppressing the functions of a variety of immune cells, but the 

primary immune cells they express are T cells. Tregs suppress T cells through the following 

mechanisms: production of anti-inflammatory cytokines, cell-to-cell interactions, IL-2 

consumption, adenosine production, cAMP production, and extracellular vesicles (EVs) 

(Figure 1). If one of the suppressive mechanisms is compromised, Tregs are still able to 

suppress T cells through the remaining mechanisms. Tregs are also plastic in nature, being 

able to acquire the expression of other helper T cell subset specific transcription factors. This 

acquirement seems to allow them to inhibit their T helper counterparts more effectively128-131. 
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Figure 1. Treg suppression pathways. Created in BioRender. 
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Tregs produce TGF-β, IL-10, and IL-35, all of which are potent anti-inflammatory 

cytokines. Tregs produce high amounts of TGF-β, and blocking their production reduces their 

suppressive capacity in vitro132. TGF-β production by Tregs has been shown to be necessary 

to prevent colitis in mouse models133, 134. TGF-β production also induces the differentiation of 

pTregs as outlined above, increasing the number of pTregs and contributing to suppression. 

IL-10 has been shown to have anti-inflammatory effects on multiple cell types135. IL-10 is an 

important mediator of intestinal inflammation, and its absence prevents Tregs from preventing 

colitis136. IL-10 is needed to suppress Type I and Type 3 T cell responses but seems to be 

needed only in suppressing inflammation at environmental interfaces137-139. IL-35 production 

in Tregs inhibits T cell proliferation in murine models but is not constitutively expressed in 

human Tregs105, 140. 

 Tregs express high levels of CD25, the IL-2 receptor alpha chain (IL-2Rα). IL-2 

promotes the survival and proliferation of T cells. IL-2Rα has a higher affinity to IL-2 than IL-

2R, therefore increased expression of CD25 on Tregs causes consumption of the IL-2 needed 

for T cell proliferation and survival. Addition of exogenous IL-2 is able to prevent the 

suppression of T cell proliferation by Tregs in vitro141. Other studies show that blocking CD25 

on human Tregs does not result in a decrease in suppression142. This may occur because of 

compensatory mechanisms. Overall, it remains unclear as to the necessity of IL-2 

consumption to the suppressive capacity of Tregs. It appears that the requirement of IL-2 

consumption may be dependant on the specific environment in which the Tregs are acting. 

 Tregs suppress other immune cells through direct cell-to-cell interactions using a 

variety of cell surface receptors. CTLA-4 is expressed on the cell surface of activated T 

regs143, 144. CTLA-4 competes with CD80 and CD86 for binding to CD28, preventing co-

stimulation and Signal 2 for the activation of T cells145.  Mice with Tregs lacking CTLA-4 
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develop fatal autoimmune disease, demonstrating the importance of CTLA-4 to Treg 

function146. Tregs also express Lag-3, which binds to MHCII molecules, and thus inhibits the 

ability of APCs to activate T cells147. Tregs can express TIGIT, which binds to CD155 on DCs 

and prevents IL-12 production and which is also involved in suppressing T cell activation and 

proliferation148, 149. Through these interactions, Tregs inhibit the contacts between T cells and 

DCs necessary for T cell activation150. Tregs also express granzyme A and granzyme B, both 

of which have been shown to contribute to the contact-dependant suppression of T cells by 

Tregs151, 152.  

 Tregs express the molecules CD39 and CD73 on their surface153, 154. Both CD39 and 

CD73 convert extracellular adenosine triphosphate (ATP) to adenosine diphosphate (ADP) 

or adenosine monophosphate (AMP). AMP inhibits DC and T cell function through the A2A 

adenosine receptor by elevating cyclic AMP (cAMP) levels155. Tregs that lack expression of 

CD39 have compromised suppressive activity in vitro and in vivo156. Tregs also produce high 

amounts of cAMP157. cAMP induces expression of the inducible cAMP early receptor (ICER), 

which acts as a repressor at the loci for IL-2 and IL-4, key proteins for T cell proliferation, and 

survival158.  

 EVs are secreted by many different cell types and maintain many of the properties 

unique to the cell type of origin. Treg EVs mediate suppression of immune cells in a contact-

independent manner. Similar to Tregs, Treg EVs express high levels of CD25, low-levels of 

CTLA-4, CD73, and CD39159. These proteins perform the same functions on Treg EVs as 

they do on Tregs. Treg EVs also express surface-bound IL-35160. Treg EVs contain micro 

RNAs (miRNA). miRNAs bind to specific DNA sequences, negatively regulating their 

expression. Some of these Treg EVs inhibit specific immune responses. For example, Treg 

EVs contain miR-155, let-7b, and let-7d to Th1 cells, all of which inhibit their proliferation and 
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production of IFN-γ161. Treg EVs also contain miRNA that inhibit DC function such as miR-

150-5p and miR-142-3p, both of which induce DCs to be polarized into a tolerogenic 

phenotype162. Treg EVs transfer miR-503 along with inducible nitric oxide synthase (iNOS) 

enzyme, both of which induce apoptosis in the target cell163. Other miRNA in Treg EVs inhibit 

the differentiation of naïve CD4+ T cell into pro-inflammatory subsets164. 

 

1.2.5.4 Treg Stability 

 Under homeostatic conditions, the expression of Foxp3 in Tregs is stable165. In an 

autoimmune environment, a subpopulation of Tregs lose Foxp3 expression, contributing to 

inflammation166. The basal promotor for Foxp3 is weak at inducing transcription of Foxp3167. 

This means that the induction of Foxp3 requires other enhancers and promotors to facilitate 

and maintain its expression. The conserved non-coding sequence 1 (CNS1) is critical for 

TGF-β mediated differentiation of Tregs. CNS1 contains binding sites for NFAT, retinoic acid 

receptor (RAR), and TGF-β-activated mothers against decapentaplegic homolog 3 (Smad-

3)168. CNS3 seems to be the earliest mediator of initiation of Foxp3 expression, as CNS3 

accessibility is linked with the probability of Foxp3 expression among CD4+ T cell 

precursors121. CNS3 is also responsible for setting the threshold of TCR stimulation needed 

for Foxp3 expression169. 

iTregs have unstable Foxp3 expression, stemming from the heavily methylated CNS2 

region170. Other studies have shown that demethylation at the Foxp3 promotor and CNS2 are 

needed for stable Foxp3 expression171, 172. An inhibitor of DNA methylation, azacytidine, and 

iTregs stimulated with IL-2-anti-IL-2 antibody complex both demethylated CNS2 and 

promoted Foxp3 stability173, 174. DNA demethylation is regulated by 5-hydroxymethylcytosine 

(5hmC) and the ten-eleven translocation (TET) family of enzymes175-177. Interestingly, vitamin 
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C has been shown to activate TET enzymes, leading to demethylation of CNS2176. 

Foxp3/Runx1/CBFβ protein complexes, CREB/ATF, NF-κB, and Ets-1 all bind to CNS2 and 

facilitate stable expression of Foxp3121, 178. Thus, CNS2 is responsible for Foxp3 stability in 

response to TCR stimulation171. 

  

1.3 Immunometabolism 

 There are six main metabolic pathways that cells use: glycolysis, the tricarboxylic acid 

(TCA) cycle, the pentose phosphate pathway (PPP), fatty acid synthesis, fatty acid oxidation, 

and amino acid metabolism. Activated immune cells use large amounts of glucose to power 

their activated states179, 180. Activated cells use glycolysis because they can quickly upregulate 

the enzymes needed to increase the rate of glycolysis. Glycolysis also provides many key 

intermediates that support cell growth181. The PPP produces large amounts of nicotinamide 

adenine dinucleotide phosphate (NADPH), which is important to both the production of 

reactive oxygen species and antioxidants via NADPH oxidase used for clearing infections by 

neutrophils and macrophages182. The PPP is also required to produce nucleotides needed for 

cellular proliferation. The TCA cycle is used by most T cell subsets, although as mentioned 

previously, effector T cells shift towards the use of glycolysis instead of the TCA181. Rapidly 

proliferating activated immune cells rely on aerobic glycolysis, whereas immune cell subsets 

with longer lifespans, such as Tregs and memory T cells, rely on fatty acid oxidation181, 183. 

Fatty acid oxidation is linked with the development of anti-inflammatory immune cells, 

whereas fatty acid synthesis is linked with pro-inflammatory immune cells. For example, 

increased fatty acid oxidation has been linked to decreased production of pro-inflammatory 

cytokines in tolerogenic macrophages, whereas LPS-stimulated macrophages have 

increased fatty acid synthesis184, 185. The mTOR pathway senses levels of amino acids and 
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uses this information to regulate cellular growth and proliferation. Thus, amino acid 

metabolism plays an important role in immune cell function. Glutamine is needed in 

macrophages to produce nitric oxide, contributing to their anti-pathogenic functions186. In T 

cells, glutamine consumption increases upon activation and is needed to respond to TCR 

stimulation187. Tryptophan and arginine have been shown to play important roles in immune 

cell function188, 189. 

1.3.1 DC metabolism 

Metabolic changes occur upon cellular differentiation. During moDCs differentiation 

via GM-CSF and IL-4, the peroxisome proliferator-activated receptor-γ (PPARγ) is 

upregulated190. PPARγ upregulation leads to mitochondrial biogenesis and an increase in the 

production of acetyl-CoA191. Acetyl-CoA is necessary for fatty acid synthesis, and preventing 

the latter has been shown to block the differentiation of DCs in the periphery192. Therefore, 

fatty acid synthesis plays a key role in the differentiation of DCs from monocytes.  

mTOR plays a key role in the regulation of cellular metabolism193. mTOR also plays 

in role in DC differentiation through FMS-like tyrosine kinase 3 (FLT3) and inhibition of mTOR 

with rapamycin prevents DC differentiation from BM in vitro and it reduces DC numbers in 

vivo194, 195. Conversely, increasing mTOR signaling leads to an increase in the number of DCs 

across subsets in vivo196. Similar results have been reported from stimulation of BM with GM-

CSF197. 

Quiescent DCs require less energy and, as such, mostly rely on fatty acid oxidation 

to fuel oxidate phosphorylation198. This is consistent with the general rule that anti-

inflammatory immune cells rely on fatty acid oxidation. Quiescent DCs consume glucose, but 

the use of the glucose for ATP production via oxidative phosphorylation or for other metabolic 

pathways remains unclear. 
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Upon activation, DCs exhibit increased glycolysis and glucose consumption 

consistent across myeloid and lymphoid lineages198. Blocking glycolysis upon activation of 

DCs with toll-like receptor (TLR) agonists results in inhibited activation. The increase in 

glycolysis results in production of acetyl-CoA needed to fuel the TCA cycle and produce ATP. 

This supports the diverse functions that activated DCs are required to perform to mediate the 

immune response199. Activated DCs also increase the use of fatty acid metabolism to promote 

the growth of the endoplasmic reticulum and golgi bodies200. The growth of the ER is needed 

to support the increase in protein output of activated DCs. The increase in fatty acid synthesis 

results in an increase in lipid droplets to store the fatty acids201. Sustained activation of DCs 

leads to a metabolic switch to Warburg metabolism198. In Warburg metabolism, the cell uses 

aerobic glycolysis and lactic acid fermentation to generate ATP202. This conserves metabolic 

resources for cellular proliferation and activated pathways, rather than allowing the 

metabolites to be fully catabolized in ATP production through the TCA cycle.  

1.3.2 Treg metabolism 

 Upon receiving Signal 1 and Signal 2, the now activated T cells switch from oxidative 

phosphorylation to glycolysis to allow for cell growth, proliferation, and protein production203. 

Effector T cells maintain glycolysis and activate glutaminolysis to generate the ATP they need 

for effector functions203. Subsequently, after the initial activation and proliferation phase post-

activation, Tregs switch to the use of oxidative phosphorylation and fatty acid oxidation for 

their metabolic needs204. Increasing oxidative phosphorylation in Tregs increases their 

suppressive capacity205. During proliferation, Tregs upregulate glucose transporter 1 (GLUT1) 

and mTOR. This following change is correlated with decreased suppressive capacity206. 

Increasing expression of GLUT1 leads to increased proliferation but decreased suppressive 

capacity. Conversely, starving Tregs of glucose prevents effector Th cell differentiation and 

favours Treg differentiation207. Foxp3 expression restrains GLUT1 expression, maintaining 



19 
 

Willem Brandt | uOttawa | MSc Thesis 
 

proper differentiation and suppressive function206. Foxp3 also regulates Treg metabolism by 

supressing glycolysis and enhancing oxidative phosphorylation204. Discarding the need for 

glucose is important for Treg function in inflammatory environments, which lack high levels of 

glucose.  

 Tregs use fatty acid oxidation as a primary metabolic pathway. Treg fatty acid 

oxidation is regulated by AMP-activated kinase (AMPK), which inhibits fatty acid synthesis208. 

Activating AMPK leads to an increase in the proportion and number of Tregs in vivo205. 

Reduction in lipid droplets leads to an increase in Treg differentiation. This is most likely 

caused by an initial decrease in fatty acid synthesis209. Inhibition of fatty acid oxidation leads 

to decreased differentiation of Tregs, but not effector Th cells205. Tregs express higher levels 

of the genes required for fatty acid oxidation than effector Th cell subsets210. 

 As outlined previously, mTOR is crucial in regulating transcription, cell growth, 

translation, and metabolism in response to exogenous factors. mTOR inhibition in Tregs is 

associated with an increase in suppressive function, while active mTOR is needed only for 

effector Th cells112, 181. mTOR inhibition leads to an increase in oxidative phosphorylation and 

reduction in glycolysis. mTOR activation in Tregs leads to decreased stability and lower Foxp3 

expression through metabolic changes211. 

1.4 Foxo3a 

Forkhead box O (Foxo) transcription factors are a family consisting of Foxo1, Foxo3, 

Foxo4, and Foxo6212. Foxo transcription factors mostly function as transcriptional activators. 

Foxo1 plays the most prominent role of these transcription factors, with Foxo3 playing a 

largely supportive or redundant role116, 213-215. Foxo3b is a pseudogene, as such, Foxo3a is 

synonymous with Foxo3. Foxo3a is prominently regulated through phosphorylation, which 

leads to retention in the cytosol216, 217. Therefore, active Foxo3a must be dephosphorylated to 
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act on the DNA in the nucleus. Foxo3a has been primarily studied as a longevity and tumor 

suppressor gene218-220. Interestingly, Foxo3a is the only gene associated consistently with the 

populations of “blue zones”, which are the human populations with the highest life 

expectancies221. Foxo3a has been identified as restraining NF-κB signaling and promoting 

activation induced-cell death in T cells222-225. Foxo3a has also been identified to play a largely 

anti-inflammatory role in different tissues226, 227. Unfortunately, conflicting evidence exists in 

both the two previous cases228, 229. Thus, the overarching role of Foxo3a in the immune 

system remains unclear. 

1.4.1 Foxo3a in DCs 

Foxo3a has been studied in DCs primarily in relation to cytokine production and its 

role in DC development and function outside of cytokine production has not been 

characterized. Decreased expression of Foxo3a in DCs leads to an increase in the expression 

of IL-6, IL-12, IL-15, TNF-α, and IFN-β230, 231. Foxo3a also restrains the capacity of DCs to 

activate T cells and maintain T cell viability by limiting the production of IL-6230. Tolerogenic 

DCs also produce IL-10 to mediate the immune response. In macrophages infected with 

mycobacterium, Foxo3a has been shown to restrain the production of IL-10. Loss of Foxo3a 

in mycobacteria-infected macrophages leads to an increase in the production of IL-10, 

suggesting a compensatory mechanism for the loss of suppressive function in the case of 

Foxo3a deficiency232. 

1.4.2 Foxo3a in Tregs 

Foxo transcription factors have been found to be integral in Treg development and 

function through the control of Foxp3 expression214, 233, 234. Foxo1 and Foxo3a seem to play a 

redundant role and the deficiency in both is required for proper expression of Foxp3116. Foxo 

transcription factors must also be important in Treg function, as they bind to 662 genes in 
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Tregs214. Tregs deficient in Cbl-b, which is an activator of Foxo3a, have been shown to have 

compromised differentiation. Of note, Cbl-b also activated Foxo1; thus, loss of Cbl-b leads to 

a decrease in Foxo1 and Foxo3 expression, causing similar defects as in Foxo1-/-Foxo3-/- 

mice234. The effects of Foxo3 on Treg development and function have not been studied in 

Tregs outside of models with inactive Foxo1 and Foxo3. 

