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Chapter 1  

INTRODUCTION 

 

1.1 Introduction to the immune system 

The immune system is a network of barriers, cells, and molecules that protect the body 

from infectious agents and malignant cells. Most cells with specialized immune functions 

arise from the bone marrow. While some immune cells develop and mature in the bone 

marrow, others undergo critical steps in development at other anatomical sites soon after 

they egress the bone marrow. Once mature, immune cells either reside within peripheral 

tissues or circulate among the bloodstream, secondary lymphoid organs, and lymphatic 

system (Murphy and Weaver, 2016).  

 Cells of the immune system can be most broadly categorized into innate and 

adaptive immune cells. Innate immune cells respond quickly to signals through germline-

encoded pattern recognition receptors which sense conserved pathogen- or danger-

associated molecular patterns. Classically, the dynamics and amplitude of the innate 

immune response are constant from one pathogenic event to a subsequent one. 

Nevertheless, it is becoming increasingly appreciated that innate immune cells can 

undergo long-term functional reprogramming or ñtrainingò which is evoked by exogenous 

or endogenous stimuli and leads to an altered response towards a second non-specific 

challenge after the return to a non-activated state (Netea et al., 2020).  

The adaptive immune system responds relatively slowly but has the capacity to 

recognize an enormous range of molecular determinants with remarkable specificity and 

fidelity. The adaptive immune response is also capable of developing immunological 
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memory to infection by a microbial pathogen which increases the speed by which it 

responds upon subsequent challenges. The adaptive immune system is comprised of T 

cells and B cells (collectively called adaptive lymphocytes) which sense cognate antigen 

(Ag) by means of clonally expressed Ag-specific B cell receptors (and their secreted form, 

antibodies) and T cell receptors (TCRs), respectively. The clonal expression of Ag 

receptors means that each lymphocyte is unique among the millions of adaptive 

lymphocytes that each organism possesses. Because of the exquisite specificity of Ag 

receptors, an organism must generate a peripheral repertoire of Ag receptors with a 

diversity capable of responding to an enormous variety of potential pathogens and 

transformed cells. Repertoire diversity is achieved by somatic recombination of gene 

segments encoding these highly variable proteins (Murphy and Weaver, 2016). The 

process by which receptor diversity is generated is intrinsically error prone and is at risk 

of producing Ag receptors that react against self-tissues. Therefore, developing 

lymphocytes must undergo testing to enforce the production of a diverse and functional 

yet self-tolerant Ag receptor repertoire in a process collectively known as central tolerance 

(Cheng and Anderson, 2018; Nemazee, 2017).  

Although the innate and adaptive arms of the immune system are functionally 

distinct, an optimal immune response requires coordinated interactions between cells of 

both categories. B cell responses are augmented by innate immune cells called follicular 

dendritic cells that present native Ag to B cells in specialized lymphoid tissues (Kranich 

and Krautler, 2016). T cell activation is dependent on an intermediate cell to process and 

present peptide Ag in the context of major histocompatibility complex (MHC) molecules. 

Cells with a strong capacity for MHC-restricted Ag presentation are called professional 
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Ag presenting cells (APCs), including dendritic cells and macrophages of the innate 

immune system. These interactions go both ways as adaptive lymphocytes also have the 

capacity to recruit and influence the function of innate immune cells by secretion of 

chemical mediators called cytokines.  

In addition to innate immune cells and conventional, adaptive lymphocytes, the 

immune system also contains a collection of in-between cells that do not fit neatly into the 

innate versus adaptive paradigm. These cells are called innate-like lymphocytes and may 

or may not express Ag-specific receptors of the adaptive immune system, yet they are 

poised to respond with innate-like speed to pathogenic insults but lack the capacity to 

develop classical immunological memory. These lymphocyte subsets share a similar 

developmental trajectory as conventional lymphocytes and display a number of common 

properties that permit them to integrate danger and stress signals dispatched by innate 

sensor cells to facilitate the generation of specialized effector immune responses tailored 

toward specific pathogens or other insults (Joyce, 2022; Van Kaer et al., 2022). Figure 

1.1 summarizes the defining features of each arm of the immune system and includes 

prominent cell types in each.  
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Figure 1.1. The innate and adaptive arms of the immune system. Immune cells are 
grouped according to their innate, innate-like or adaptive characteristics, which are listed 
at the bottom of the graph. Abbreviations: Breg, regulatory B; iCD8Ŭ, innate CD8Ŭ, ILC, 
innate lymphoid cell; MAIT, mucosal-associated invariant T; MZB, marginal zone B, NK, 
natural killer; NKT, natural killer T; VDJ, variable-diversity-joining. 

 

1.2 Cellular and organismal role of Vps34 

Vacuolar protein sorting 34 (Vps34, also known as Pik3C3) is the sole class III 

phosphoinositide 3-kinase (PI3K) member and is highly conserved from yeast to 

mammals. Vps34 associates with specific protein complexes to phosphorylate 

phosphatidylinositol at the 3ô position on the inositol ring to produce the second 

messenger phosphatidylinositol 3-phosphate (PI3P) in specific subcellular compartments 
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(Backer, 2016). Scott Emrôs group initially identified and characterized Vps34 in yeast 

screens for mutant strains defective in sorting hydrolytic enzymes to vacuoles, the yeast 

structural and functional analog of the animal cell lysosome (Herman and Emr, 1990; 

Robinson et al., 1988). Since then, Vps34 has been shown to play critical roles in a wide 

range of cellular processes, including macroautophagy, endocytosis, and phagocytosis, 

which contribute to immune cell functions such as lymphocyte development and antigen 

processing and presentation (Galluzzi and Green, 2019; Pishesha et al., 2022).  