1.5 Gut Immunity and Chronic Inflammatory Disease 

The gastro-intestinal (GI) tract’s immune defenses are composed of three layers: the 

intestinal microbiota, the intestinal epithelial layer, and the mucosal immune system. The 

intestinal microbiota are composed of many different microorganisms (bacteria, fungi, and 

viruses) that have a symbiotic relationship with the host235. The composition of the microbiota 

in the GI tract is governed by many factors including genetics, diet, gender, age, 

environmental factors, socio-economic factors, and stress236. Commensal or “healthy” 

microbiota outcompete harmful bacteria for resources, maintaining homeostasis in the GI 

tract237.  

The intestinal epithelial layer physically separates the microbiota from the interior of 

the host. The mucus layer of the epithelial layer is the first defense that prevents direct 

interactions between epithelial cells and the microbiota238. Tight-junction complexes form 

barriers between intestinal epithelial cells, but toxins released by certain bacteria disrupt 

these complexes239. Changes in microbiota composition leads to a disruption in mucus 

production and local inflammation240.  

Most of the immune cells in the GI tract reside in the lamina propria. The GI tract 

represents a major secondary lymphoid organ and is the location where the immune system 

interacts with the largest amount of antigens because of the GI tract’s massive surface area 

and the mucosal surface. Antigens enter the GI tract via DCs, macrophages, or by crossing 
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the epithelium241, 242. Gut immunity is governed by complex interactions between the immune 

system and microbiota, and dysregulation of the immune response, microbiota composition, 

or both leads to chronic inflammation. 

1.5.1 Inflammatory Bowel Disease and Crohn’s Disease 

 Canada has the highest incidence of inflammatory bowel disease (IBD) worldwide243. 

The progression and severity of IBD is governed by complex gene-environment 

interactions243. This means the cause of the disease can vary from person-to-person, 

complicating treatment. Currently, IBD affects about 322,600 Canadians and is expected to 

rise to 470,000 Canadians by 2035244. Unlike ulcerative colitis, the mild form of IBD, Crohn’s 

Disease (CrD) affects the whole digestive tract, is discontinuous, and affects the entire 

thickness of the bowel wall243. Treatment of IBD progresses from simple drug treatment to 

surgery in severe cases, leading to poor quality of life and poor patient outcomes for patients 

suffering with the disease. The chronic nature of the disease is worsened by the fact that 

current treatments are limited to managing symptoms, rather than dealing with the underlying 

cause. As the underlying mechanisms are poorly understood and vary from person-to-person, 

there is a great need for personalized treatment options that address the underlying cause.  

 Recently, genome-wide association studies (GWASs) have identified about 200 loci 

that are associated with the development of IBD, most of them being associated with CrD as 

well245. The most closely associated genes being X-linked inhibitor of apoptosis protein (XIAP) 

and IL-10. However, these loci are not associated with progression of the disease to the 

severe form. New GWASs studies have been able to identify 4 loci associated with the 

progression of IBD. The 4 loci that have been identified to be associated with a poor prognosis 

of CrD are human Foxo3a, X active specific transcript (XACT), MHC, and insulin growth factor 

binding proteins 1 to 3 (IGFBP)246. This led to the hypothesis that “the genetic contribution to 
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prognosis in CrD is largely independent from the contribution to disease susceptibility,” which 

possibly narrows the focus of research from 200 loci to 4 in regard to severe IBD.  

1.5.1.1 DCs in Crohn’s Disease 

DCs are very important in regulating the response to the gut microbiota. DCs appear 

to play a critical role in the maintenance of chronic inflammation in CrD247, 248. Activated DCs 

tend to accumulate at the sites of inflammation in CrD patients, activating T cells and 

increasing inflammation249, 250. This contributes to the aberrant activation of T cells common 

in CrD patients. IL-10 plays an important role in inhibiting APC function, and the pro-

inflammatory environment in CrD skews DCs to increased activation of T cells135. DCs play a 

central role in activating the adaptive immune response, but their overall role in the 

pathogenesis of CrD remains to be fully elucidated. 

 

1.5.1.2 Treg in Crohn’s Disease  

Tregs play an essential role in mediating the immune response to bacteria in the gut. 

Several studies have suggested that Tregs may be critical in preventing the development of 

spontaneous intestinal inflammation in IBD251, 252. Patients with CrD have reduced numbers 

of pTregs in the lamina propria253. It seems that IL-10 plays a prominent role in this rescue251. 

Other studies demonstrate the importance of balance between Tregs and effector Th cells in 

the management of CrD254, 255. A cutting-edge study in a mouse model showed that a single 

transfer of functional Tregs was able to rescue a colitic phenotype256. As a suppressive 

cytokine, IL-10 plays a key role in suppression of T cells by Tregs. Mice with IL-10-deficient 

Tregs develop severe immune-mediated colitis138. Studies using chimeric antigen receptor 

(CAR)-Tregs directed against inflammatory ligands have been shown to be effective at 
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suppressing colitis in mice, and a new study shows promising results in humans257-259. These 

studies outline the importance of suppression by Tregs in the management of CrD255. 

1.5.1.3 Mouse models of CD 

 Current mouse models for CrD fall into 3 groups: bacteria-infected, gene-manipulated, 

or spontaneous models. Bacteria-infected models are problematic as infection is not included 

in the natural progression of CrD in humans. Most gene manipulated models show 

inconsistent development of CrD or require perforation of the gut barrier using artificial means, 

such as dextran-sodium sulfate (DSS). Spontaneous models in mice are limited to the 

SAMP1/YitFc mouse strain, and as CrD is caused by diverse factors, more representative 

models are needed to study the pathogenesis of CrD260. 

GWASs have shown that inactivation of a susceptibility allele and progression allele 

are needed for the development of severe CrD. We have created a novel mouse model for 

CrD in which a susceptibility allele, IL-10, and a progression allele, Foxo3a, have been 

deactivated. Foxo3a-/-IL-10-/- mice spontaneously develop a CrD-like phenotype and 

spontaneously lose weight after day 36 post birth261. The phenotype includes many CrD-

associated symptoms: diarrhea, weight loss, rectal bleeding, focal erosion of submucosa, 

loss of epithelial integrity, and patchy inflammation. The CrD-like phenotype of Foxo3a-/-IL-10-

/- mice is reminiscent of CrD in humans (focal erosion, apoptotic crypt abscess, crypt dropout, 

crypt distortion, expansion of lamina propria, and inflammatory changes)261. We have 

previously reported that Foxo3a-/-IL-10-/- T cells experience excessive glutaminolysis, where 

Foxo3a mediates a critical checkpoint that prevents the development of colitis in IL-10-

deficient mice261. Preliminary data suggests Treg function in Foxo3a-/-IL-10-/- mice is also 

compromised, which we hypothesize skews them towards a pro-inflammatory state. 

Unpublished data also show that Foxo3a-/-IL-10-/- DCs activate CD4+ T cells to a greater 
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extent, leading to the production of greater amounts of pro-inflammatory cytokines. Overall, 

Foxo3a seems to play a protective role in the interactions between CD4+ T cells, DCs, and 

Tregs that maintains inflammatory homeostasis. 

1.6 Rational  

The lamina propria of Foxo3a-/-IL-10-/- mice contains a higher proportion of DCs than the 

control genotypes (WT, Foxo3a-/-, and IL-10-/-), which is reflected among all DC subsets261. 

The greatest difference comes from CD11b+ DCs (CD11b+; CD11c+MHCII+). The lamina 

propria of Foxo3a-/-IL-10-/- mice also contains a higher proportion of monocytes261. Foxo3a-/-

IL-10-/- DCs produce significantly more IL-12p70, TNFα, and IL-6262. In addition, Foxo3a-/-IL-

10-/- and Foxo3a-/- DCs contribute to increased CD4+ T cell proliferation and survival262. 

Therefore, an aim of this study was to determine the source of the increased number of 

dysregulated Foxo3a-/-IL-10-/- DCs that contribute to CrD-like phenotype. 

The development of intestinal inflammation leading to the CrD-like phenotype in Foxo3a-

/-IL-10-/- mice is highly dependant on the microbiota. Because Foxo3a-/-IL-10-/- mice are kept 

in a pathogen free facility, the limited bacteria to which they are exposed can change greatly 

from month to month. As such, there has recently been changes in the development of 

intestinal inflammation in the Foxo3a-/-IL-10-/- mice. This has allowed the study of differences 

between sick and healthy Foxo3a-/-IL-10-/- mice. nTregs from the lamina propria of Foxo3a-/-

IL-10-/- mice have lower expression of Foxp3, indicating compromised function262. In addition, 

using αCD4 and αCD8 antibodies to deplete CD4+ and CD8+ T cells rescues the CrD-like 

phenotype in Foxo3a-/-IL-10-/- mice261. In addition, Foxo3a restrains mTORC1 signaling by 

repressing the transcription of GLS/GLS2 in activated T cells261. Therefore, the function of 

Foxo3a-/-IL-10-/- Tregs was investigated given the role they have been shown to play in the 

development of CrD.  
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1.6.1 Hypothesis 

The inflammatory milieu in Foxo3a-/-IL-10-/- mice drives the plasticity of Tregs towards a pro-

inflammatory phenotype and increases the ability of DCs to activate T cells.  

1.6.2 Objectives 

Develop an understanding of the mechanisms behind progression alleles of IBD to determine 

novel pathways that can be targeted for therapeutic intervention. 

Aim 1: Determine the causes of increased stimulation of CD4+ T cells by Foxo3a-/-IL-10-/- 

DCs. 

Aim 2: Determine the underlying mechanisms causing decreased suppression by Foxo3a-/-

IL-10-/- Tregs on effector T cells. 

Aim 3: Characterize the differentiation of Foxo3a-/-IL-10-/- iTregs. 

Aim 4: Characterize the stability of Foxo3a-/-IL-10-/- iTregs under varying conditions.  
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2.0 Materials and Methods 

2.1 Mouse Strains 

Mice were housed in the University of Ottawa animal care facility. Care for the mice was in 

accordance with the Canadian Council on Animal Care guidelines. Wild-type (WT) CD45.2+ 

(C57BL/6J), WT CD45.1+ (B6.SJL2), and IL-10-/- mice were obtained from Jackson 

Laboratories (Bar Harbor, Maine, USA). The aforementioned colonies were maintained by 

breeding homozygous females with homozygous males. Foxo3a-/- mice were generated using 

a gene-trap targeting strategy, which deactivates the Foxo3a allele. The Foxo3a-/- colony was 

maintained by breeding Foxo3a+/- females with Foxo3a-/- males. Foxo3a-/-IL-10-/- mice were 

generated by breeding Foxo3a+/-IL-10-/- males and females. Foxo3a-/- female mice are unable 

to reproduce, and as such, Foxo3+/- female mice were used for all breeding. Foxo3a and 

Foxo3a-IL-10 pups were genotyped using genomic polymerase chain reaction (PCR) on ear 

samples. Mice were bred and maintained on protocols and procedures (BMIe-3954 and 

BMIe-1638) approved by the University of Ottawa Animal Care Committee and Ethics Board.  

 

2.2 Monitoring Illness in IL-10-/- and Foxo3a-/-IL-10-/- mice 

The development of spontaneous intestinal inflammation was monitored in IL-10-/- and 

Foxo3a-/-IL-10-/- male and female mice twice weekly. Both sexes were equally distributed 

between groups. Age-matched and sex-matched mice were used in all experiments. Mice 

were euthanized upon reaching humane endpoint as defined by >15% weight loss, rectal 

bleeding, rectal prolapse, soft stool, poor movement, M1-M2 hunching, and M1-M2 

piloerection. Experiments that used a Foxo3a-/-IL-10-/- mouse that had not developed a 

Crohn’s-like phenotype are denoted as healthy, while experiments that used a Foxo3a-/-IL-10-

/- mouse that had developed a Crohn’s-like phenotype are denoted as sick. 
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2.3 Bone Marrow Cell Isolation 

Mouse tibia, femur, and hip bones were extracted from the hind limbs. Ends of the bones 

were cut using dissection scissors, then flushed from the bones with RPMI-1640 (Gibco™ 

#31800-089) supplemented with 8% fetal bovine serum (FBS) (Gibco™ #12483-020), 55 μM 

2-marcaptoethanol (Gibco™ #21985023), and 50 ng/mL gentamycin (Gibco™ #15750060) 

(R8). BM was flushed through a 70 μM (Fisherbrand™ #22-363-548) filter using 27.5-gauge 

needle (Terumo #SS-01T2713)) into a 50 mL falcon tube over ice. BM cells were centrifuged 

at 500g for 5 mins and re-suspended in R8. Cells were then stained using 3% acetic acid with 

methylene blue (StemCell Technologies™ #07060) and then counted manually using a 

hemocytometer. Methylene blue does not stain red blood cells, thus only immune cells were 

counted. 

 

2.4 Monocyte Isolation 

BM cells were harvested as described in the section Bone Marrow Cell Isolation. The 

EasySep™ Mouse Monocyte Isolation Kit (StemCell Technologies™ #19861) was used to 

isolate monocytes. The manufacturer’s protocol was followed except BM cells were 

resuspended at 200 million cells/mL in EasySep™ Buffer (StemCell Technologies™ #20144) 

before beginning isolation. The purity of monocytes was confirmed by flow cytometry 

(CD11b+Ly-6C+Ly-6G- and CD49b-CD45R-CD3-CD170-CD117-) (Figure 2 a).  

 



29 
 

Willem Brandt | uOttawa | MSc Thesis 
 

 

Figure 2. Isolation of BM monocytes and splenic DCs. (A) Representative FACS plots of purified monocytes 
(CD11b+Ly-6C+Ly-6G-) from the BM of a WT mouse using the Stemcell™ EasySep™ Mouse Monocyte Isolation 
Kit (#19861). Monocytes were CD49b, CD45R, CD3, CD170, and CD117 negative. (B) Representative FACS plots 
of purified DCs from the spleen of a WT mouse using the Stemcell™ EasySep™ Mouse CD11c Positive Selection 
Kit II (#18780). (C) Representative FACS plots of purified CD8+ T cells from the spleen of a WT mouse using the 
Stemcell™ EasySep™ Mouse CD8+ Isolation Kit (#19853). Cells were stained with fluorescent antibodies, 
acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software. 
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2.5 Flow Cytometry 

Flow cytometry was used to identify different cell types and metabolic and cytokine profiles. 

A BD LSRFortessa™ or Cytek® Aurora was used for recording all samples. Between 3*105 

and 3*106 cells were added to FACS tubes. Cells were washed twice with 1x phosphate 

buffered saline (PBS). If used in the experiment, 2 µM Bodipy 493/503 (Invitrogen™ #D3922) 

was added to the cells and they were incubated at 37°C for 20 minutes then washed once 

with 1X PBS. Zombie Yellow™ (Biolegend® #423103) was then added to each sample at 

1:100 dilution and incubated for 10 minutes at room temperature to assess cell viability. 

Subsequently, cells were incubated with Fc block (BD Pharminogen™ #553142) for 5 mins 

at 4°C to prevent non-specific binding of antibodies. Fluorochrome-conjugated antibodies 

were added according to the experiment (Table 1). Cells were incubated for 30 minutes at 

4°C. Cells were protected from light during all incubation steps. Cells were then washed twice 

with 1x PBS to remove unbound fluorochrome-conjugated antibodies and resuspended in 1x 

PBS. For intracellular staining, the eBioscience™ Foxp3/Transcription Factor Staining Buffer 

Set (eBioscience™ #00-5523-00) was used according to the manufacturer’s protocol. For all 

washing steps, half the amount of buffer was used. Data were analyzed using FlowJo™ V10 

(BD Life Science). If used in the experiment, 0.05 mg/mL Filipin III (Sigma-Aldrich #SAE0089) 

was added to the cells and they were subsequently incubated 37°C for 30 minutes followed 

by a wash with fixation buffer. The gating strategy for identifying Tregs is shown in Figure 3.  
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Table 1. Antibodies used in flow cytometry. 

  

Catalog Reference NumberManufacturerCon ugated FluorophoreAntibody

17-5773-82InvitrogenAPCFoxp3

102007Biolegend®PECD25

102033Biolegend®BV421

100406Biolegend®FITCCD4

100511Biolegend®PE

46-9335-80InvitrogenPerCP-efluor 710ST2

25-1522-80InvitrogenPE-Cyanine7CTLA-4

124111Biolegend®BV421TIGIT

25-7321-81InvitrogenPE-Cyanine7TNF- 

505825Biolegend®PE-Cyanine7IFN- 

506921Biolegend®PE-Cyanine7IL-1 a

00-4506-51InvitrogenN/ABrefeldin A

107613Biolegend®APCMHCII

17-5321-81InvitrogenAPC

117305Biolegend®FITCCD11c

48-0114-81Invitrogenefluor 450

101216Biolegend®PE-Cyanine7CD11b

152225Biolegend®APC-Cyanine7Lag3

109825Biolegend®APC-Cyanine7CD45.2

12-0453-82InvitrogenPECD45.1

100711Biolegend®APCCD8 

128008Biolegend®PELy-6C

48-9668-82Invitrogenefluor 450Ly-6G

100236Biolegend®APCCD3

60034A2.1StemCell TechnologiesAPCCD11 

155507Biolegend®APCCD1 0

17-0453-81eBiosciencesAPCCD45R

17-5971-81eBiosciencesAPCCD4 b
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Figure 3. Gating strategy for identifying Tregs, their cell surface markers, and intracellular markers. 
Representative FACS plots depicting the gating strategy used to identify Tregs. Gating strategy is as follows: cells 
-> singlets -> Zombie- -> CD4+ -> CD25+Foxp3+ -> other markers. Cells were obtained through in vitro 
differentiation of iTregs from purified splenic CD4+ T cells and then stained with fluorescent antibodies, acquired 
on a BD LSRFortessa™, and analyzed using FlowJo™ software.   
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2.6 Generation of Myeloid DCs from Monocytes 

Monocytes were isolated as described Monocyte Isolation. 1*105 monocytes were seeded 

per well in a 96-well plate in R8 media supplemented with 10 ng/mL GM-CSF (StemCell 

Technologies™ #78017.1). After incubating for 48 hours at 37°C, cells were harvested and 

stained for flow cytometry. moDC purity was confirmed by flow cytometry 

(CD11b+CD11c+MHCII+). 

 

2.  Generation of Myeloid DCs from BM 

BM cells were isolated as described in Bone Marrow Isolation.  1*105 BM cells were seeded 

per well in a 96-well plate in R8 media supplemented with 10 ng/mL GM-CSF (StemCell 

Technologies™ #78017.1). After incubating for 72 hours at 37°C, cells were harvested, 

manually counted, and stained for flow cytometry. moDC purity was confirmed by flow 

cytometry (CD11b+CD11c+MHCII+). 

 

2.8 Splenocyte Isolation 

Spleens were harvested from mice and placed in R8 media in a petri dish over ice. Spleen 

weight and length were measured if required to determine differences between genotypes. 

The spleens were mashed between two double-frosted slides (VWR™ # 16004-418) and 

passed through a 70 μM filter into an empty 50 mL falcon tube over ice. The splenocytes were 

centrifuged at 500g for 5 mins and resuspended in R8 media. The cells were then manually 

counted. 
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2.  Dendritic Cell Isolation 

Splenocytes were isolated as described in Splenocyte Isolation. The EasySep™ Mouse 

CD11c Positive Selection Kit II (StemCell Technologies™ #18780) was used to isolate DCs 

according to the manufacturer’s protocol. After adding the selection cocktail, fluorochrome-

conjugated αCD11c antibody was added at 0.4 μg/mL to stain CD11c+ cells that would 

otherwise be occupied with the selection cocktail. Addition of CD11c antibody allows the purity 

of DCs to be confirmed by flow cytometry (CD11b+CD11c+MHCII+) (Figure 2 b). 

 

2.10  In vitro inhibition of DC cytokine production 

DCs were purified as outlined in Dendritic Cell Isolation. DCs were resuspend in R8 media 

and 105
 DCs were seeded per well in a 96-well plate. To ensure both proper adherence and 

that cells were not stressed, they were incubated for 1 hour at 37°C. Various inhibitors were 

added (Table 2 and Table 3), and cells were incubated again for 1 hour at 37°C to allow 

inhibitors to inhibit their respective signaling pathways before stimulation. A solution of 100 

ng/mL LPS was then added to stimulate the DCs. Supernatants were collected at 6 and 12 

hours post-stimulation at 37°C for cytokine analysis.  
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Table 2. Inhibitors used in DC experiments. 

 

Catalog Reference NumberManufacturerInhibitor

R-5000LC LaboratoriesRapamycin

SML-2833-5MGMillipore SigmaPaquinomod

6702Tocris BiosciencesCerulenin

HY-12364MedChem ExpressC75

S9714SelleckchemDenifanstat

S7024SelleckchemSTATTIC

Gift (N/A for sale)CantargiamCAN10

S6930SelleckchemMK2 Inhibitor
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Table 3. Pathways upregulated in Foxo3a-/-IL-10-/- DCs and inhibitors used to target upregulated pathways. 

 

 

M         I        P      I        

Binds to SH2 domain of STAT3 and
pre ents acti ation and
dimeri ation

STAT3 signalingSTATIC

Binds to TLR4 and pre ents
S110A8 A9 binding

S100A8 A9 signaling
through TLR4

Pa uinimod

IL-1RAP antibodyIL-1 family of cytokines
signaling

CAN10

Targets the  -ketoacyl synthase
domain of fa y acid synthase

Fa y acid synthesisDenifanstat

Targets the  -ketoacyl synthase
domain of fa y acid synthase

Fa y acid synthesisC75

Targets the  -ketoacyl synthase
domain of fa y acid synthase

Fa y acid synthesisCerulenin

Inhibits MK2,  hich pre ents
degradation of TNF- 

TNF- productionMK2 Inhibitor

Forms comple   ith FKBP12,  hich
binds and inhibits mTORC1

mTOR signalingRapamycin
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2.11  Measurement of cytokines at the protein level 

Sandwich enzyme-linked immunosorbent assays (ELISA) were used to measure cytokine 

concentrations in the supernatants collected from various experiments. The following kits 

were used to analyze cytokine concentration: BD OptEIA™ Mouse IL-6 ELISA Set (BD 

Biosciences #555240), BD OptEIA™ Mouse TNF (Mono/Mono) ELISA Set (BD Biosciences 

#555268), ELISA MAX™ Mouse IL-17a (Biolegend® #432501), and ELISA MAX™ Mouse 

IFN-γ (Biolegend® #430801). Extra-high binding 96-well plates (Thermo Scientific™ 

#439454) were used for the assays and 3,3’,5,5’-tetramethylbenzidine (TMB) (Invitrogen™ 

#002023) was used as the chromogenic substrate for visualization. The reaction was stopped 

with 2 N sulphuric acid diluted in water. Absorbance was detected at 450-570 nm on a 

FilterMax F5 multimode microplate reader (Molecular Devices). Data were analyzed using 

SoftMax Pro software (Molecular Devices).  

 

2.12  Isolation of CD4+ T Cells 

Splenocytes were isolated as described in Splenocyte Isolation. The EasySep™ Mouse 

CD4+ T cell Isolation Kit (StemCell Technologies™ #19852) was used to isolate CD4+ T cells. 

The manufacturer’s protocol was followed except splenocytes were resuspended at 200 

million cells/mL in EasySep™ Buffer (StemCell Technologies™ #20144) before beginning 

isolation. The purity of CD4+ T cells was confirmed by flow cytometry (CD4+) (Figure 4 c).  
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Figure 4. Purified CD4+CD25+ T cells from spleens serve as the best method for purifying nTregs from 
splenocytes. (A) Representative FACS plots of purified CD4+CD25+ T cells from the spleens of all four genotypes 
using the Stemcell™ EasySep™ Mouse CD4+CD25+ Regulatory T Cell Isolation Kit II (#18783). (B) 
Representative FACS plots of CD4+CD25+Foxp3+ T cells from purified CD4+CD25+ T cells from the spleens of all 
four genotypes. (C) Representative FACS plots of purified CD4+ T cells from the spleens of all four genotypes 
using the Stemcell™ EasySep™ Mouse CD4+ T Cell Isolation Kit (#19852). Cells were stained with fluorescent 
antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software. 

 

CD4

WT Foxo3a-/- IL-10-/- Foxo3a-/-IL-10-/-
C
D
2
5

Puri ed CD4+CD25+ T cells  gated on singlets -  Zombie- 

CD4

C
D
2
5

WT Foxo3a-/- IL-10-/- Foxo3a-/-IL-10-/-

Puri ed CD4+CD25+ T cells  gated on singlets -  Zombie- -  CD4+CD25+ 

A

B

CD4

FS
C

WT Foxo3a-/- IL-10-/- Foxo3a-/-IL-10-/-

Puri ed CD4+ T cells  gated on singlets-  Zombie- 
C



39 
 

Willem Brandt | uOttawa | MSc Thesis 
 

2.13 Isolation of CD4+CD25+ T Cells 

CD4+CD25+ T cells serve as the best alternative for isolating nTregs from mice without 

a Foxp3-GFP reporter. In each experiment, WT, Foxo3a-/-, IL-10-/-, and Foxo3a-IL-10-/- mice 

are used, which makes FACS sorting unrealistic. Splenocytes were isolated as described in 

Splenocyte Isolation. The EasySep™ Mouse CD4+CD25+ Regulatory T cell Isolation Kit II 

(StemCell Technologies™ #18783) was used to isolate CD4+ T cells according to the 

manufacturer’s protocol. The purity of CD4+CD25+ T cells and CD4+CD25+Foxp3+ T cells 

(Tregs) were confirmed by flow cytometry (CD4+CD25+ and CD4+CD25+Foxp3+) (Figure 4 a, 

b). A limitation of purifying CD4+CD25+ T cells is that it results in a low number of CD4+CD25+ 

T cells to use for experiments. To overcome this limitation, a protocol was optimized to 

differentiate iTregs from purified CD4+ T cells, resulting in much higher cell numbers to be 

used for experiments (Figure 5).  

 

 

2.14  Isolation of CD8+ T Cells 

Splenocytes were isolated as described in Splenocyte Isolation. The EasySep™ Mouse 

CD8+ T cell Isolation Kit (StemCell Technologies™ #19853) was used to isolate CD8+ T cells. 

The manufacturer’s protocol was followed except splenocytes were resuspend at 200 million 

cells/mL in EasySep™ Buffer (StemCell Technologies™ #20144) before beginning isolation. 

The purity of CD8+ T cells was confirmed by flow cytometry (CD8+) (Figure 2 c).  

 

2.15  Regulatory T cell Suppression Assay 

To distinguish between Tregs and T cells using flow cytometry, CD45.1+ WT mice were used 

so isolate CD4+ T cells. CD45.1+ WT splenocytes and CD45.2+ splenocytes from the four 
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genotypes were isolated as described in Splenocyte Isolation. CD45.1+ WT splenocytes 

were resuspended at 1*107 cells/mL in 0.125 μM carboxyfluoresceine succinimidyl ester 

(CFSE) (Sigma-Aldrich #21888) in 1x PBS for 10 minutes at 37°C. Excess CFSE was 

quenched with an equal volume of R8 media and placed on ice for 5 minutes. Cells were then 

washed twice with 1x PBS and resuspended in R8 media. R8 media contained rapamycin 

(LC Laboratories #R-5000) if used in the experiment. CFSE stains proteins with a finite 

amount of a fluorescent label, so when they divide, this signal from the fluorescent label 

reduces. This allows tracking of cell division through time. WT CD45.1+CD4+ (or CD8+) T cells 

and CD4+CD25+ T cells (or iTregs) from the four genotypes were isolated as described in 

Isolation of CD4+ T cells, CD8+ T cells, and CD4+CD25+ T cells. 5*104
 WT CD45.1+CD4+ 

(or CD8+) T cells and CD4+CD25+ T cells (or iTregs) from the four genotypes were added per 

well in a 96-well plate coated for 3 hours at 37°C with 20μg/mL αCD3 antibodies (BioXCell 

#BE0001-1) in 1x PBS.  At this point, inhibitors were added if needed in the experiment. After 

72 hours co-culture at 37°C, the cells and supernatants were harvested. Cells were stained 

for flow cytometry and supernatants were frozen at -80°C until cytokine analysis.  

It is important to note that because CD8+ T cells proliferate at a greater rate than CD4+ 

T cells, an earlier time point should have been used. It was later found that the reason for 

decreased suppression by Foxo3a-/-IL-10-/- Tregs was independent of cell type, so the Treg 

suppression assay with WT CD8+ T cells was not further optimized. 

 

2.16  In Vitro Differentiation of Regulatory T Cells 

CD4+ T cells were isolated as described in CD4+ T Cell Isolation. If iTreg proliferation was 

tracked during differentiation, splenocytes were stained with CFSE as described in Treg 

Suppression Assay. before purification of CD4+ T cells. The latter cells were washed in 1x 

PBS and resuspended in X-Vivo™ 15 serum-free Hematopoietic Cell Medium (Lonza 
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Bioscience # 02-053Q) supplemented with 20 ng/mL IL-2 (Biolegend® #575404), 10 ng/mL 

TGF-β (Biolegend® #763104), 10 μg/mL αIL-4 antibody (BioXCell #BE0045), and 10 μg/mL 

αIFN-γ antibody (BioXCell #BE0054) at 1 million cells/mL. In certain experiments, 50 nM or 

100 nM decitabine (MedChemExpress® #HY-A0004) was added to the culture media. One 

million cells were added per well in a 24-well plate coated for 3 hours at 37°C with 20μg/mL 

αCD3 antibodies in 1x PBS. After 96 hours incubation at 37°C, iTregs were harvested and 

counted, then used for downstream experiments. The purity and viability of iTregs was 

confirmed by flow cytometry (CD4+CD25+Foxp3+) (Figure 5). From this point forward, if iTregs 

are mentioned, it indicates that this protocol has been followed and iTregs were harvested 

and washed to be used for downstream experiments. iTregs also serve as an approximation 

of pTregs that were differentiated in the periphery via TGF-β. 

 

2.1   Live Measurement of Oxygen Consumption Rate 

iTregs differentiation was modified from In Vitro Differentiation of Regulatory T Cells. All 

steps were the same except that 1.5*105 CD4+ T cells were plated in a 96-well plate rather 

than a 24-well plate. Oxygen consumption rate (OCR) was then measured over the 96 hours 

of differentiation using the Lucid Scientific Recipher. Data were analyzed using the Lucid 

Scientific Lucid Lab software. When possible, cells were counted per well and OCR was 

normalized to the number of cells per well.   
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Figure 5. Protocol for the differentiation of iTregs from purified CD4+ T cells. Flow chart depicts isolation of 
CD4+ T cells using a Stemcell™ EasySep™ Mouse CD4+ T Cell Isolation Kit (#19852) from the spleens of all 4 
genotypes, followed by differentiation into iTregs after 96 hours in a 24-well plate coated for 3 hours at 37° with 
20 μg/mL αCD3 C in the presence of TGF-β (10ng/mL), IL-2 (20ng/mL), αIL-4, and αIFN-γ (10 μg/mL). The 
illustration depicts how iTregs are harvested, then used for downstream experiments or are stained with 
fluorescent antibodies and acquired on a flow cytometer. Flowchart created in BioRender. 
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2.18  Characterization of iTreg Stability 

iTregs were differentiated as described In Vitro Differentiation of Regulatory T Cells. iTregs 

were washed once with R8 media and resuspended at 1 million cells/mL in R8 media with or 

without 2.5 ng/mL IL-2. iTregs were seeded at 1*105 cells per well in a 96-well plate in wells 

with or without a coating of 20μg/mL αCD3 antibodies for 3 hours at 37°C. In certain 

experiments, 50 nM or 100 nM decitabine was added to the culture media. After the 96-well 

plate was incubated for 24 hours at 37°C, cells were harvested and stained for flow cytometry. 

 

2.1   Characterization of nTreg Stability 

CD4+CD25+ T cells were isolated as described in CD4+CD25+ T cell Isolation. iTregs were 

washed once with R8 media and resuspended at 1 million cells/mL in R8 media with 2.5 

ng/mL IL-2 and 2.5 ng/mL TGF-β. iTregs were seeded at 1*105 cells per well in a 96-well plate 

coated for 24 hours at 4°C with 1μg/mL αCD3 antibodies in 1x PBS. After the 96-well plate 

was incubated for 24 hours at 37°C, cells were harvested and stained for flow cytometry. 

 

2.20  Intracellular Cytokine Analysis 

iTregs were induced as described in In Vitro Differentiation of Regulatory T Cells. iTregs 

were washed once with R8 media and resuspended at 1 million cells/mL in R8 media. iTregs 

were seeded at 1*105 cells per well in a 96-well plate coated for 3 hours at 37°C with of 

20μg/mL αCD3 antibodies in 1x PBS. After 10 hours incubation at 37°C, Brefeldin A (BFA) 

(Invitrogen™ #00-4506-51) was added according to manufacturer guidelines. After another 14 

hours incubation at 37°C, cells were harvested and stained for flow cytometry. 
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2.21  Statistical Analysis 

Error bars represent the standard error of the mean (SEM). Unpaired parametric T-test and 

1-way analysis of variance (ANOVA) were used as mentioned in the text. Pairwise 

comparisons were made using Tukey’s pairwise comparisons test and a significance level 

of α = 0.05. Statistical analyses were performed using the Graphpad Prism version 10 

software. In all figures, “n” refers to biological replicates. 
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3.0 Results 

Aim 1 - Determine the causes of increased stimulation of CD4+ T cells by Foxo3a-/-IL-

10-/- DCs. 