 Vps34 consists of the minimal PI3K catalytic core and forms at least two distinct 

complexes, known as complex I and complex II, which mediate distinct cellular functions. 

The two complexes share the molecules Vps34, Beclin 1 (also called Atg6 in yeast) and 

the protein kinase-like Vps15 (also known as PIK3R4). Complex I uniquely contains Atg14 

whereas complex II contains UVRAG. Additional regulatory subunits can associate with 

these complexes, including AMBRA in complex I and Rubicon in complex II (Stjepanovic 

et al., 2017). Furthermore, a recent study has proposed that additional subcomplexes of 

Vps34 potentially exist (Russell et al., 2013). In addition to functions that are dependent 

on its catalytic activity, Vps34 also functions as a scaffolding protein in the assembly of 

the different Vps34 complexes (Bilanges et al., 2019). In the following sections I discuss 

cellular and organismal roles of Vps34 (Figure 1.2). 
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Figure 1.2. Vps34 in autophagy and endosomal trafficking. Upon nutrient deprivation 
mTORC1 is inhibited, leading to ULK complex derepression and translocation to the ER. 
The ULK complex activates Vps34 complex I to initiate autophagosome nucleation. Local 
PI3P production by Vps34 recruits WIPI2, which subsequently recruits the LC3 
conjugation system that mediates autophagosome elongation. Vps34 complex II then 
promotes the fusion of the autophagosome to the lysosome for cargo degradation and 
recycling. 2. During endocytosis, Vps15 binds RAB5ïGTP, which recruits complex II to 
early endosomes to generate PI3P. PI3P then interacts with FYVE domain-containing 
effectors such as EEA1 that drive endosomal fusion. Additionally, complex II controls the 
maturation of RAB5-positive early endosomes into RAB7-positive late endosomes, which 
involves recruitment of effector proteins that inhibit and dissociate RAB5, thus initiating 
the so-called RAB switch. Finally, the complex II subunit UVRAG promotes late 
endosome/lysosome fusion by interacting with the homotypic fusion and vacuole protein 
sorting (HOPS) complex (not shown here), which plays a critical role in late endosomal 
trafficking and lysosome biogenesis (Liang et al., 2008). This figure was made with 
BioRender.com and adapted from (Bilanges et al., 2019).  
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Vps34 in macroautophagy 

Autophagy is a catabolic cell process that delivers cytoplasmic cargo to the lysosome for 

degradation. There are at least three distinct forms of autophagy ï chaperone-mediated 

autophagy, microautophagy, and macroautophagy ï that differ in the mode of delivery of 

cargo to the lysosome. Macroautophagy, referred to hereafter simply as autophagy, is the 

major catabolic mechanism used by eukaryotic cells to maintain nutrient homeostasis and 

organellar quality control (Levine and Kroemer, 2019). It is mediated by a collection of 

over 30 evolutionarily conserved genes that, similar to Vps34, were discovered by genetic 

screens in yeast (Mizushima, 2018). Nutrient deprivation and other stresses initiate 

autophagy by inducing the dissociation of the mammalian/mechanistic target of 

rapamycin complex 1 (mTORC1) from the Atg1/ULK complex. After release from 

mTORC1, the Atg1/ULK complex translocates to the endoplasmic reticulum (ER) where 

it phosphorylates Atg14 and Vps34, leading to the recruitment and activation of Vps34 

complex I. Local PI3P production by Vps34 leads to the formation of an isolation 

membrane emerging from an omega-shaped subdomain membrane from the ER 

(omegasome). This local pool of PI3P also leads to recruitment of the proteins WIPI2 and 

DFCP1 which are required to recruit two ubiquitin-like proteins, Atg12 and Atg8 (the latter 

is called microtubule-associated protein 1A/1B-light chain 3 [LC3] in mammals) and their 

associated conjugation systems, the E1-like conjugation system Atg7, and the E2-like 

conjugation system Atg10. Activation of these conjugation systems results in the covalent 

binding of Atg12 with Atg5, which together bind Atg16L1 to form pre-autophagosome 

structures from the isolation membrane. In a second ubiquitin conjugation reaction, Atg4 

cleaves LC3 to LC3-I, which is then lipidated by Atg7 and Atg3 to generate LC3-
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phosphatidylethanolamine (LC3-II). LC3-II associates with newly formed autophagosome 

membranes until they fuse with lysosomes. The generation and degradation of LC3-II is 

often employed to monitor autophagy (Klionsky et al., 2016). Following fusion with 

lysosomes the contents of autophagosomes are degraded and the resulting products are 

released into the cytosol by lysosomal permeases and recycled to generate new cellular 

constituents and energy. Although this maturationïfusion process involves Vps34 

complex II, the precise mechanism remains poorly understood (Van Kaer et al., 2019; Yu 

et al., 2018).  

 

Vps34 in the endocytic system 

Endocytosis is a process by which eukaryotic cells take up macromolecules and 

particulate substances from extracellular space. In this process, the material to be 

ingested is progressively enclosed by a small portion of the plasma membrane, which 

first invaginates and then pinches off to form an endocytic vesicle containing the ingested 

substance or particle. Endocytosed cargo can be recycled to the cell surface, trafficked 

to the trans-Golgi network (TGN) through the retrograde system, or sorted to 

multivesicular bodies (MVBs)/late endosomes for lysosomal degradation (Alberts, 2002). 