 

3.1 Foxo3a controls the differentiation of CD11b+ DCs in IL-10-

deficient mice. 

To determine the cause of the increased number of DCs in the lamina propria of 

Foxo3a-/-IL-10-/- mice, an assessment was completed to determine if monocytes differentiate 

into DCs.  Purified WT monocytes differentiated completely into CD11b+ DCs (CD11c+MHCII+) 

after 48 hours with GM-CSF (Figure 6 a). Only a small proportion of non-monocytes 

differentiate into CD11b+ DCs after 48 hours with GM-CSF (Figure 6 a). 

To determine if DCs differentiate from monocytes at a greater rate in Foxo3a-/-IL-10-/- 

mice, BM cells from all four genotypes were cultured with GM-CSF for 72 hours. In 

optimization experiments, DC differentiation occurs slower from BM than from purified 

monocytes; therefore, a time point of 72 hours was used (data not shown). Culturing BM cells 

instead of purified monocytes better replicates the internal environment of the mouse. There 

is an insignificant increase in the total cell number of Foxo3a-/-IL-10-/- cells after 72 hours of 

differentiation with GM-CSF compared to each of the control genotypes (e.g., WT vs Foxo3a-

/-IL-10-/-, P = 0.9162; Figure 6 b). The lowest number of cells after differentiation is from the 

IL-10-/- mice, which is insignificant compared to Foxo3a-/-IL-10-/- (P = 0.2094). Foxo3a-/- and 

WT have similar numbers of cells after 72 hours of differentiation with GM-CSF (P = 0.9862). 

Additionally, there is an increase in the proportion of CD11b+ DCs from Foxo3a-/-IL-10-/- BM 

as compared to the other genotypes after 72 hours of differentiation in the presence of GM-

CSF (Figure 6 c). The proportion of CD11b+ DCs is similar between the control genotypes. 
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When the proportion of CD11b+ DCs is combined with the cell numbers post-differentiation, 

there is a significant increase in the number of Foxo3a-/-IL-10-/- CD11b+ DCs that differentiate 

from BM in the presence of GM-CSF compared to the control genotypes (e.g., WT vs Foxo3a-

/-IL-10-/-, P = 0.0353; Figure 6 d). The control genotypes have similar numbers (e.g., WT vs 

Foxo3a-/-, P = 0.8388), with the number of WT CD11b+ DCs being the closest to the number 

of Foxo3a-/-IL-10-/- CD11b+ DCs. 
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Figure 6. A greater number of Foxo3a-/-IL-10-/- DCs differentiate from BM in response to GM-CSF. (A) 
Representative FACS plots of CD11b+CD11c+MHCII+ DCs differentiated from WT whole BM and purified 
neutrophils that were incubated for 48 hours with 10 ng/mL GM-CSF (n=1). (B) Bar graph of the number of cells 
harvested (n=4). (C) Representative FACS plots of CD11b+CD11c+MHCII+ DCs (n=4). (D) Bar graph depicting the 
number of CD11b+CD11c+MHCII+ DCs (n=4). B-D shows cells from 8 wells of a 96-well plate that were initially 
seeded with 105 BM cells per well, then differentiated with 10 ng/mL GM-CSF for 72 hours. Experiments conducted 
on 8-week-old to 12-week-old mice. Cells were stained with fluorescent antibodies, acquired on a BD 
LSRFortessa™, and analyzed using FlowJo™ software. Individual bars depict the respective mean ± SEM. 
Statistical significance determined using a 1-way ANOVA and reported for each comparison by “*” (*P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001). 
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3.2 Various inhibitors can control the excessive production of pro-

inflammatory cytokines produced by Foxo3a-/-IL-10-/- DCs. 

In a RNAseq performed on purified DCs from the 4 genotypes many metabolic and 

immune pathways are modulated in Foxo3a-/-IL-10-/- DCs (Figure  ). The most prominent of 

these gene sets being those involved in adipogenesis, defence to bacterium, the innate 

immune response, G2 M cell cycle, and myeloid leukocyte activation. Loss of Foxo3a and/or 

IL-10 leads to an increase in the IFN-α and IFN-γ response and TNF signaling via NF-κB in 

DCs. The gene expression from general immune pathways is increased in Foxo3a-/- and 

Foxo3a-/-IL-10-/- DCs, such as cytokine production, the innate immune response, the 

inflammatory response, and myeloid cell migration. In addition, genes related to 

hematopoiesis also have increased expression in Foxo3a-/- and Foxo3a-/-IL-10-/- DCs. These 

pathways include myeloid cell development and leukemic signaling, extramedullary 

hematopoiesis, GATA1 targets, abnormal erythrocyte physiology, leukemic stem cells, 

hemolytic anemia, and CML stem cells. Additionally, genes related to metabolism have 

increased expression in Foxo3a-/- and Foxo3a-/-IL-10-/- DCs. These pathways include 

adipogenesis, and heme metabolism. In IL-10-/- DCs, the genes from the general immune 

pathways, hematopoiesis, and metabolism are down regulated.  

To reduce the excessive production of inflammatory cytokines by Foxo3a-/-IL-10-/- 

DCs, a selection of the pathways that are upregulated in the RNAseq can be inhibited (Table 

3). Denifanstat, C75, MK2 inhibitor, stattic, CAN10, and rapamycin significantly reduce the 

production TNF-α and IL-6 from purified DCs stimulated with LPS compared to no inhibitors 

(e.g., for TNF-α; P < 0.0001, P < 0.0001, P < 0.0001, P = 0.0003, P = 0.0016, P = 0.0192, 

respectively;  Figure 8 a, b). Stattic, denifanstat, and MK2 inhibitor can reduce TNF-α 

production to levels similar to DCs that are not stimulated with LPS (P > 0.9999, P = 0.9936, 

P > 0.9999, respectively). Additionally, stattic, C75, and MK2 inhibitor can reduce IL-6 
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production to levels similar to DCs that are not stimulated with LPS (P > 0.9999, P = 0.0193, 

P = 0.0904, respectively). Cerulenin makes the smallest difference (IL-6: P < 0.0001, TNF-α: 

P = 0.2715) of the fatty acid synthase inhibitors and paquinimod does not significantly reduce 

the production of IL-6 or TNF-α (P = 0.9631, P = 0.0699, respectively). Of the inhibitors that 

significantly reduce IL-6 and TNF-α production, rapamycin makes the smallest difference (IL-

6: P = 0.0251, TNF-α: P = 0.0192) as rapamycin does not directly inhibit their production, but 

rather, slows the metabolism of the cell.  
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Figure  . Foxo3a-/-IL-10-/- DCs’ metabolic and immunologic pathways are heavily modulated. Bioinformatics 
plots of RNAseq data from purified DCs comparing normalized enrichment score of gene sets in Foxo3a-/-, IL-10-

/-, and Foxo3a-/-IL-10-/- DCs compared to WT DCs. The graph on the left depicts adjusted P-values and the graph 

on the rights depicts normalized enrichment scores. 

  

Gene set enrichment analysis of puri ed DCs
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Figure 8. Multiple pathways can be inhibited to reduce the production of TNF-α and IL-6 by Foxo3a-/-IL-10-

/- DCs stimulated by LPS. (A) Bar graphs depicting cytokine production by Foxo3a-/-IL-10-/- DCs cultured with 
Stattic (4 μM), paquinimod (1 μM), and CAN10 (1 μg/mL) (n=3). (B) Bar graphs depicting cytokine production by 
Foxo3a-/-IL-10-/- DCs cultured with denifanstat (50 μM), C75 (10 μM), cerulenin (25 μM), MK2 Inhibitor (2.5 μM), 
and rapamycin (1 μM) (n=3). In A-B, Foxo3a-/-IL-10-/- DCs were purified from spleens and seeded 105 cells per 
well, then stimulated with 100 ng/mL LPS. Supernatants were collected at 6- and 24-hours post-stimulation and 
analyzed for TNF-α (left) and IL-6 (right), respectively. Concentrations of TNF-α and IL-6 were determined using 
sandwich ELISA. Experiments conducted on 8-week-old to 12-week-old mice. Individual bars depict the respective 
mean ± SEM. Statistical significance determined using a 1-way ANOVA and reported for each comparison by “*” 

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Aim 2 - Determine the underlying mechanisms causing decreased suppression by 

Foxo3a-/-IL-10-/- Tregs. 

 

3.3 Foxo3a modulates CD4+ T cells in the spleen compartment of IL-

10-deficient mice. 

The spleens of Foxo3a-/-IL-10-/- mice were investigated first to characterize nTregs and 

CD4+ T cells. Sick and healthy Foxo3a-/-IL-10-/- mice have significantly larger spleens than the 

control genotypes both in size and in mass (e.g., WT vs Foxo3a-/-IL-10-/-, P < 0.0001; Figure 

  a, b). Spleens from Foxo3a-/- mice are slightly larger in mass and size than spleens from 

IL-10-/- mice (P = 0.2265). The difference in size of Foxo3a-/-IL-10-/- spleens is reflected in the 

splenocyte count with the exception that spleens from healthy Foxo3a-/-IL-10-/- mice do not 

have significantly more cells than spleens from Foxo3a-/- mice (P = 0.0708; Figure   c). 

Spleens from Foxo3a-/- mice have insignificantly more cells than spleens from IL-10-/- mice (P 

= 0.1978). The spleen mass and splenocyte count from healthy and sick Foxo3a-/-IL-10-/- mice 

are not significantly different (P = 0.1303, P = 0.1484, respectively; Figure   d). There is a 

higher proportion of CD4+ T cells in the lamina propria of Foxo3a-/-IL-10-/- mice262. Thus, the 

proportion of CD4+ T cells in the spleens was also investigated. The spleens of Foxo3a-/-IL-

10-/- mice have a significantly lower proportion of CD4+ T cells than the control genotypes, 

and no significant differences in the overall number of nTregs T cells (e.g., WT vs Foxo3a-/-

IL-10-/-, P = 0.0083, P = 0.1068, respectively; Figure 10 a-c). The spleens of Foxo3a-/-IL-10-/- 

mice have significantly more CD4+ T cells than IL-10-/- mice (P = 0.0365; Figure 10 d). The 

control genotypes are similar in proportion of CD4+ T cells, overall number of CD4+ T cells, 

and overall number of nTregs (e.g., WT vs Foxo3a-/--, P = 0.9937, P = 0.1030, P = 0.8592, 

respectively). 
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Figure  . Foxo3a-/-IL-10-/- mice have large spleens that increase in size as they develop a CrD-like 
phenotype. (A) Representative photographs of the spleens of healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice 
and control genotypes. (B) Violin plots depicting the mass of spleens of healthy (left) or sick (right) Foxo3a-/-IL-10-

/- mice and control genotypes. (C) Violin plots depicting the splenocyte count of healthy or sick Foxo3a-/-IL-10-/- 
mice and control genotypes. Splenocytes were counted manually using methylene blue and a hemocytometer. 
Statistical significance determined using a 1-way ANOVA. (D) Bar graphs depicting the splenocyte counts (left) 
and spleen mass (right) comparing healthy and sick Foxo3a-/-IL-10-/- mice. Experiments conducted on 8-week-old 
to 12-week-old mice. Individual bars depict the respective mean ± SEM. Statistical significance determined using 

unpaired t-tests (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001) (min. n=6). 
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Figure 10. Foxo3a-/-IL-10-/- spleens have a reduced proportion of CD4+ T cells and a similar overall number 
of Tregs. (A) Representative FACS plots of CD4+CD25+ populations from all four genotypes (n=11). (B) Bar graph 
depicting the proportion of CD4+ splenocytes from all four genotypes (n=11). (C) Bar graph depicting the number 
of Tregs in the spleens from all four genotypes as determined by combining splenocyte count and proportion of 
Tregs (n=6). (D) Bar graph depicting the number of CD4+ T cells in the spleens of all four genotypes determined 
by combining splenocyte count and proportion of CD4+ T cells (n=10).  Experiments conducted on 8-week-old to 
12-week-old mice. Splenocytes were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and 
analyzed using FlowJo™ software. Individual bars depict the respective mean ± SEM. Statistical significance 
determined using a 1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001). 
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3.4 Foxo3a maintains Foxp3 expression in the nTregs of IL-10-

deficient mice.  

The nTregs from spleens of healthy Foxo3a-/-IL-10-/- mice have an insignificant 

decrease in Foxp3 expression (e.g., Foxo3a-/- vs Foxo3a-/-IL-10-/-, P = 0.6585), while the 

nTregs from sick Foxo3a-/-IL-10-/- mice have significant reduction in Foxp3 expression 

compared to IL-10-/- mice ( P = 0.0430; Figure 11 a, b). The nTregs from the control genotypes 

have no difference in Foxp3 expression (e.g., WT vs Foxo3a-/--, P = 0.9378). Because Foxo3a-

/-IL-10-/- nTregs have lower expression of Foxp3, tTregs expression of Foxp3 was assessed 

to see if tTregs contributed to this difference. Foxo3a-/-IL-10-/- tTregs also have slightly 

reduced Foxp3 expression, while the tTregs from sick Foxo3a-/-IL-10-/- mice have a greater 

reduction in the expression of Foxp3 (Figure 12 a). If there was a change in the number of 

tTregs in the thymus, it would indicate dysfunctional differentiation. The thymuses of Foxo3a-

/-IL-10-/- mice are no different in cell count than the control genotypes (e.g., WT vs Foxo3a-/-

IL-10-/-, P > 0.9999; Figure 12 b). In addition, there is no difference in number of tTregs from 

the thymuses of Foxo3a-/-IL-10-/- mice (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.9985; Figure 12 c). 

Problems with inconsistent thymus harvesting and an overall low proportion of Foxp3+ T cells 

in thymuses mean that these data should be interpreted with caution. 
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Figure 11. Foxo3a-/-IL-10-/- nTregs have slightly reduced Foxp3 expression, which worsens upon 
development of a CrD-like phenotype. (A) Representative FACS plots of Foxp3 expression in 
CD4+CD25+Foxp3+ splenocyte populations of healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice and control 
genotypes. Foxp3 expression is normalized to the mode (n=4 and n=5, respectively). (B) Bar graphs depicting the 
Foxp3 MFI fold change in CD4+CD25+Foxp3+ splenocyte populations from healthy (left) or sick (right) Foxo3a-/-IL-
10-/- mice and control genotypes. Foxp3 MFI is normalized to WT MFI (n=4 and n=5, respectively). Experiments 
conducted on 8-week-old to 12-week-old mice. Individual bars depict the respective mean ± SEM. Splenocytes 
were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ 
software. Individual bars depict the respective mean ± SEM. Statistical significance determined using a 1-way 
ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 12. Foxo3a-/-IL-10-/- tTregs have slightly reduced Foxp3 expression which worsens upon 
development of a CrD-like phenotype. (A) Representative FACS plots of Foxp3 expression in 
CD4+CD25+Foxp3+ thymocyte populations of healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice and control 
genotypes (n=3, n=1, respectively). Foxp3 expression is normalized to the mode. (B) Bar graph depicting the 
thymocyte count of all four genotypes. Thymocytes were counted manually using methylene blue and a 
hemocytometer (n=4). (C) Bar graph depicting the number of Tregs in the thymuses as determined by combining 
thymocyte count and proportion of Tregs (n=3). Experiments conducted on 8-week-old to 12-week-old mice. 
Thymocytes were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using 
FlowJo™ software. Individual bars depict the respective mean ± SEM. Statistical significance determined using a 
1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).  
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3.5 Foxo3a contributes to proper suppression by nTregs in IL-10-

deficient mice.  

Foxo3a-/-IL-10-/- nTregs have reduced expression of Foxp3, therefore the function of 

nTregs from Foxo3a-/-IL-10-/- mice was assessed. Foxo3a-/-IL-10-/- nTregs have a reduced 

capacity to suppress the proliferation of WT CD45.1+CD4+ T cells (Figure 13 a). The reduced 

proliferation of WT CD45.1+CD4+ T cells was consistent with significantly higher production 

of IL-17a and IFN-γ (e.g., WT vs Foxo3a-/-IL-10-/-, P < 0.0001; Figure 13 b). The co-cultures 

with WT and Foxo3a-/- nTregs have higher production of IL-10, while the cultures with IL-10-/- 

and Foxo3a-/-IL-10-/- nTregs produce low amounts of IL-10. The IL-10 from the cultures with 

IL-10-/- and Foxo3a-/-IL-10-/- nTregs likely come from WT CD45.1+CD4+ T cells. The ability of 

Foxo3a-/-IL-10-/- nTregs to suppress the proliferation of isolated WT CD8+ T cells was also 

assessed. Foxo3a-/-IL-10-/- nTregs and IL-10-/- iTregs also demonstrate reduced capacity to 

suppress the proliferation of WT CD45.1+CD8+ T cells (Figure 13 c). In the preceding 

experiments, IL-10-/- nTregs also have a slightly reduced capacity to suppress the proliferation 

of WT CD45.1+CD4+ T cells.  
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Figure 13. The ability of Foxo3a-/-IL-10-/- nTregs to suppress the proliferation of WT CD4+ and CD8+ T cells 
is compromised. (A) Representative FACS plots of CFSE dilution in CD45.1+CD4+ WT T cells co-cultured 1:1 
with CD45.2+ nTregs from all four genotypes (n=3). (B) Bar graphs depicting IL-10, IL-17a, and IFN-γ levels 
measured from the supernatants of CD45.1+CD4+ WT T cells co-cultured 1:1 with CD45.2+ nTregs from all four 
genotypes. Concentrations of IL-10, IL-17a, and IFN-γ were determined using sandwich ELISA (n=3). (C) 
Representative FACS plots of CFSE dilution in CD45.1+CD8+ WT T cells co-cultured 1:1 with CD45.2+ nTregs 
from all four genotypes (n=2). CD45.1+CD4+ WT T cells and CD45.2+ nTregs in co-culture were stimulated for 72 
hours in plates coated overnight at 4°C with 1 μg/mL αCD3 and αCD28 antibodies. Experiments conducted on 8-
week-old to 12-week-old mice. Cells were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, 
and analyzed using FlowJo™ software. Individual bars depict the respective mean ± SEM. Statistical significance 
determined using a 1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001).  
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3.6 Foxo3a contributes to proper suppression by iTregs in IL-10-

deficient mice.  

The Treg suppression assay was repeated using iTregs to determine if they also had 

diminished suppressive capacity on WT CD4+ T cells. Foxo3a-/-IL-10-/- iTregs also have 

diminished suppressive capacity on the proliferation of WT CD45.1+CD4+ T cells (Figure 14 

a). This is consistent with a significant increase in the production of IL-17a and IFN-γ (e.g., 

WT vs Foxo3a-/-IL-10-/-, IL-17a: P < 0.0003, IFN-γ: P < 0.0001 ;Figure 14 b). Co-cultures with 

iTregs from the control genotypes produce only background amounts of IL-17a and IFN-γ. 

Interestingly, when Foxo3a-/-IL-10-/- iTregs are present at a 2:1 (iTregs: WT CD4+ T cells) ratio 

rather than the normal 1:1 ratio, the proliferation of WT CD45.1+CD4+ T cells is increased 

when co-cultured with Foxo3a-/-IL-10-/- iTregs as compared to a 1:1 ratio (Figure 14 c). The 

iTregs from the control genotypes suppress the proliferation of WT CD45.1+CD4+ T cells to 

similar degrees when co-cultured at a 1:1 and 2:1 ratio. In both co-cultures with Foxo3a-/-IL-

10-/- iTregs, the WT CD45.1+CD4+ T cells proliferate more than if there were no iTregs present.  

Although Tregs suppress the proliferation of effector T cells primarily through 

cytokines, other receptors involved with cell-to-cell interaction with DCs were assessed to 

determine if the reduction in Foxp3 expression was reflected in cell-surface markers. ST2 

was assessed because it has been found to stabilize pTregs in vivo, as well as CTLA-4, which 

inhibits B7 molecules on DCs, and TIGIT, which binds to nectin on DCs148, 263, 264. Foxo3a-/-, 

IL-10-/-, and Foxo3a-/-IL-10-/- nTregs have reduced expression of ST2262. Foxo3a-/-IL-10-/- 

iTregs had similar expression of ST2, CTLA-4, and TIGIT (Figure 14 d). 

Rapamycin, which is a mTORC1 inhibitor, is able to restore Foxp3 and ST2 expression 

in Foxo3a-/-IL-10-/- nTregs in vivo262. Therefore, rapamycin was added to an iTreg suppression 

assay and is able to restore the suppressive capacity of Foxo3a-/-IL-10-/- iTregs (Figure S31 
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a). Rapamycin treatment also improves the survival of CD45.2+ iTregs when cultured in the 

Treg suppression assay (Figure S31 b). 
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Figure 14. The ability of Foxo3a-/-IL-10-/- iTregs to suppress the proliferation of WT CD4+ T cells is 
compromised. (A) Representative FACS plots of CFSE dilution in CD45.1+CD4+ WT T cells co-cultured 1:1 with 
CD45.2+ iTregs from all four genotypes (n=3). (B) Bar graphs depicting IL-17a and IFN-γ levels measured from 
the supernatants of CD45.1+CD4+ WT T cells co-cultured 1:1 with CD45.2+ iTregs from all four genotypes. 
Supernatants were harvested after 72 hours co-culture. Concentrations of IL-17a and IFN-γ were determined 
using sandwich ELISA (n=3). (C) Representative FACS plots of CFSE dilution in CD45.1+CD4+ WT T cells co-
cultured 1:2 with CD45.2+ iTregs from all four genotypes (n=2). A-C shows CD45.1+CD4+ WT T cells co-cultured 
with CD45.2+ iTregs stimulated for 72 hours in plates coated for 3 hours at 37°C with 20 μg/mL αCD3 antibodies. 
(D) Representative FACS plots of TIGIT, ST2, and CTLA-4 expression in in vitro differentiated iTregs. Expression 
of TIGIT, ST2, and CTLA-4 are normalized to the mode (n=3). Experiments conducted on 8-week-old to 12-week-
old mice. Cells were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using 
FlowJo™ software. Individual bars depict the respective mean ± SEM. Statistical significance determined using a 
1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).  
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Aim 3 -> Characterize the differentiation of Foxo3a-/-IL-10-/- Tregs. 

3.  Foxo3a plays a non-redundant role in maintaining Treg 

differentiation in vitro in IL-10-deficient mice. 

Despite the significant increase in the number of splenocytes in Foxo3a-/-IL-10-/- mice, 

there is no difference in the number of Tregs present in the spleens of Foxo3a-/-IL-10-/- mice. 

Therefore, an assessment was made to determine if the differentiation of Foxo3a-/-IL-10-/- 

Tregs was compromised in vitro. The differentiation of iTregs from the CD4+ T cell of healthy 

Foxo3a-/-IL-10-/- mice is not significantly compromised (e.g., WT vs Foxo3a-/-IL-10-/-, P = 

0.7327; Figure 15 a, b). However, the differentiation of iTregs from the CD4+ T cells of 

Foxo3a-/-IL-10-/- mice with a CrD-like phenotype is significantly compromised, only reaching 

approximately 50% iTregs (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.0033; Figure 15 a, b). The 

proportion of Foxo3a-/- and Foxo3a-/-IL-10-/- iTregs from healthy mice is insignificantly reduced 

compared to WT and IL-10-/-, the latter pair having the highest proportion of iTregs. To 

determine an approximate idea of the functional ability of the Foxo3a-/-IL-10-/- iTregs, Foxp3 

expression was measured and compared to the control genotypes. Foxo3a-/-IL-10-/- iTregs 

from healthy mice have a significant decrease in Foxp3 expression compared to IL-10-/- iTregs 

(P = 0.0312) and a nonsignificant decrease compared to WT and Foxo3a-/- iTregs (P = 0.1661, 

P = 0.9475, respectively; Figure 16 a, b). Similarly to iTreg differentiation, Foxo3a-/-IL-10-/- 

iTregs from mice with a CrD-like phenotype have a significant reduction in Foxp3 expression, 

and even more so than in healthy mice (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.0032; Figure 16 

a, b). Addition of decitabine, a DNA methyltransferase inhibitor, to the differentiation medium, 

is not able to rescue the compromised differentiation of iTregs from the CD4+ T cells of 

Foxo3a-/-IL-10-/- mice with a CrD-like phenotype but is able to increase the median 

fluorescence intensity of Foxp3 (Figure S32 a, b). 
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The viability of iTregs during differentiation was assessed to observe any changes in cell 

death which may contribute to change in numbers. Foxo3a-/-IL-10-/- iTregs from sick and 

healthy mice have similar viability after in vitro differentiation compared to the control 

genotypes (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.9926; Figure 1  c). In all four genotypes, none 

of the dead cells are Foxp3+ and a low proportion of them are CD25+ (Figure 1  a, b). 

Regardless of differentiation and the initial proportion, Foxo3a-/-IL-10-/- iTregs from sick and 

healthy mice both have compromised suppression of CD4+ T cells (Figure 18 a-d). In other 

words, even if Foxo3a-/-IL-10-/- iTregs come from a healthy mouse and differentiation is 

uncompromised, Foxo3a-/-IL-10-/- iTregs have compromised suppressive capacity. 
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Figure 15. The development of a CrD-like phenotype in Foxo3a-/-IL-10-/- mice compromises the in vitro 
differentiation of Foxo3a-/-IL-10-/- iTregs. (A) Representative FACS plots of proportion of CD25+Foxp3+ iTregs 
from healthy (top) or sick (bottom) Foxo3a-/-IL-10-/- mice and control genotypes (n=8 and n=6, respectively). (B) 
Bar graphs depicting the proportion of CD25+Foxp3+ iTregs from healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice 
and control genotypes (n=8 and n=6, respectively). For A-B, iTregs were induced using the In Vitro 
Differentiation of Regulatory T Cells protocol. Experiments conducted on 8-week-old to 12-week-old mice. 
iTregs were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ 
software. Individual bars depict the respective mean ± SEM. Statistical significance determined using a 1-way 
ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 16. Foxo3a-/-IL-10-/- iTregs differentiated from Foxo3a-/-IL-10-/- mice with a CrD-like phenotype have 
a lower expression of Foxp3. (A) Representative FACS plots of Foxp3 expression in CD4+CD25+Foxp3+ 
populations of iTregs from healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice and control genotypes (n=8 and n=5, 
respectively). Foxp3 expression is normalized to the mode. (B) Bar graphs depicting Foxp3 MFI fold change in 
CD4+CD25+Foxp3+ populations of iTregs from healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice and control 
genotypes (n=8 and n=5, respectively). Foxp3 MFI is normalized to WT. Experiments conducted on 8-week-old to 
12-week-old mice. iTregs were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and 
analyzed using FlowJo™ software. Individual bars depict the respective mean ± SEM. Statistical significance 
determined using a 1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001) (min. n=4).   
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Figure 1 . No difference between genotypes in viability of iTregs during in vitro differentiation. (A) 
Representative FACS plots of Zombie Yellow uptake versus Foxp3 in iTregs (n=14). (B) Representative FACS 
plots of Zombie Yellow uptake versus CD25 in iTregs (n=14). (C) Bar graphs depicting the proportion of Zombie- 
iTregs from healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice and control genotypes (n=8 and n=6, respectively). 
Experiments conducted on 8-week-old to 12-week-old mice. iTregs were stained with fluorescent antibodies, 
acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software. Individual bars depict the respective 
mean ± SEM. Statistical significance determined using a 1-way ANOVA and reported for each comparison by “*” 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 18. The ability of Foxo3a-/-IL-10-/- iTregs to suppress the proliferation of WT CD4+ is compromised 
irrespective of if differentiation is compromised. (A) Representative FACS plots showing the purity of iTregs 
used in the Treg suppression assay depicted in (B) before the 72 hour co-culture. (B) Representative FACS plots 
of CFSE dilution in CD45.1+CD4+ WT T cells co-cultured 1:1 with CD45.2+ iTregs from all four genotypes Foxo3a-

/-IL-10-/- iTregs came from a healthy mouse where iTreg differentiation was not compromised. (C) FACS plots 
showing the purity of iTregs used in the Treg suppression assay depicted in (D) before the 72 hour co-culture. (D) 
Representative FACS plots of CFSE dilution in CD45.1+CD4+ WT T cells co-cultured 1:1 with CD45.2+ iTregs from 
all four genotypes. Foxo3a-/-IL-10-/- iTregs came from a sick mouse where iTreg differentiation was compromised 
(n=3). B and D shows CD45.1+CD4+ WT T cells co-cultured with CD45.2+ iTregs stimulated for 72 hours in plates 
coated for 3 hours at 37°C with 20 μg/mL αCD3 antibodies. Experiments conducted on 8-week-old to 12-week-
old mice. Cells were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using 
FlowJo™ software.  
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3.8 Foxo3a plays a critical role in maintaining proper proliferation of 

IL-10-deficient iTregs. 

Foxo3a-/-IL-10-/- iTregs originating from sick mice have compromised differentiation, 

and interestingly, they also have increased proliferation. Foxo3a-/-IL-10-/- iTregs differentiated 

from sick Foxo3a-/-IL-10-/- mice have a significantly greater number of cells in culture after 96 

hours of differentiation under saturating conditions in vitro (e.g., WT vs Foxo3a-/-IL-10-/-, P < 

0.0001; Figure 1  a). Foxo3a-/-IL-10-/- iTregs differentiated from healthy mice do not have a 

significantly greater number of cells in culture (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.9924; 

Figure 1  a). From a starting amount of 1*105 CD4+ T cells, Foxo3a-/-IL-10-/- iTregs finish 

differentiation with about 3.5*105 T cells. Other than Foxo3a-/-IL-10-/- iTregs from sick mice, all 

other genotypes only proliferate a small amount during iTreg differentiation, ending with about 

1.5*105 T cells. There is no significant difference in the number of iTregs differentiated from 

any of the genotypes (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.8321; Figure 1  b). There is a 

significant increase in the number of non-iTregs differentiated from sick Foxo3a-/-IL-10-/- mice 

compared to the control genotypes (e.g., WT vs Foxo3a-/-IL-10-/-, P < 0.0001; Figure 1  c). 

To determine at what stage of differentiation Foxo3a-/-IL-10-/- iTregs begin proliferating faster, 

iTregs were stained with CFSE and iTregs were harvested after 24, 48, 72, and 96 hours of 

differentiation. At each of the latter points of time, Foxo3a-/-IL-10-/- iTregs have a CFSE peak 

with lower brightness, indicating that they have proliferated more than the control genotypes 

(Figure 20 a). The difference in CFSE is greatest at 72 hours, and lowest at 24 hours. Foxo3a-

/-IL-10-/- Foxp3+ and Foxp3- CD4+CD25+ T cells all have a lower CFSE profile than the control 

genotypes at all points of time examined (Figure 20 b). Of particular note is that the difference 

in CFSE profile is similar in Foxo3a-/-IL-10-/- iTregs from both sick and healthy mice.  
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Figure 1 . Foxo3a-/-IL-10-/- mice with a CrD-like phenotype demonstrate increased proliferation during 
iTreg differentiation. (A) Bar graphs depicting the number of cells per well. (B) Bar graphs depicting the number 
of iTregs per well. (C) Bar graphs depicting the number of non-iTregs per well. A-C shows cells from In Vitro 
Differentiation of Regulatory T Cells from healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice and control 
genotypes (n=8 and n=6, respectively). iTregs were counted manually using methylene blue and a 
hemocytometer. Count is normalized to one well so that multiple experiments can be compared. Experiments 
conducted on 8-week-old to 12-week-old mice. Individual bars depict the respective mean ± SEM. Statistical 
significance determined using a 1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001). 
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Figure 20. Foxo3a-/-IL-10-/- iTregs and Foxp3-CD4+ T cells undergo increased proliferation during iTreg 
differentiation. (A) Representative FACS plots of CFSE levels in iTregs at 24, 48, 72, and 96 hours through the 
iTreg differentiation process. CFSE expression is normalized to the mode (n=2). (B) Representative FACS plots 
showing CFSE levels in Foxp3+ and Foxp3- CD25+CD4+ T cells at 24, 48, 72, and 96 hours through the iTreg 
differentiation process (n=2). Experiments conducted on 8-week-old to 12-week-old mice. Cells were stained with 

fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software.  
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3.  Foxo3a controls TCR signaling sensitivity in IL-10-deficient iTregs 

through development of a CrD-like phenotype. 

An increase in proliferation could originate from increased signaling through the TCR. 