Multiple lipid phosphatases and kinases and their products, including PI3P and Vps34, 

contribute to endocytic trafficking (Wallroth and Haucke, 2018). Vps34 complex II is 

targeted to early endosomes by the binding of the WD40 domain of Vps15 to activated 

Rab5 (Christoforidis et al., 1999). PI3P generated by Vps34 at the early endosome 

recruits effector proteins that contain FYVE or phox homology (PX) domains such as 

EEA1, Hrs, and rabenosyn-5. These effectors regulate the docking and fusion of cargo 

https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5642/
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5923/
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containing vesicles from the plasma membrane as well as sorting of the enclosed cargo 

which can either be recycled back to the plasma membrane or delivered to the lysosome 

for degradation (Li et al., 2013). In addition to its role in regulating the early stages of 

endocytosis, Vps34 complex II has also been implicated in the late stages of endosomal 

trafficking via Vps15 and Rab7 binding (Jaber et al., 2016; Stein et al., 2003; Vieira et al., 

2003). Finally, several reports have identified endosomal sorting dependent upon Vps34 

catalytic activity as necessary for the maturation of the protease cathepsin D in lysosomes 

(Jaber et al., 2016; Reifler et al., 2014; Ronan et al., 2014; Row et al., 2001). 

 

Organismal role of Vps34 

Vps34 deficiency has been studied in several yeast, invertebrate, and murine model 

organisms. In Saccharomyces cerevisiae, mutations in the Vps34 gene results in mis-

sorting of several vacuolar hydrolases, as described earlier. It also results in temperature-

sensitive growth defects, vacuole segregation defects during mitosis, as well as a 

disruption of autophagy (Herman and Emr, 1990; Kihara et al., 2001; Schu et al., 1993). 

In Caenorhabditis elegans, LET-512/VPS34, the homologue of yeast Vps34, was found 

to be ubiquitously expressed in all tissues and developmental stages. Mutations in let-

512/Vps34 caused an arrest in worm development at or shortly after the molts from L3 to 

L4 or from L4 to adult and was associated with defective membrane transport (Roggo et 

al., 2002). In Drosophila melanogaster, deletion of the Vps34 gene causes hemizygous 

larval lethality, failure in autophagosome formation and defective endocytosis in fat body 

cells (Juhasz et al., 2008). In mice, homozygous mutations in Vps34 causes embryonic 

death between days 7.5 and 8.5 of embryogenesis (Zhou et al., 2011). Vps34 null mice 



10 
 

display severe defects in cell proliferation during development that was associated with 

significantly reduced mTORC1 signaling. Vps34 has a complex relationship with 

mTORC1 signaling. AMPK directed suppression of mTORC1 is necessary for activating 

Vps34-dependent autophagy, yet Vps34 has been implicated in mammalian cells as 

being necessary for lysosomal positioning and activation of mTORC1 in response to 

acute stimulation with amino acids (Byfield et al., 2005; Gulati et al., 2008; Hong et al., 

2017; Nobukuni et al., 2005; Yoon et al., 2011). Of note, deletion of autophagy-essential 

genes downstream of Vps34 in the autophagy pathway (e.g., ATG3, ATG5, ATG7, 

ATG12 or ATG16L1) results in perinatal death that coincides with the massive induction 

of autophagy after birth (Kuma et al., 2017). This highlights the non-autophagic functions 

of Vps34 that are necessary for development. Furthermore, mice with homozygous 

Vps34-kinase-dead knock-in mutations perished at a similar time during development as 

Vps34 null mutants, indicating that catalytic activity of Vps34 was required for 

development (Bilanges et al., 2017). Heterozygous adult Vps34-kinase-dead knock-in 

mice displayed increased insulin sensitivity and glucose tolerance. Heterozygous mutants 

also displayed partial protection against high-fat diet-induced liver steatosis, which was 

associated with increased AMPK activation. Collectively these studies highlight that, while 

Vps34 is not a direct signal transducer, it can indirectly regulate signaling of protein 

kinases through its function in endosomal trafficking. Finally, tissue-specific ablation of 

Vps34 in mice has revealed an indispensable role for Vps34 in organ function and cell 

survival, including cells of the immune system.  
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1.3 Thymic APCs direct T cell development and repertoire selection 

The thymus is a primary lymphoid organ located directly above the heart that supports 

the differentiation and selection of T cells (Miller, 2020). After recruitment to the thymus, 

developing T cells rearrange their TCR Ŭ and ɓ genes to collectively generate an Ag 

receptor repertoire with the breadth to react to an expanse of potential antigens derived 

from pathogens and transformed cells. However, many Ag receptor rearrangements will 

not produce functional TCRs. Furthermore, of the productively rearranged TCRs, many 

will be unable to bind their cognate antigen when presented by the hostôs limited set of 

MHC molecules. Therefore, a positive selection step during T cell development ensures 

that a functional TCR is generated with the capacity to recognize antigens in the context 

of the hostôs own MHC molecules (Breed et al., 2018). Those immature T cells that fail to 

interact with any of the self-MHC molecules expressed in the host will undergo apoptosis, 

in a process commonly referred to as ñdeath by neglectò. The quasi-random 

rearrangement of TCRs will also produce clones that react strongly to self-peptide/MHC 

complexes. Therefore, a negative selection step culls autoreactive T cells from the 

repertoire or diverts them into a regulatory lineage.  

 T cell progenitors are recruited to the thymus and guided through development 

and selection steps by discrete populations of thymic APCs. After commitment to the T 

cell lineage, the fate of a developing thymocyte is mainly directed by the strength of the 

interaction of the TCR with self-peptide/MHC complexes displayed by thymic APCs. This 

is known as the affinity/avidity model of thymocyte selection (Figure 1.3) (Moran and 

Hogquist, 2012). Weak interactions are required to protect thymocytes from death by 

neglect and to promote the positive selection of naïve T cells. Strong interactions enforce 
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tolerance through negative selection by apoptosis or differentiation into Foxp3+ regulatory 

T cells (Tregs) (Klein et al., 2014). Positive selection and tolerance induction mainly occur 

within discrete thymic microenvironments, the cortex and the medulla, respectively. Both 

compartments contain selection niches that are composed of different types of APCs that 

are specialized for their unique roles in promoting thymocyte development and selection. 

Thus, the thymus is composed of microenvironments that coordinate a spatial and 

temporal segregation of thymocyte selection (Klein et al., 2014). In this section I will 

discuss the diverse thymic APCs and how they promote the selection of a TCR repertoire 

with the capacity to respond to various antigens yet is tolerant to self-tissue (Figure 1.4). 

 

 

Figure 1.3. Affinity model of T cell selection. DP thymocytes expressing a newly 
rearranged TCR audition in the thymus to become mature SP T cells. Here, the affinity of 
the TCR for self-peptide/MHC presented by thymic APCs drives the outcome. TCRs with 
intermediate levels of affinity are promoted for positive selection. TCRs with very weak or 
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very strong affinities fail positive selection by neglect or negative selection, respectively, 
and die. This figure was made with BioRender.com. 
 

 

 

 

Figure 1.4. Thymic stromal cells guide T cell development. T cell precursors are 
recruited to the thymus and commit to the T cell lineage via cortical thymic epithelial cell 
(cTEC)-dependent NOTCH signaling. After successive stages of double-negative (DN) 
development, thymocytes express a T cell receptor (TCR) and both CD4 and CD8 
coreceptors (DP). cTECs undergo positive selection on self-peptide/MHC complexes 
displayed by cTECs. After positive selection, CD4 and CD8 single positive thymocytes 
traffic to the medulla to scan medullary TECs (mTECs) and dendritic cells (DCs) for strong 
TCR-self-peptide/MHC interactions leading to tolerance induction. This figure was made 
with BioRender.com. 
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Cortical thymic epithelial cells 

The role of cortical thymic epithelial cells in initiating T cell development.  

Before thymic selection can occur, lymphoid progenitors must traffic from the bone 

marrow to the thymus and commit to the T cell developmental program. Cortical thymic 

epithelial cells (cTECs) express several key molecules that are crucial for initial T cell 

development (Kadouri et al., 2020; Takahama et al., 2017). cTECs secrete high levels of 

two key cytokines, CXC-chemokine ligand 12 (CXCL12) and CC-chemokine ligand 25 

(CCL25), which promote the homing of lymphoid progenitor cells into the thymus via CXC-

chemokine receptor 4 (CXCR4) and CC-chemokine receptor 7 (CCR7) signaling 

(Gossens et al., 2009; Jenkinson et al., 2007; Plotkin et al., 2003). Progenitor cells arrive 

at the junction of the cortex and medulla and then traffic outward to the subscapular region 

of the thymic cortex (Takahama, 2006). cTECs express high levels of the Notch ligand 

delta-like ligand 4 (DLL4), which instructs the recruited lymphoid progenitors to commit to 

the T cell lineage (Hozumi et al., 2008; Koch et al., 2008). Thymocytes progress through 

a developmental pathway before positive selection that is commonly identified by the 

expression of cell surface markers CD44 and CD25 and divided into so-called double-

negative (DN) stages 1-4 (DN1-DN4), which represent CD44+CD25-, CD44+CD25+, 

CD44-CD25+, CD44-CD25- subsets, respectively. During this developmental progression, 

cTECs express various cytokines, such as IL-7 and stem cell factor (SCF), that promote 

the proliferation and survival of the developing thymocytes (Alves et al., 2009). Upon 

expressing a rearranged TCR, thymocytes start to express both CD4 and CD8 (DP) 

coreceptors and are then tested for positive selection on cTECs. cTECs are the sole 

stromal cell type necessary for positive selection, and accumulating evidence suggests 
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that the crucial role of cTECs is, at least in part, a result of the unique machineries that 

these cells use to process and present antigen. It is likely that these proteolytic pathways 

cause cTECs to present a largely unique peptide/MHC ligandome (also referred to as 

immunopeptidome) that is distinct from other thymic or peripheral APCs and is optimized 

for positive selection (Klein et al., 2014).  

Generation of self-peptide/MHC complexes for positive selection.  