Therefore, the effect of varying levels of αCD3 antibodies on the differentiation of iTregs was 

assessed. At low levels of αCD3 antibodies (plated coated with 1 µg/mL and 4 µg/mL) Foxo3a-

/-IL-10-/- iTreg differentiation is improved, while at normal levels (plates coated with 20 µg/mL), 

as determined by optimization in WT CD4+ T cells, Foxo3a-/-IL-10-/- iTreg differentiation is 

compromised (Figure 21 a, b). This difference is only present when iTregs are differentiated 

from the CD4+ T cells of sick Foxo3a-/-IL-10-/- mice. iTregs differentiated from the CD4+ T cells 

of healthy Foxo3a-/-IL-10-/- mice have similar differentiation at all concentrations of αCD3 

antibodies (Figure 21 b). At low concentration of αCD3 antibodies, Foxo3a-/-IL-10-/- iTregs 

have increased survival, which normalizes at 20 µg/mL αCD3 (Figure 22 a, b). None of the 

dead cells are Foxp3+, and only a small proportion of dead Foxo3a-/-IL-10-/- cells are CD25+ 

(Figure 22 c, d). An increase in sensitivity to TCR stimulation by αCD3 antibodies allows 

Foxo3a-/-IL-10-/- iTregs from sick mice to differentiate better at low concentrations, but worse 

at higher concentrations.  
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Figure 21. The development of a CrD-like phenotype in Foxo3a-/-IL-10-/- mice causes increased stimulation 
and proliferation by αCD3 antibodies. (A) Representative FACS plots of proportion of iTregs differentiated from 
sick Foxo3a-/-IL-10-/- mice and control genotypes (n=2). (B) Line graphs depicting the proportion of CD25+Foxp3+ 
iTregs differentiated from from healthy (left) or sick (right) Foxo3a-/-IL-10-/- mice and control genotypes (n=1 and 
n=2, respectively). In A-B, iTregs were differentiated in plates coated for 3 hours at 37°C with 1, 4, and 20 μg/mL 
αCD3 antibodies. Experiments conducted on 8-week-old to 12-week-old mice. iTregs were stained with 
fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software. 
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Figure 22. The development of a CrD-like phenotype in Foxo3a-/-IL-10-/- mice causes increased viability 
when stimulated with low concentrations of αCD3 antibodies. (A) Representative FACS plots of Zombie 
Yellow uptake from iTregs differentiated from sick Foxo3a-/-IL-10-/- mice and control genotypes (n=2). iTregs 
differentiated from wells coated for 3 hours at 37°C with 1 μg/mL αCD3 antibodies. (B) Line graph depicting the 
proportion of Zombie- iTregs differentiated from sick Foxo3a-/-IL-10-/- mice and control genotypes. iTregs 
differentiated from wells coated for 3 hours at 37°C with 1, 4, and 20 μg/mL αCD3 antibodies. (C) Representative 
FACS plots of Zombie Yellow uptake versus Foxp3 in iTregs from sick Foxo3a-/-IL-10-/- mice and control genotypes. 
(D) Representative FACS plots of Zombie Yellow uptake versus CD25 from iTregs differentiated from sick Foxo3a-

/-IL-10-/- mice and control genotypes. In C-D, iTregs were differentiated from wells coated for 3 hours at 37°C with 
1 μg/mL αCD3 antibodies. Experiments conducted on 8-week-old to 12-week-old mice. Cells were stained with 

fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software. 
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3.10  Foxo3a modulates metabolic activity in IL-10-deficient iTregs. 

To determine where the difference in proliferation versus differentiation originates, 

different metabolic pathways were assessed in Foxo3a-/-IL-10-/- CD4+ T cells that were 

modulated in other cell types. The first target chosen was fatty acid metabolism as Foxo3a-/-

IL-10-/- DCs have increased fatty acid synthesis (Figure  ). Bodipy is a fluorescent molecule 

which dissolves into and stains lipid droplets, and filipin fluorescently stains cholesterol. 

Foxo3a-/-IL-10-/- CD4+ T cells and nTregs from spleens of Foxo3a-/-IL-10-/- mice have an 

increase in lipids droplets (Figure 23 a). In comparison, there is no difference in the amount 

of cholesterol or lipids in Foxo3a-/-IL-10-/- iTregs as compared to the control genotypes (Figure 

23 b).  

 To get a general understanding of the metabolic activity in Foxo3a-/-IL-10-/- T cells 

during iTreg differentiation, oxygen consumption rate (OCR) was measured in real time. 

Foxo3a-/-IL-10-/- CD4+ T cells undergoing differentiation into iTregs have similar OCR during 

the first 48 hours of differentiation (Figure S33 a). At 72 hours, the oxygen consumption rate 

of Foxo3a-/-IL-10-/- CD4+ T cells increases significantly compared to IL-10-/- CD4+ T cells (P = 

0.0283; Figure S33 a). By 96 hours, Foxo3a-/-IL-10-/- CD4+ T cells consume significantly more 

oxygen than the control genotypes (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.0342; Figure S33 a). 

This trend remains consistent when the oxygen consumption rate is normalized to the number 

of cells per well, where Foxo3a-/-IL-10-/- CD4+ T cells consume significantly more oxygen than 

the control genotypes (e.g., WT vs Foxo3a-/-IL-10-/-, P = 0.0003; Figure S33 b). 
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Figure 23. Foxo3a-/-IL-10-/- CD4+ T cells have increased lipids while Foxo3a-/-IL-10-/- iTregs have similar 
levels of lipids and cholesterol to the control genotypes. (A) Representative FACS plots of BODIPY 
fluorescence in splenic CD4+ T cells from all four genotypes. BODIPY is dissolved in lipid droplets and stains lipids 
(n=5). (B) Representative FACS plots of filipin (left) and BODIPY (right) fluorescence in iTregs from all four 
genotypes. Filipin fluorescently stains cholesterol (n=2 and n=4). Experiments conducted on 8-week-old to 12-
week-old mice. Splenocytes and iTregs were stained with fluorescent antibodies, acquired on a BD 
LSRFortessa™, and analyzed using FlowJo™ software. Expression is normalized to the mode in all panels. 
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Aim 4: Characterize the stability of Foxo3a-/-IL-10-/- iTregs under varying conditions 

3.11 Foxo3a is critical in maintaining Foxp3 expression in IL-10-deficient 

iTregs by preventing excessive DNA methylation. 

Foxo3a-/-IL-10-/- iTregs have compromised suppression of WT CD4+ T cells regardless 

of whether their differentiation and Foxp3 expression are compromised, therefore there must 

be another reason that they have decreased suppression. Foxo3a-/-IL-10-/- iTregs also have 

similar expression of eTreg cell surface markers as the control genotypes. Foxp3+ pTregs in 

mice have been reported to lose Foxp3 expression and demonstrate plasticity between CD4+ 

T cell subsets. Therefore, an assessment was completed to determine if Foxo3a-/-IL-10-/- 

iTregs were able to maintain expression of Foxp3 in the absence of Treg growth factors (TGF-

β and IL-2). First, Foxp3 expression in Foxo3a-/-IL-10-/- iTregs from the Treg suppression 

assay was assessed (Figure 14 a). After 72 hours of co-culture with WT CD4+ T cells, Foxo3a-

/-IL-10-/- CD45.2+ T cells have the lowest proportion of CD4+CD25+Foxp3+ T cells even when 

starting with the same proportion of iTregs post-differentiation (Figure 24 a, b). Foxo3a-/- 

CD45.2+ T cells also have a slightly reduced proportion of CD4+CD25+Foxp3+ T cells as 

compared to the other control genotypes. 

To assess the stability of iTregs outside of the Treg suppression assay, iTregs were 

stimulated with αCD3 antibodies without IL-2 or TGF-β for 24 hours, then the proportion of 

CD4+CD25+Foxp3+ T cells was assessed. Regardless of starting proportion of iTregs, Foxo3a-

/-IL-10-/- iTregs lose Foxp3 expression quicker than the control genotypes and have a 

significantly lower proportion of iTregs compared to WT and IL-10-/- (P = 0.0047, P = 0.0430, 

respectively; Figure 25 a, b). On average, 50% of Foxo3a-/-IL-10-/- iTregs remain after 24 hour 

stimulation with αCD3 antibodies. Foxo3a-/- and IL-10-/- iTregs have a non-significant 

decrease in proportion of remaining iTregs compared to WT (P = 0.0938, P = 0.5988, 
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respectively). As expected, Foxo3a-/-IL-10-/- iTregs, also have lower expression of Foxp3 

(Figure 25 c). Thus, not only are there lower numbers of iTregs, but these cells also have a 

lower expression of Foxp3. At 20 µg/mL αCD3, Foxo3a-/-IL-10-/- iTregs have an insignificant 

difference in viability compared to the control genotypes (e.g., WT vs Foxo3a-/-IL-10-/-, P = 

0.7766; Figure 26 a, d). Dead cells were Foxp3-, but there is a higher proportion of dead 

CD25+ cells in the culture of Foxo3a-/-IL-10-/- iTregs (Figure 26 b, c). Both Foxo3a-/- and IL-

10-/- iTregs have a higher proportion of dead CD25+ cells compared to WT. The lack of IL-2 

contributes substantially to the high proportion of dead cells in this assay. 

iTregs stability was also assessed in the absence of αCD3 antibodies, but with IL-2 to 

maintain viability for 24 hours. Foxo3a-/-IL-10-/- iTregs cultured in this way maintain CD25 

expression and have restored Foxp3 expression when compared to the control genotypes 

(Figure 2  a, b). Foxo3a-/-IL-10-/- iTregs are the only genotype with a substantial remaining 

population of CD25hiFoxp3+ T cells. Addition of IL-2 to Foxo3a-/-IL-10-/- iTregs stimulated for 

24 hours with αCD3 antibodies are not able to restore the stability of iTregs when compared 

to the control genotypes but IL-2 is able to restore Foxp3 expression to levels similar to the 

control genotypes (Figure 2  c, d). Interestingly, iTregs that differentiated in the presence of 

decitabine, which is a DNA methyltransferase inhibitor, have partially rescued stability. 

Foxo3a-/-IL-10-/- iTregs differentiated with 50 nM decitabine have similar stability to the control 

genotypes (Figure S34 a, b). This corresponds to about 70% of Foxo3a-/-IL-10-/- iTregs 

remaining after stimulation with αCD3 antibodies for 24 hours. The stability of Foxo3a-/-IL-10-

/- nTregs was also assessed under different conditions. Foxo3a-/-IL-10-/- nTregs have slightly 

reduced stability after 72 hours, albeit with a low concentration of αCD3 antibodies and in the 

presence of TGF-β and IL-2 (Figure S35 a).  
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Figure 24. Foxo3a-/-IL-10-/- and Foxo3a-/-  iTregs have decreased stability in maintaining Foxp3 expression 
when co-cultured with WT CD4+ T cells. (A) Representative FACS plots of proportion of iTregs from all four 
genotypes used in the Treg suppression assay depicted in (B).  (B) Representative FACS plots of CD45.2+ iTregs 
from all four genotypes remaining in the co-culture after 72 hours. Experiments conducted on 8-week-old to 12-
week-old mice. Cells were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed 
using FlowJo™ software.  
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Figure 25. Foxo3a-/-IL-10-/- iTregs have reduced stability in maintaining Foxp3 expression when stimulated 
with αCD3 antibodies. (A) Representative FACS plots of proportion of iTregs from all four genotypes before (top) 
and after (bottom) 24 hour stimulation (n=4). (B) Bar graph depicting the proportion of iTregs from all four 
genotypes remaining after 24 hour stimulation. iTreg proportion after stimulation normalized to iTreg proportion 
before stimulation (n=4). (C) Representative FACS plot of Foxp3 expression in iTregs after 24 hour stimulation 
(n=4). In A-C, iTregs were stimulated in plates coated for 3 hours at 37°C with 20 µg/mL αCD3 antibodies. 
Experiments conducted on 8-week-old to 12-week-old mice. Cells were stained with fluorescent antibodies, 
acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software. Individual bars depict the respective 
mean ± SEM. Statistical significance determined using a 1-way ANOVA and reported for each comparison by “*” 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 26. Foxo3a-/-IL-10-/- iTregs have similar viability to the control genotypes when stimulated with αCD3 
antibodies. (A) Representative FACS plots of Zombie Yellow uptake in iTregs from all four genotypes after 24 
hour stimulation (n=4). (B) Representative FACS plots of Zombie Yellow uptake versus Foxp3 in iTregs from all 
four genotypes after 24 hour stimulation (n=4). (C) Representative FACS plots of Zombie Yellow uptake versus 
CD25 in iTregs from all four genotypes after 24 hour stimulation (n=4). (D) Bar graph depicting the proportion of 
Zombie- iTregs from all four genotypes after 24 hour stimulation (n=4). In A-D, iTregs were stimulated in plates 
coated for 3 hours at 37°C with 20 µg/mL αCD3 antibodies. Experiments conducted on 8-week-old to 12-week-
old mice. Cells were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using 
FlowJo™ software. Individual bars depict the respective mean ± SEM. Statistical significance determined using a 
1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001) (n=3).  
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Figure 2 . Foxo3a-/-IL-10-/- iTregs maintain CD25 expression for longer in the absence of αCD3 stimulation. 
(A) Representative FACS plots of iTregs from all four genotypes after 24 hour culture with 2.5 ng/mL IL-2 (n=2). 
(B) Representative FACS plots of Foxp3 (left) and CD25 (right) expression in iTregs from all four genotypes after 
24 hour culture with 2.5 ng/mL IL-2 (n=2). (C) Representative FACS plots of Foxp3 (left) and CD25 (right) 
expression in iTregs from all four genotypes after 24 hour culture with 2.5 ng/mL IL-2 in plates coated for 3 hours 
at 37°C with 20 µg/mL αCD3 antibodies. (D) Representative FACS plots of iTregs from all four genotypes after 24 
hour culture with 2.5 ng/mL IL-2 in plates coated for 3 hours at 37°C with 20 µg/mL αCD3 antibodies (n=3). 
Experiments conducted on 8-week-old to 12-week-old mice. Cells were stained with fluorescent antibodies, 

acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software.  
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3.12 Foxo3a maintains iTregs stability in IL-10-deficient mice by preventing 

over stimulation of the TCR at low thresholds of stimulation. 

Because differentiation of Foxo3a-/-IL-10-/- iTregs is dependant on the concentration of 

αCD3 antibodies in Foxo3a-/-IL-10-/- mice with a CrD-like phenotype, the stability of iTregs for 

24 hours with varying concentrations of αCD3 antibodies was also assessed. To evaluate 

this, iTregs were stimulated in plates coated with 1, 4, or 20 μg/mL of αCD3 antibodies for 24 

hours in the absence of IL-2 and TGF-β. Foxo3a-/-IL-10-/- iTregs differentiated from the CD4+ 

T cells of both sick and healthy Foxo3a-/-IL-10-/- mice have compromised stability at 4 μg/mL 

of αCD3 antibodies, and worsens at 20 μg/mL of αCD3 when compared to the control 

genotypes (Figure 28). Foxo3a-/- and IL-10-/- iTregs also have reduced stability at all 

concentrations of αCD3 antibodies in comparison with WT, but not to the same degree as 

Foxo3a-/-IL-10-/- iTregs. Foxo3a-/-IL-10-/- iTregs stability worsens at higher concentrations of 

αCD3 antibodies, while Foxo3a-/- and IL-10-/- iTreg stability remains similar at all 

concentrations of αCD3 antibodies. Conversely, WT iTregs only have compromised stability 

at 1 μg/mL of αCD3 antibodies. iTregs from both healthy and sick Foxo3a-/-IL-10-/- mice are 

similar and were pooled in Figure 28.  
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Figure 28. Foxo3a-/-IL-10-/- iTregs have compromised stability which worsens as the concentration of αCD3 
antibodies used to stimulate them increases. Line graph depicting the proportion of iTregs from all four 
genotypes remaining after 24 hour stimulation in plates coated for 3 hours at 37°C with 1, 4, and 20 µg/mL αCD3 
antibodies with 20 µg/mL αCD3 antibodies coated for 3 hours at 37°C. iTreg proportion after stimulation normalized 
to iTreg proportion before stimulation (n=3). Experiments conducted on 8-week-old to 12-week-old mice. iTregs 
were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ 
software. Individual bars depict the respective mean ± SEM. Statistical significance determined using a 1-way 
ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).  
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3.13 In maintaining the stability of Foxp3, Foxo3a is critical in maintaining the 

proper balance of cytokine production in IL-10-deficient T cells.  

In the Treg suppression assay, the wells with Foxo3a-/-IL-10-/- nTregs and iTregs both 

produce more IL-17a and IFN-γ than the control genotypes (Figure 13 b and Figure 14 b). 

What is not clear is if the cytokines are coming from the WT CD45.1+CD4+ T cells or the 

CD45.2+ Tregs. To answer this question, the supernatants of Foxo3a-/-IL-10-/- iTregs alone that 

were stimulated with 20 µg/mL of αCD3 for 24 hours were analyzed for the production of IL-

17a and IFN-γ. Foxo3a-/-IL-10-/- iTregs produce significantly more IL-17a and IFN-γ than the 

control genotypes when stimulated with 20 µg/mL of αCD3 for 24 hours (e.g., WT vs Foxo3a-

/-IL-10-/-, IL-17a: P < 0.0001, IFN-γ: P < 0.0001; Figure 2  a). The control genotypes only 

produce very low levels of IL-17a and IFN-γ. Foxo3a-/-IL-10-/- iTregs have compromised 

stability, and most of the T cells in culture are not Foxp3+. To determine if the IL-17a and IFN-

γ is coming from the Foxp3- or Foxp3+ T cells, cytokine production was assessed by flow 

cytometry through intracellular staining of IL-17a and IFN-γ. The majority of IL-17a and IFN-

γ is being produced in the Foxp3- T cells in all genotypes (Figure 2  b). There is a greater 

proportion of Foxo3a-/-IL-10-/-  Foxp3- T cells, and levels of IL-17a+ and IFN-γ+ are also higher 

in the latter cells. 
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Figure 2 . Foxo3a-/-IL-10-/- CD4+Foxp3- T cells produce significantly more IL-1 a and IFN-γ upon stimulation 
with αCD3. (A) Bar graphs depicting IL-17a (left) and IFN-γ (right) levels measured from the supernatants of 
iTregs from all four genotypes stimulated for 24 hours in plates coated for 3 hours at 37°C with 20 μg/mL αCD3 
antibodies. Concentrations of IL-17a and IFN-γ were determined using sandwich ELISA (n=3). (B) Representative 
FACS plots of intracellular IL-17a (top) and IFN-γ (bottom) in iTregs from all four genotypes after 24 hour 
stimulation in plates coated for 3 hours at 37°C with 20 μg/mL αCD3 antibodies. After 12 hours of stimulation, BFA 
was added, and iTregs were harvested another 12 hours after the addition of BFA. Experiments conducted on 8-
week-old to 12-week-old mice. Cells were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, 
and analyzed using FlowJo™ software. Individual bars depict the respective mean ± SEM. Statistical significance 
determined using a 1-way ANOVA and reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001). 
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4.0 Discussion 

In this thesis, novel pathways involved in the development of CrD are presented. 

Foxo3a and IL-10 work cooperatively to maintain proper differentiation and cytokine 

production in DCs. In addition, Foxo3a and IL-10 work synergistically to maintain proper iTreg 

differentiation and stability and Foxp3 expression. The data from this study provide insight 

into the development of intestinal inflammation in IL-10-deficient mice. In addition, this study 

elucidates novel roles for Foxo3a in the development and function of DCs and Tregs. The 

latter roles may provide new therapeutic pathways for IBD. Furthermore, these novel roles 

may be used for therapeutics involved in promoting dysfunctional DCs and Tregs when 

inflammation is beneficial, such as in the treatment of cancer. 

Foxo3a is an important member of the FoxO family of transcription factors. Foxo3a is 

highly expressed in the ovaries, skeletal muscle, heart, and spleen265. Foxo3a is regulated by 

phosphorylation, acetylation, and ubiquitination. Upon phosphorylation, Foxo3a is 

transported from the nucleus to the cytoplasm, inhibiting its function. The following kinases 

phosphorylate Foxo3a: AKT, IkB kinase (IKK), JNK, glucocorticoid regulated kinase (SGK), 

AMPK, mitogen-activated protein kinases (MAPKs), and mammalian sterile 20-like kinase 1 

(MST1)218, 266-268. Foxo3a degradation through ubiquitination is regulated by murine double 

minute 2 (MDM2)269. Foxo3a is regulated by acetylation and miRNAs, although the exact 

mechanism is unclear270, 271. 

Much of the interest surrounding Foxo3a is a result of diverse GWASs that link Foxo3a to 

extreme old age272. Foxo3a is also linked to milder progression of CrD and rheumatoid 

arthritis, and to increased risk of severe malaria273. GWASs demonstrate that Foxo3a is 

associated with a lower risk of tumor development and dysregulation leads to resistance to 

chemotherapy274, 275. Foxo3a is important in regulation of suppression of the cell cycle, 
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promotion of apoptosis, protection against cellular stress, reparation of DNA damage, and 

aerobic glycolysis276-280. Foxo3a is closely associated with autoimmune diseases, but its exact 

role in these diseases has yet to be fully elucidated. Foxo3a has been shown to regulate T 

and B cell cycle arrest, apoptosis, and survival, Treg differentiation, neutrophil survival, and 

DC cytokine production281. The findings of this study, it is likely that the inflammatory milieu in 

Foxo3a-/-IL-10-/- mice drives the plasticity of Tregs towards a pro-inflammatory phenotype and 

increases the ability of DCs to activate T cells.  

 

4.1 Foxo3a control the differentiation and cytokine production in DCs of IL-10-

deficient mice. 

 DCs sit at a critical junction of immune cell interactions in autoimmune diseases by 

mediating the adaptive immune response. An increase in the activity of pro-inflammatory 

immune cells is involved in the pathogenesis of IBD, including production of the pro-

inflammatory cytokines IFN-γ and IL-17a by Th1 and Th17 T cells, respectively282.  DCs are 

the primary cells responsible for activating T cells through MHC antigen presentation, co-

stimulation, and cytokine production. DCs from the intestinal tissues of CrD patients excrete 

higher levels of IL-12 and IL-6, increasing the activation of CD4+ T cells283. Thus, increased 

activation of T cells by DCs could lead to aggressive progression of CrD. 

 Treatment with αTNF-α or αIL-6 antibodies is effective at improving outcomes in CrD 

patients284, 285. The mechanism by which inflammatory cytokines are produced in higher 

amounts in CrD patients is largely uncharacterized. In previous studies, Foxo3a-/- DCs 

produce higher amounts of IL-6 and IL-10 induces a tolerogenic phenotype in DCs230, 286. 

Other work in Dr. Sad’s laboratory agrees with this finding, but also indicates that loss of IL-

10 and Foxo3a significantly increases the amount of IL-6, TNF-α, and IL-12p70 in LPS-
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stimulated DCs262. An increase in pro-inflammatory cytokine production by Foxo3a-/-IL-10-/- 

DCs leads to an increase in the cytokine production of CD4+ T cells when co-cultured with 

Foxo3a-/-IL-10-/- DCs262. IL-6 is needed to induce polarization of CD4+ T cells into Th17 cells; 

thus an increase in IL-17a production in co-culture of CD4+ T cells and Foxo3a-/-IL-10-/- DCs 

is consistent with the literature92. The increase in IL-17a production likely contributes to the 

development of intestinal inflammation in Foxo3a-/-IL-10-/- mice.  

Although αTNF-α or αIL-6 antibodies are effective at dealing with the outcome of a 

dysregulated immune system, they do not treat the underlying cause for increased cytokine 

production. RNAseq was performed and found that many pathways involved in immunity and 

metabolism are upregulated in Foxo3a-/-IL-10-/- DCs (Figure  ). Inhibition of mTOR, STAT3, 

MK2, fatty acid synthase, and IL-1RAP are all effective at reducing the production of IL-6 and 

TNF-α in LPS stimulated DCs (Figure 8 a, b). Previous studies show that inhibition of mTOR 

leads to a decrease in the expression of TNF-α and IL-6 in other cell types287, 288. Decreased 

IL-6 production in Foxo3a-/-IL-10-/- DCs treated with rapamycin provides a partial mechanistic 

explanation for the rescue of the CrD-like phenotype in Foxo3a-/-IL-10-/- mice by rapamycin261. 

In previous studies, STAT3-/- DCs produce higher levels of IL-6 and TNF-α289. In contrast, this 

study demonstrates that STAT3 inhibition decreased IL-6 and TNF-α production in Foxo3a-/-

IL-10-/- DCs. MK2 is a key regulator of IL-6 and TNF-α production, and this study corroborates 

the latter by showing that MK2 inhibition leads to a decrease in IL-6 and TNF-α production in 

in Foxo3a-/-IL-10-/- DCs290, 291. Fatty acid synthesis has contrasting roles in DCs depending on 

DC subset and environment292. This study supports the role of fatty acid synthesis in the 

production of pro-inflammatory cytokines in DCs, as its inhibition leads to decreased 

production of TNF-α and IL-6293. IL-1 signaling induces the production of pro-inflammatory 

cytokines and is important in T cell activation294, 295. This study agrees with the latter findings 

as IL-1RAP inhibition leads to a decrease in IL-6 and TNF-α production in in Foxo3a-/-IL-10-/- 
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DCs. Overall, this study reveals a multitude of pathways that can be inhibited to prevent the 

inflammatory cytokine production in Foxo3a-/-IL-10-/- DCs. 

 Patients with CrD show an increased number of mature moDCs in their colonic 

tissue247. Similarly, Foxo3a-/-IL-10-/- mice have an increased number of moDCs in the lamina 

propria262. In Foxo3a-/-IL-10-/- mice, this is especially problematic as Foxo3a-/-IL-10-/- DCs 

produce more inflammatory cytokines and activate T cells to a greater degree262. Studies 

demonstrate that increased numbers of moDCs result from increased expression of 

chemokine receptors247. As genetics play an important factor in the development of CrD, it is 

possible that the reasons for increased numbers of moDCs may differ from patient-to-patient. 

The role of Foxo3a on moDC differentiation has yet to be characterized. However, Foxo3a-/-   

mice exhibit a myeloproliferative syndrome, indicating its role in immune cell differentiation296. 

Conversely, IL-10 reduces the ability of monocytes to differentiate into DCs in vitro297. This 

study shows that only Foxo3a-/-IL-10-/- DCs, and not Foxo3a-/- or IL-10-/- DCs, differentiate from 

BM in response to GM-CSF in a greater proportion (Figure 6). As IL-10-deficiency alone does 

not cause a difference in moDC differentiation in vitro, it is likely that Foxo3a plays a 

compensatory role in preventing abhorrent moDC differentiation. The increased differentiation 

of moDCs in Foxo3a-/-IL-10-/- mice likely contributes to the role of Foxo3a in preventing 

aggressive progression of CrD because Foxo3a-/-IL-10-/- moDCs are pro-inflammatory. Thus, 

Foxo3a and IL-10 work cooperatively to prevent excessive moDC differentiation. 
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4.2 The development of a CrD-like phenotype compromises the differentiation 

of iTregs in Foxo3a-IL-10-deficient mice. 

 Tregs play a central role in mediating the immune response. Complete loss of Tregs 

via Foxp3 deficiency leads to development of IPEX syndrome in mice. The intestine is one of 

the most severely affected organs in IPEX254. This demonstrates the key roles Tregs play in 

regulating intestinal homeostasis. IL-10, PPARG, and MDR1-deficient mice are used as 

models for IBD and are IBD susceptibility loci in humans. The latter genes all play roles in 

Treg function, development, or both138, 298, 299. In mouse models with artificially induced colitis, 

the absence of Tregs leads to aggressive disease300. Tregs are also able to rescue intestinal 

inflammation, because adoptive transfer of CD4+CD25+ T cells into a T cell transfer model of 

CrD was able to cure intestinal inflammation256. Studies performed in humans have assessed 

efficacy of infusion of ex vivo-expanded Tregs for treatment of UC and demonstrate promising 

results301. The latter studies highlight the key role that Tregs play in development of IBD and 

CrD. 

 Given the role that Tregs play in the regulation of the immune response and in mouse 

models for IBD, the differentiation of Tregs is characterized in this study. Previous data 

indicate that although the proportion of nTregs in the lamina propria of Foxo3a-/-IL-10-/- mice 

is reduced, the overall number of the latter cells is increased262. This led to the hypothesis 

that Foxo3a and IL-10 regulate a compensatory mechanism governing Treg differentiation. 

Foxo3a and Foxo1 also play largely redundant roles in Treg differentiation. Loss of Foxo3a 

and Foxo1 causes Tregs to lose their suppressive capacity and results in reduced numbers 

of Foxp3+ cells in the spleen and thymus233. Those Tregs that remain have a marked reduction 

in Foxp3 expression. This study demonstrates that nTregs from the spleen and thymus of 

Foxo3a-/-IL-10-/- mice have slightly lower expression of Foxp3; the latter expression worsens 

upon development of a CrD-like phenotype (Figure 11 and Figure 12). iTreg differentiation 
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from the CD4+ T cells of Foxo3a-/-IL-10-/- mice with a CrD-like phenotype is also severely 

compromised (Figure 15 and Figure 16). This indicates that Foxo3a and IL-10 play 

compensatory roles, where only deficiency of both leads to impairment of Foxp3 expression 

in vivo. It also indicates that Foxo3a and IL-10 deficiency leads only to compromised 

differentiation when the CD4+ T cells originate from an inflammatory environment. Loss of 

Foxo3a deficiency causes splenomegaly233, which this study corroborates (Figure  ). The 

larger size of the spleens from Foxo3a-/-IL-10-/-
 mice likely results from internal inflammation, 

becoming greater with disease progression.  

 DNA methylation is an important regulator of transcription, preventing the binding of 

enhancers and promoters. In the case of Tregs, CNS1, CNS2 (also known as the Treg-

specific methylated region), and CNS3 are all non-coding sequences that play important roles 

in the transduction and maintenance of Foxp3 expression121, 170, 171. Foxo3a binds to the 

promotors, CNS1 and CNS3233. A variety of other transcription factors also bind to these 

regions to promote Foxp3 induction and expression302-304. These transcription factors may be 

able to compensate for the loss of Foxo3a, and would explain why Foxo3a-/-IL-10-/-
 iTregs are 

able to maintain mostly proper differentiation without the development of a CrD-like 

phenotype, albeit with slightly compromised Foxp3 expression (Figure 15 and Figure 16). 

With the development of a CrD-like phenotype, Foxo3a-/-IL-10-/-
 iTregs have significantly 

compromised differentiation and Foxp3 expression. Introduction of decitabine, a DNA 

methyltransferase inhibitor, is not able to rescue the differentiation of Foxo3a-/-IL-10-/-
 iTregs 

from mice with a CrD-like phenotype but it is able to partially restore Foxp3 expression 

(Figure S32). DNA regions with H3K27me3 become hypermethylated under inflammatory 

conditions305. Furthermore, nTregs have lower proportions of H3K27me3 regions in 

comparison to other CD4+ T cell subsets, indicating the importance of unmethylated regions 

in Tregs306. Although inflammation increases DNA methylation, it appears that increased 
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methylation is not the cause of compromised differentiation of iTregs from Foxo3a-/-IL-10-/-
 

mice with a CrD-like phenotype because decitabine was not successful in rescuing 

differentiation. However, it seems that compromised Foxp3 expression may be partly caused 

by increased methylation as decitabine increased Foxp3 expression in Foxo3a-/-IL-10-/-
 iTregs. 

Thus, a mechanism other than DNA methylation must be responsible for the compromised 

differentiation of iTregs from Foxo3a-/-IL-10-/-
 mice with a CrD-like phenotype. 

Findings from this study suggest that iTreg differentiation from Foxo3a-/-IL-10-/-
 mice 

with a CrD-like phenotype is dependant on TCR simulation (Figure 21). CNS3 sets a 

threshold for TCR stimulation in Tregs, as tTregs depleted of CNS3 demonstrate increased 

TCR stimulation genes169. In tTregs, the latter depletion improves their differentiation. This 

study’s results demonstrate that, at low concentrations of αCD3 antibodies, the TCR 

simulation threshold is lower in Foxo3a-/-IL-10-/-
 iTregs and allows for better differentiation of 

iTregs. Such a reduced threshold compromises iTreg differentiation at high concentrations of 

αCD3 antibodies, which is ideal for the control genotypes. The idea of a “Goldilocks Zone” for 

TCR stimulation and Treg development supports the notion that Tregs need TCR stimulation 

that is “just right”307. Other studies suggest that the ideal conditions for pTreg development 

are sub-immunogenic308. The data from this study suggest that Foxo3a-/-IL-10-/-
 iTreg 

development may be increased in low-inflammatory conditions. Once a certain threshold is 

crossed, Treg development becomes compromised. This likely contributes to the aggressive 

progression of intestinal inflammation in Foxo3a-/-IL-10-/-
 mice.  