The peptide cargo of MHC class I molecules is predominantly derived from newly 

synthesized cytosolic protein antigens and defective ribosomal products (DRiPs) (Van 

Kaer, 2002; Wearsch and Cresswell, 2008; Yewdell, 2011). Such antigens are degraded 

by the proteasome to peptides, which are subsequently transported to the lumen of the 

ER by the heterodimeric transporter associated with antigen processing (TAP) and then 

bind with peptide-receptive MHC class I proteins before trafficking through the Golgi 

apparatus to the cell surface (Figure 1.5). The core proteasome complex is composed of 

four heptameric rings ï two outer Ŭ rings and two inner ɓ rings (Groll et al., 1997; Unno 

et al., 2002). Three forms of proteasomes with different catalytic activities have been 

identified based on the composition of the ɓ subunits. While other cell types express either 

the constitutive proteasome (ɓ1, ɓ2, and ɓ5) or the immunoproteasome (ɓ1i, ɓ2i, and 

ɓ5i), cTECs uniquely express the thymoproteasome (ɓ1i, ɓ2i, and ɓ5t [encoded by 

Psmb11]) (Takada et al., 2017). The specific expression of the thymoproteasome 

suggests that cTECs display a unique set of self-peptides bound to MHC class I 

molecules that are crucial for positive selection. Indeed, Psmb11 knockout 

(thymoproteasome deficient) mice display severe defects in the positive selection of 

CD8SP but not CD4SP T cells resulting in 20ï30% of normal peripheral CD8+ T cell 
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cellularity (Murata et al., 2007). Strikingly, the pool of CD8+ T cells selected in 

thymoproteasome-deficient mice was significantly less responsive to infection. This 

suggests that positive selection on thymoproteasome-dependent peptides conditions 

mature CD8+ T cell reactivity (Takada et al., 2015). Based on these studies it was unclear 

whether positive selection required TCR interaction with unique peptides not displayed 

on other thymic APCs (i.e., during negative selection) or if the thymoproteasome 

generated peptides specialized for positive selection. This question was directly tested by 

examining mice in which the ɓ5t-encoding locus was disrupted with a ɓ5i-encoding gene 

knock-in mutation. These mice were further crossed to ɓ5i-knockout mice. This resulted 

in a mouse strain in which cTECs expressed ɓ5i-containing immunoproteasomes instead 

of ɓ5t-containing thymoproteasomes, and all other cells in the body (including APCs 

responsible for negative selection) expressed constitutive proteasomes (Xing et al., 

2013). CD8SP selection was still greatly diminished in these mice indicating that the role 

of the thymoproteasome in thymic selection is not merely to generate peptides distinct 

from other thymic APCs but to generate unique peptides that are specialized to promote 

positive selection. 

For the MHC class II pathway, MHC II molecules are synthesized in the ER 

followed by functional maturation in endosomal compartments that contain abundant 

antigenic peptides (Figure 1.5). In the ER, newly synthesized MHC II Ŭ and ɓ subunits 

form a complex together with a non-polymorphic chaperone called invariant chain or 

CD74 (Blum et al., 2013). The invariant chain serves to protect the MHC II peptide binding 

groove and contains an N-terminal targeting motif that directs the MHC II molecule to 

endosomal-lysosomal antigen-processing compartments (Roche and Furuta, 2015). 
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Invariant chain also promotes the stability of MHC molecules. Without invariant chain 

expression, MHC II molecules aggregate, are retained in the ER, and do not reach the 

cell surface. Because of this, mice lacking invariant chain are deficient in CD4+ T cell 

lymphopoiesis (Viville et al., 1993). Furthermore, by associating with MHC II molecules, 

the invariant chain prevents antigenic peptide binding and safeguards against peptide 

loading too early in the MHC II biosynthetic pathway. After assembly in the ER, MHC II-

invariant chain complexes are directed to the endocytic pathway via direct targeting from 

the TGN or by endocytosis from the plasma membrane. In acidic endosomes/lysosomes, 

the invariant chain is progressively degraded by proteases resulting in a peptide that is 

embedded in the ligand binding groove that is roughly 20 residues in length and called 

class II-associated invariant chain peptide (CLIP) (Pishesha et al., 2022). Studies 

analyzing protease-deficient mice revealed that a number of enzymes including 

cathepsins (S, L, F) and asparaginyl endopeptidase (AEP) mediate invariant chain 

degradation in a cell type-specific manner (Watts, 2004). In cTECs, cathepsin L plays a 

key role in invariant chain processing (Nakagawa et al., 1998). MHC II alleles with a low 

affinity for CLIP are genetically associated with the development of autoimmunity (Busch 

et al., 2005). This may reflect a role for MHC II-CLIP complexes in TECs for promoting 

the development of a self-tolerant TCR repertoire. CLIP release from MHC II molecules 

in late endosomes is promoted by the heterodimeric peptide exchange factor DM (H2-

DM in mice). DM induces a conformational change in MHC II molecules which liberates 

CLIP and promotes its replacement with a higher affinity peptide. DM can remove any 

low affinity peptides from MHC II, therefore iterative interactions with DM controls the 

production of MHC II complexes bound with high affinity peptides. DM-mediated removal 
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of CLIP in TECs plays a critical role in thymic selection. DM knockout mice have a defect 

in positive selection of CD4+ T cells resulting in mild T cell lymphopenia (Fung-Leung et 

al., 1996; Martin et al., 1996; Miyazaki et al., 1996). Subsequent studies revealed that DM 

in TECs was required for the generation of specific TCR clones (Pacholczyk et al., 2006; 

Wong et al., 2007). The activity of DM is negatively regulated by another heterodimeric 

MHC II accessory molecule called DO which is mainly expressed in mTECs and B cells 

and has been implicated in shaping the CD4+ TCR repertoire and susceptibility to 

autoimmune disease (Welsh et al., 2020).  

In addition to expressing a unique proteasomal catalytic subunit important for MHC 

class I binding peptides, cTECs also express a distinct spectrum of lysosomal and 

endosomal proteases, including cathepsin L and thymus-specific serine protease (TSSP), 

that are necessary for optimal positive selection of an immunoreactive pool of CD4+ T 

cells. (Kondo et al., 2017). While cathepsin L is important for invariant chain degradation 

in cTECs, it is also implicated in the generation of positively selecting ligands. Cathepsin 

L-deficient mice show significant defects in the positive selection of a polyclonal repertoire 

of CD4+ T cells as well as a complete block in the development of several MHC class II-

restricted transgenic TCRs (Honey et al., 2002). Cathepsin L may play a role in 

conditioning the peripheral repertoire as cathepsin L knockout mice display less severe 

autoimmune disease in some models (Maehr et al., 2005; Schurigt et al., 2012), although 

the contribution of repertoire skewing to disease progression cannot be discounted. 

TSSP-deficient mice display a more subtle thymic selection phenotype with normal 

polyclonal CD4+ T cell numbers but defective positive selection of certain MHC class II-

restricted transgenic TCRs and altered Ag-specific immune responses (Gommeaux et al., 
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2009; Viret et al., 2011a). TSSP deficiency also results in resistance of non-obese 

diabetic (NOD) mice to diabetes (Serre et al., 2015; Viret et al., 2011b; Viret et al., 2015) 

and spontaneous colorectal cancer (Brisson and Carrier, 2015). In addition to the 

expression of unique proteolytic machinery, TECs (and particularly cTECs) display high 

rates of constitutively active autophagy (Mizushima et al., 2004; Nedjic et al., 2008). 

Autophagy has been demonstrated to contribute to antigen processing by delivering 

autophagosome cargo for lysosomal proteolysis and thus contributing to the pool of 

antigens loaded on MHC II molecules (Munz, 2021). Consistent with the idea that 

autophagy shapes the cTEC immunopeptidome, positive selection of several MHC 

class II-restricted but not class I-restricted transgenic TCRs was altered upon interference 

with macroautophagy in the thymic epithelium (Nedjic et al., 2008). Finally, the stability 

and rate of surface turnover of MHC II molecules is tightly regulated in cTECs and 

optimized for positive selection. cTECs constitutively express the transmembrane protein 

CD83 which interferes with the March 8-mediated ubiquitination and lysosomal 

degradation of MHC II molecules. Therefore, CD83 promotes the surface stability of MHC 

class II molecules expressed by cTECs. CD83-deficient mice exhibit significant defects 

in the positive selection of CD4+ but not CD8+ T cells (Liu et al., 2016; von Rohrscheidt et 

al., 2016). This latter finding lends support to the kinetic signaling model of T cell lineage 

commitment, which proposes that relatively longer durations of TCR interaction with 

positively selecting p/MHC II complexes promotes CD4 SP selection (Singer et al., 2008).  
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Figure 1.5. The pathways of antigen presentation. MHC class I ligands originate from 
cytosolic proteins that are processed by the proteasome and transported into the ER for 
loading onto newly synthesized MHC I molecules. MHC II molecules are generated in the 
ER and bound to the nonpolymorphic chaperone invariant chain (Ii). MHC II-Ii complexes 
are trafficked through the Golgi apparatus to endosomal/lysosomal compartments that 
are rich in antigenic peptides derived from endocytosis or autophagy. Ii is degraded by 
cathepsin proteases to a peptide called class II-associated invariant chain peptide (CLIP). 
The peptide editor DM promotes the exchange of CLIP for peptides that bind MHC II with 
higher affinity before egressing to the cell membrane. This figure was made with 
BioRender.com. 
 

Medullary thymic epithelial cells 

After DP thymocytes pass positive selection in the cortex they upregulate the chemokine 

receptor CCR7 and are attracted to the thymic medulla where medullary TECs (mTECs) 

express the CCR7 ligands CCL19 and CCL21 (Nitta et al., 2009; Ueno et al., 2004). 

mTECs are dispensable for the development of ŬɓT cells and serve only to enforce 

tolerance through clonal deletion or inducing Foxp3-expressing CD4+ thymus-derived 



21 
 

Tregs (tTregs). Mice that lack mTECs or do not express MHC II molecules specifically on 

mTECs develop severe spontaneous autoimmunity (Irla et al., 2010; Laufer et al., 1996). 

Mature mTECs express high levels of MHC molecules as well as the costimulatory 

molecule CD80 which make them potent APCs necessary to induce strong TCR signaling 

in autoreactive thymocytes (Abramson and Anderson, 2017). In order to enforce central 

tolerance, mTECs must express and present to developing thymocytes the complete 

array of self-peptides that they might encounter once they mature and circulate in the 

periphery. To this end, mTECs express up to 90% of the entire coding genome in a 

phenomenon called ñpromiscuous gene expressionò (Sansom et al., 2014). Promiscuous 

gene expression critically depends on the transcriptional regulator called autoimmune 

regulator (AIRE) which promotes the ectopic expression of otherwise tissue-restricted 

antigens. Mice deficient in AIRE or with ablation of AIRE-expressing cells contain severe 

autoimmune manifestations characterized by robust lymphocyte infiltration into endocrine 

organs (Anderson et al., 2002; Metzger et al., 2013). In humans, mutations in AIRE 

causes a disease called autoimmune polyendocrinopathy candidiasis ectodermal 

dystrophy (APECED), which is a life-threatening autoimmune disease that attacks 

multiple organs and has its onset in childhood (Besnard et al., 2021). More recently, a 

zinc finger transcription factor Fezf2 has been identified as an additional regulator of 

promiscuous gene expression in mTECs. Interestingly, the spectrum of genes regulated 

by Fezf2 and AIRE appear distinct, but Fezf2 knockout mice similarly develop 

autoimmune disease (Takaba et al., 2015). The loading of intracellular peptide on MHC 

II molecules has been proposed, like cTECs, to involve the autophagy pathway. A study 

found that when a model antigen was targeted to the autophagy pathway in mTECs it 
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more efficiently induced the negative selection of corresponding Ag-specific CD4+ T cells 

than did the control antigen that was located to the cytosol but not targeted to 

autophagosomes (Aichinger et al., 2013). Furthermore, the same study also showed that 

a mitochondrial version of a model antigen required autophagy for tolerogenic 

presentation by mTECs, whereas the direct presentation of a membrane-bound form of 

the same antigen was autophagy-independent (Aichinger et al., 2013; Klein et al., 2014). 