Foxo3a is involved in suppressing the cell cycle. In cancer, Foxo3a regulates several 

genes needed for progression of the cell cycle309, 310.  Foxo3a plays roles in the proliferation 

of T and B cells 281. In T cells, Foxo3a induces the expression of IL-2 regulatory genes311. In 

B cells, Foxo3a contributes to cell cycle arrest312, 313. IL-10 is also an important cytokine that 
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inhibits T cell proliferation314. Foxo3a-/-IL-10-/-
 iTregs, and not Foxo3a-/- or IL-10-/- iTregs 

underwent cellular divisions at a greater rate (Figure 20). Interestingly, this only results in a 

greater number of non-iTregs post-differentiation when the initial CD4+ T cells originate from 

a Foxo3a-/-IL-10-/-
 mouse that developed a CrD-like phenotype (Figure 1 ). It appears that 

Foxo3a and IL-10 play an antagonistic role in which they can compensate for each other in 

arresting the cell cycle in T cells. It also appears that there is some yet-to-be-determined 

mechanism restraining this defect from resulting in increased proliferation, which is only 

overcome in the presence of inflammation. This may explain the increase in the overall 

number of nTregs found in the lamina propria of Foxo3a-/-IL-10-/- mice262. The unmethylated 

CNS3 in Foxo3a-/-IL-10-/-
 iTregs from healthy mice may be preventing increased proliferation 

by modulating TCR stimulation, which is primarily responsible for transduction of genes 

related to T cell proliferation315. The Foxo3a-/-IL-10-/-
 iTregs that undergo increased 

proliferation also have increased sensitivity to TCR stimulation. Thus, methylation of CNS3 in 

the inflammatory environment may lead to increased TCR-stimulation, compromised Foxp3 

expression, and increased proliferation in Foxo3a-/-IL-10-/-
 non-iTregs. 

Foxo3a promotes apoptosis in CD8+ T cells, B cells, and tumors225, 316, 317. On the other 

hand, IL-10 promotes T cell survival in various models318, 319. Foxo3a-/-IL-10-/-
 nTregs have 

increased survival after 72 hour activation with αCD3 and αCD28 antibodies in vitro262. 

Furthermore, Foxo3a-/-IL-10-/- leukocyte progenitors, DCs, and monocytes have increased 

survival in vivo261, 262. In this study, Foxo3a-/-IL-10-/- iTregs show increased viability only when 

differentiated at low concentrations of αCD3 antibodies (Figure 22). In all other conditions, 

Foxo3a-/-IL-10-/- iTregs have similar viability to control genotypes (Figure 1  and Figure 26). 

This indicates the importance in TCR signaling in controlling viability in Foxo3a-/-IL-10-/- iTregs. 

The lack of viability differences is likely caused by environments that polarize promotion or 

obstruction of iTreg stability. Thus, it seems that Foxo3a is essential in promoting apoptosis 
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under certain conditions. Additionally, the lack of Foxo3a in promoting survival overcomes the 

promotion of apoptosis caused by the lack of IL-10. 

Foxo3a restrains glycolysis in many cell types, largely through mTOR suppression280, 

320. In Tregs, the promotion of glycolysis seems to compromise their suppressive capacity211. 

Tregs rely on fatty acid synthesis in the initial stages after TCR stimulation, then switch to 

fatty acid oxidation to maintain their Foxp3 expression and function203, 204. The CD4+ T cells 

of Foxo3a-/-IL-10-/-
 mice show an increase in neutral lipids (Figure 23). This indicates an 

increase in fatty acid synthesis. On the other hand, Foxo3a-/-IL-10-/-
 iTregs have similar levels 

of neutral lipids as the control genotypes. This indicates that the switch from fatty acid 

synthesis to fatty acid oxidation is functional in Foxo3a-/-IL-10-/-
 iTregs because the excess 

neutral lipids in CD4+ T cells are used up after iTregs have differentiated. Published data 

suggests that Foxo3a-/-IL-10-/-
 T cells undergo increased glycolysis261. Thus, it is important to 

determine if Foxo3a-/-IL-10-/-
 iTregs undergo increased glycolysis, which could decrease their 

Foxp3 expression and compromise their suppressive activity. Foxo3a-/-IL-10-/-
 T cells also 

experience increased glutaminolysis, which contributes to increased inflammatory T cell 

proliferation, activation, and cytokine production261. Glutaminolysis also increases the 

differentiation of CD4+ T cells into Th1 or Th17 cells, but its role in Treg differentiation and 

function has not been characterized321. During the last 48 hours of differentiation, Foxo3a-/-

IL-10-/-
 iTregs consume higher levels of oxygen than control genotypes (Figure S33). This 

agrees with other data that indicates that Foxo3a-/-IL-10-/-
 T cells have increased metabolic 

activity261. It is unclear which metabolic pathways are modulated, and which pathways result 

in the increased metabolic activity of Foxo3a-/-IL-10-/-
 iTregs during differentiation. Promising 

candidates for the latter pathways are glycolysis, because of the reduced suppressive 

capacity of Foxo3a-/-IL-10-/-, and glutaminolysis, because of existing evidence in Foxo3a-/-IL-

10-/-
 CD4+ T cells. 
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4.3 Foxo3a maintains Foxp3 expression in IL-10-deficient mice.  

 In inflammatory autoimmune environments, Tregs can lose expression of Foxp3322. 

This leads to a loss of their suppressive function166. Thus, the maintenance of Foxp3 

expression is important to their function. Other data suggests that pro-inflammatory cytokines 

promote the conversion of Tregs to Th17 cells323. The stability of Foxo3a-/-IL-10-/-
 iTregs is 

compromised in the absence of pro-inflammatory cytokines, indicating that another 

mechanism, other than pro-inflammatory cytokine induced pathways, is responsible for a 

decrease in Foxp3 stability (Figure 25). The role of Foxo3a in maintaining Treg stability has 

not been characterized. This study shows that loss of Foxo3a leads to a slight reduction in 

iTreg stability. Our results are consistent with published work, as in the presence of the pro-

inflammatory environment of the Treg suppression assay, Foxp3 expression is compromised 

in all 4 genotypes, but to a greater degree in Foxo3a-/-IL-10-/-
 iTregs (Figure 24). This loss of 

Foxp3 expression increases production of IL-17a and IFN-γ from Foxp3- T cells (Figure 2 ). 

This then compounds the pro-inflammatory environment that Tregs are supposed to 

suppress. It is unlikely that the pro-inflammatory environment alone is the reason for 

decreased stability in Foxo3a-/-IL-10-/- Tregs because Foxo3a-/-IL-10-/-
 iTregs from both sick 

and healthy mice have compromised stability. In another study, loss of IL-10R in Tregs has 

no effect on the stability of Foxp3 expression138. This study provides somewhat contradictory 

results for IL-10R-/- Tregs because IL-10-/- iTregs have slightly compromised stability (Figure 

25). This contradiction is most likely due to the aforementioned study using in vivo models, 

whereas this study uses in vitro models. IL-2 stabilizes Foxp3 expression by demethylating 

the TSDR through STAT5 signaling95. Addition of IL-2 is not able to rescue the stability of 

Foxo3a-/-IL-10-/-
 iTregs (Figure 2 ). Thus, the decreased stability in Foxo3a-/-IL-10-/-

 iTregs is 

independent of IL-2 signaling. Stability of Foxp3 expression is largely governed by CNS2171. 

Foxo3a-/-IL-10-/-
 iTregs that differentiates in the presence of decitabine, which is a DNA 



97 
 

Willem Brandt | uOttawa | MSc Thesis 
 

methyltransferase inhibitor, have levels of stability similar to control genotypes. The latter 

difference supports the key role that DNA methylation has in the loss of stability in Foxo3a-/-

IL-10-/-
 iTregs. The results of this study also suggest that Foxo3a and IL-10 support the 

stability of iTregs by maintaining a demethylated state in CD4+ T cells. It seems that Foxo3a 

and IL-10 play an antagonistic role, where only loss of both Foxo3a and IL-10 leads to a 

biologically relevant decrease in Treg stability.  

 As previously discussed, TCR signaling plays an essential role in iTreg differentiation. 

The TCR threshold in Tregs is governed by CNS3169. The compromised stability in Foxo3a-/-

IL-10-/-
 iTregs seems to be dependant on TCR activation, because only high concentrations 

of αCD3 antibodies is there a marked reduction in iTreg stability (Figure 28). The dependence 

on TCR stimulation for Foxo3a-/-IL-10-/-
 iTreg stability and differentiation both indicate that 

Foxo3a-/-IL-10-/-
 iTregs have increased sensitivity to stimulation, which causes them to leave 

the “Goldilocks Zone” of TCR stimulation. Demethylation of CNS2 and CNS3 is dependant 

on TCR stimulation175. Additionally, strong TCR stimulation promotes Treg stability324. The 

results with the control genotypes concur with this finding, although this process seems to be 

compromised in Foxo3a-/-IL-10-/-
 iTregs because strong TCR stimulation does not lead to 

stable Foxp3 expression. Also, in the absence of TCR stimulation, Foxo3a-/-IL-10-/-
 iTregs 

maintain CD25 expression better than the control genotypes (Figure 2  b). Finally, TCR 

signaling is also responsible for induction and maintenance of CD25 expression325. Thus, all 

results support dysfunction in TCR signalling in Foxo3a-/-IL-10-/-
 iTregs.  

 A decrease or loss of Foxp3 leads to a decrease in the suppressive capacity of 

Tregs166, 233. Loss of Foxo3a and Foxo1 leads to a decrease in the suppressive capacity of 

Tregs233. As well, IL-10 is necessary for proper suppression of effector T cells138. This study 

suggests that only Foxo3a-/-IL-10-/-
 iTregs have compromised suppressive capacity (Figure 
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14). On the other hand, Foxo3a-/-IL-10-/-
 nTregs have the most severely compromised 

suppressive capacity, and IL-10-/- nTregs also have only a slightly diminished suppressive 

capacity (Figure 13). The reason IL-10-/- nTregs do not have a change in suppressive capacity 

is likely because they were differentiated in vitro, rather than in vivo. The greatly diminished 

suppressive capacity of Foxo3a-/-IL-10-/-
 iTregs likely results from their lack of stability as they 

have diminished suppressive capacity regardless of differentiation (Figure S31). As stability 

is not dependant on the development of a CrD-like phenotype in Foxo3a-/-IL-10-/-
 mice, the 

loss of stability in Foxo3a-/-IL-10-/-
 Tregs is solely caused by the deficiency of the antagonistic 

Foxo3a and IL-10. Thus, the dysregulation of the inflammatory response in Foxo3a-/-IL-10-/-
 

mice is caused, at least in part, by the decrease in stability of Foxo3a-/-IL-10-/-
 Tregs. 
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5.0 Conclusion 

This study reveals the underlying mechanisms which compromise the suppressive 

function of Tregs and direct them toward a pro-inflammatory phenotype in Foxo3a-/-IL-10-/- 

mice. Foxo3a maintains proper iTreg differentiation in vitro by preventing the development of 

a CrD-like phenotype. In addition, Foxo3a promotes iTreg stability in IL-10-deficient mice. 

Thus, Foxo3a prevent Tregs from developing into pro-inflammatory CD4+ T cell subsets and 

maintains proper suppression of other immune cells. The differentiation of Foxo3a-/-IL-10-/- 

DCs in response to GM-CSF is increased leading to a higher number of DCs. In addition, 

Foxo3a-/-IL-10-/- DCs produce more pro-inflammatory cytokines. Many pathways can be 

inhibited to prevent the excessive production of pro-inflammatory cytokines by Foxo3a-/-IL-10-

/- DCs. Further experiments should be conducted to determine the metabolic pathways being 

modulated in Foxo3a-/-IL-10-/- Tregs to determine how metabolism affects their differentiation. 

In addition, the methylation status of the non-coding regions of Foxp3 should be assessed in 

Foxo3a-/-IL-10-/- Tregs. Understanding these mechanisms will provide novel pathways and 

approaches which can be used to develop therapeutic interventions for IBD. 
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Figure 30. Visual representation of findings from this study. Foxo3a-/-IL-10-/-
 Tregs are present in lower 

proportions compared to Foxp3-
 CD4+ T cells and have compromised suppressive capacity. The Foxo3a-/-IL-10-/- 

Foxp3-
 CD4+ T cells and moDCs produce more inflammatory cytokines. Foxo3a-/-IL-10-/-

 Tregs consume more 
oxygen and seem to have increased DNA methylation leading to Foxp3 instability. 
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8.0 Supplemental Figures 

 

Figure S31. The ability of Foxo3a-/-IL-10-/- iTregs to suppress the proliferation of WT CD4+ T cells is restored 
with rapamycin treatment during co-culture. (A) Representative FACS plots of CFSE dilution in CD45.1+CD4+ 
WT T cells co-cultured 1:1 with CD45.2+ Foxo3a-/-IL-10-/- iTregs (n=1). (B) Representative FACS plots of the 
viability of CD45.2+ Foxo3a-/-IL-10-/- iTregs co-cultured 1:1 with CD45.1+CD4+ WT T cells (n=1). A-B shows 
CD45.1+CD4+ WT T cells co-cultured with CD45.2+ Foxo3a-/-IL-10-/- iTregs stimulated in plates coated for 3 hours 
at 37°C with 20 μg/mL αCD3 antibodies. Cells were harvested after 72 hours co-culture with and without 1 µM 
rapamycin. Experiments conducted on 8-week-old to 12-week-old mice. Cells were stained with fluorescent 

antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software. 
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Figure S32. A DNA methyltransferase inhibitor does not rescue the compromised differentiation of  
Foxo3a-/-IL-10-/- iTregs from mice with a CrD-like phenotype. (A) Representative FACS plots of proportion of 
CD25+Foxp3+ iTregs from all 4 genotypes, differentiated with and without 50 nM decitabine (n=1). (B) 
Representative FACS plot of Foxp3 expression in CD4+CD25+Foxp3+ populations comparing Foxo3a-/-IL-10-/- 
iTregs differentiated with and without 50 nM decitabine. Foxp3 expression is normalized to the mode (n=1). 
Experiments conducted on 8-week-old to 12-week-old mice. Foxo3a-/-IL-10-/- mice used had developed a CrD-like 
phenotype. iTregs were stained with fluorescent antibodies, acquired on a BD LSRFortessa™, and analyzed using 
FlowJo™ software.  
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Figure S33. Foxo3a-/-IL-10-/- iTregs differentiated from mice with a CrD-like phenotype consume high 
levels of oxygen during differentiation. (A) OCR of T cells from In Vitro Differentiation of Regulatory T 
Cells from sick Foxo3a-/-IL-10-/- mice and control genotypes. (B) OCR of T cells from In Vitro Differentiation of 
Regulatory T Cells from sick Foxo3a-/-IL-10-/- mice and control genotypes normalized to the number of cells per 
well at 96 hours. In A-B, OCR was measured using the Lucid Scientific Resipher and data were analyzed using 
Lucid Scientific Lucid Lab software (n=1). Experiments conducted on 8-week-old to 12-week-old mice. Individual 
bars depict the respective mean ± SEM. Statistical significance determined using a 1-way or 2-way ANOVA and 

reported for each comparison by “*” (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure S34. Foxo3a-/-IL-10-/- iTregs stability is partially rescued with a DNA methyltransferase inhibitor. (A) 
Representative FACS plots of proportion of iTregs from all four genotypes before (top) and after (bottom) 24 hour 
stimulation. iTregs were differentiated with or without 50 nM or 100 nM decitabine (n=1). (B) Bar graph depicting 
the proportion of iTregs remaining after 24 hour stimulation. iTreg proportion after stimulation normalized to iTreg 
proportion before stimulation. iTregs were differentiated with or without 50 nM or 100 nM decitabine (n=1). In A-
B, iTregs were stimulated in plates coated for 3 hours at 37°C with 20 µg/mL αCD3 antibodies. Experiments 
conducted on 8-week-old to 12-week-old mice. Cells were stained with fluorescent antibodies, acquired on a BD 
LSRFortessa™, and analyzed using FlowJo™ software.  
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Figure S35. Foxo3a-/-IL-10-/- nTregs have compromised stability when stimulated with αCD3 antibodies in 
the presence of growth factors. Representative FACS plots of nTregs from all four genotypes after 72 hour 
stimulation in plates coated overnight at 4°C with 1 μg/mL αCD3 antibodies in the presence of 2.5 ng/mL IL-2 and 
TGF-β (n=1). Experiments conducted on 8-week-old to 12-week-old mice. nTregs were stained with fluorescent 
antibodies, acquired on a BD LSRFortessa™, and analyzed using FlowJo™ software.  
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