Therefore, it is possible that autophagy contributes antigen from specific intracellular 

compartments to the MHC class II pathway for tolerance. 

 

Dendritic cells and B cells 

The thymic medulla also contains haematopoietically derived APCs that contribute to 

central tolerance. There are three thymic DCs populations: CD8+ conventional DCs, 

SirpŬ+ conventional DCs, and plasmacytoid DCs (Oh and Shin, 2015). Thymic DCs 

contribute to both negative selection and Treg induction via direct antigen presentation 

and antigen acquired from the blood and mTECs (Waisman et al., 2017). Furthermore, 

migratory SirpŬ+ conventional DCs can present peripheral self-antigens (Audiger et al., 

2017). B cells are also present in the medulla of the thymus and thought to play a non-

redundant role in negative selection and Treg induction (Castaneda et al., 2021). While 

thymic DCs present tissue-restricted antigens derived from mTECs, accumulating 

evidence suggests that a subset of thymic B cells express AIRE to drive clonal deletion 

of autoreactive CD4+ clones (Cepeda et al., 2018; Gies et al., 2017; Yamano et al., 2015).  
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1.4 Contribution of autophagy to B cell development and humoral immunity 

B cell development produces three distinct classes of naïve B cells: the B-1 lineage and 

2 B-2 lineages, follicular (FO), and marginal zone (MZ) B cells. These B cell subsets vary 

in location, capacity for self-renewal, and functional specialization (Allman and Pillai, 

2008). Activation and differentiation of peripheral B cells are antigen driven and 

augmented by second signals including toll-like receptor (TLR) ligands and T cell help to 

generate antibody-producing cells. A subset of B cells collaborate with T cells in MHC-

TCR-dependent interactions to undergo further differentiation in the germinal center (GC) 

to produce recirculating memory B cells or plasmablasts that can become long-lived 

plasma cells in the bone marrow (BM) (Victora and Nussenzweig, 2022). The metabolic 

demands differ for various B cell subsets and fluctuate over the lifespan of a B cell, from 

development to maintenance of a memory cell. Furthermore, mature B cells can occupy 

various niches that differ greatly in the nutrients that are available. Therefore, B cells must 

tightly regulate a metabolic program to generate sufficient energy while balancing 

anabolism, catabolism, and a pool of essential molecules to serve as metabolic 

intermediates (Boothby and Rickert, 2017). Autophagy is the primary catabolic 

mechanism used by cells to maintain nutrient homeostasis and organellar quality control 

(Levine and Kroemer, 2019). In B cells, autophagy plays critical roles in maintaining 

organelle function, especially mitochondria and ER, to promote an optimal B cell response 

(Metur and Klionsky, 2021). In this section I will discuss the role that B cell autophagy 

plays in B cell development and humoral immunity.  

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/catabolism
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B cell development and maturation 

In postnatal mice, self-renewing multipotent hematopoietic stem cells (HSCs) in the bone 

marrow give rise to blood cells, including B cells, with progressively more limited 

differentiation potential. The specialized microenvironment of the bone marrow provides 

signals both for the development of lymphocyte progenitors and for the subsequent 

differentiation of B cells. The HSCs first differentiate into multipotent progenitor cells 

(MPPs) which can produce both lymphoid and myeloid cells but are no longer self-

renewing stem cells. MPPs express a cell-surface receptor known as FLT3 that binds the 

membrane-bound FLT3 ligand on stromal cells which promotes their differentiation into 

common lymphoid progenitors (CLPs). The differentiation of MPPs into CLPs induces the 

expression of the receptor for interleukin-7 (IL-7). The progenitors establish contact with 

mesenchymal and epithelial microenvironments that produce factors essential for B-cell 

development including IL-7 and stem-cell factor (SCF) which interacts with the receptor 

Kit on the precursor B cells. At this stage, commitment to the B cell lineage (pro-B cell) is 

specified by induction of the transcription factor E2A and expression of the V(D)J-

rearrangement machinery RAG1 and RAG2. Each pro-B cell undergoes independent 

rearrangement of the heavy-chain locus. A successful rearrangement leads to the 

production of intact µ heavy chains, and the cells progress to the pre-B cell stage. Sensing 

this maturation step, the cells then proliferate, exit the cell cycle, and start to rearrange Ig 

light-chain gene segments. The light-chain pairs with the previously rearranged heavy-

chain and is expressed as IgM molecules at the cell surface, and these cells can then be 

classified as immature B cells. At this stage, the surface IgM can bind antigens. The 

immature B cells are tested for reactivity to self-antigen present in the bone marrow 



25 
 

microenvironment. Self-reactivity at this point promotes signaling that triggers its 

elimination via negative selection. Immature B cells that pass this step emigrate the bone 

marrow and complete maturation in the spleen. Immature B cells in the spleen proceed 

through two distinct transitional stages. Maturation through the transitional stages 

requires weak signaling through the BCR and a prosurvival cytokine called B-cell 

activating factor (BAFF) which is abundantly produced by follicular DCs. Mature splenic 

B cells are mainly FO B cells with MZ B cells comprising a smaller percentage that are, 

as the name suggests, enriched at the marginal zones of the white pulp/red pulp junctions. 

Homeostatic maintenance of mature B-2 B cells requires tonic BCR signaling and BAFF 

signaling (Allman and Pillai, 2008; Khan, 2009; Melchers, 2015; Murphy and Weaver, 

2016; Nemazee, 2017).  

 Several studies have analyzed the role of autophagy in B cell development and 

mature homeostasis with conflicting results. In radiation bone marrow chimeras 

transplanted with Atg5-/- fetal hematopoietic cells, B cell development was negatively 

affected at the transition from the pro- to pre-B cell stage in the bone marrow (Miller et 

al., 2008). However, subsequent studies that analyzed B cell development in mice with 

conditional deletion of Atg5 (Arnold et al., 2016) or Atg16l (Martinez-Martin et al., 2017) 

driven by Cre recombinase controlled under the CD79a promoter, or Atg7 (Chen et al., 

2014) or Atg16l (Martinez-Martin et al., 2017) under the CD19 promoter revealed no 

alterations in B cell development. It is also unclear whether autophagy is required for 

maintenance of mature naïve B cells as conditional deletion of Atg5 via CD79a- or CD21-

driven Cre recombinase resulted in decreased numbers FO B cells (Arnold et al., 2016). 
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However, CD19-Cre mediated deletion of Atg7 did not result in alterations to peripheral 

B-2 B cell numbers (Chen et al., 2014). 

 

B-1 B cells 

B-1 B cells, which can further be divided into B-1a and B-1b B cells, are enriched in 

peritoneal and pleural cavities and are thought to be the predominant sources of 

circulating immunoglobulins (Igs) termed natural IgM antibodies (Baumgarth, 2016). B-1 

B cells constitutively produce natural IgM which fulfills many functions in tissue 

homeostasis and pathogen exposure. While the role of autophagy in maintaining mature 

B-2 B cell homeostasis remains unclear, genetic ablation of Atg5, Atg7, or Atg16l 

consistently resulted in defects in B-1a B cells (Arnold et al., 2016; Chen et al., 2014; 

Clarke et al., 2018; Martinez-Martin et al., 2017). A recent study reported that B-1 B cells 

display unique metabolic requirements and depend on autophagy to maintain the capacity 

for self-renewal (Clarke et al., 2018). 

 

B cell activation 

Naïve B cells in the spleen follicles are activated in response to Ag recognition by the 

BCR (Phan et al., 2009). Ag binding initiates a downstream BCR signaling cascade and 

the internalization, processing, and presentation of BCR-bound antigen on MHC class II 

molecules. The response to antigen alone is insufficient for the complete activation of B 

cells and often results in death. Full B cell activation requires a second, temporally distinct 

signal from antigen-specific helper T cells, typically through CD40 ligand interaction, or 

through TLR agonists in the absence of helper T cells (Kwak et al., 2019). The activation 
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of B cells triggers cell proliferation accompanied by metabolic rewiring including induction 

of autophagy (Raza and Clarke, 2021). Upon activation, naïve B cells can adopt one of 

three fates following interactions with helper T cells. Naïve B cells can differentiate into 

short-lived plasma cells that produce pathogen-specific antibodies. Naïve B cells can 

differentiate into GC B cells to generate class switched antibodies and then subsequently 

differentiate into long-lived plasma cells and memory cells. And finally, naïve B cells may 

also give rise to memory B cells in the follicle independently of GCs (Akkaya et al., 2020).  

  Although autophagy increases during plasmablast differentiation induced by TLR4 

agonists, studies analyzing Atg5-deficient B cells indicated that it is dispensable for B cell 

differentiation. However, autophagy promotes plasma cell maintenance and sustained 

antibody production by ameliorating ER stress and preventing the accumulation of 

damaged mitochondria (Arnold et al., 2016; Pengo et al., 2013). 

 The GC reaction is also characterized by a strong induction of B cell autophagy. 

Interestingly, WIPI2-mediated noncanonical autophagy appears to promote GC 

responses while canonical autophagy (e.g., Atg16l-dependent) has no significant impact 

on the primary GC response (Martinez-Martin et al., 2017). Additional studies analyzing 

the primary GC-derived Ab response in Atg5- and Atg7-deficient mice appear to confirm 

this observation (Chen et al., 2014; Pengo et al., 2013). Following a GC reaction, a subset 

of B cells survive and exit the GC and ultimately differentiate into memory B cells and 

long-lived plasma cells. B cells are able to differentiate into memory populations in the 

absence of autophagy but, unlike naïve B cells, require autophagy for homeostasis (Chen 

et al., 2014; Chen et al., 2015). 
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1.5 Rationale for dissertation research 

The overarching goal of this dissertation is to elucidate the contribution that the lipid 

kinase Vps34 makes to the development, homeostasis, and function of two important 

APCs, namely TECs and B cells. Vps34 is the sole class III PI3K and is significantly 

understudied relative to class I and II PI3Ks, especially in the context of immune cell 

function. Vps34 contributes to diverse cellular processes including endocytosis, vesicular 

trafficking, and autophagy ï processes that contribute to MHC class II antigen processing 

and presentation. Furthermore, autophagy is a central mechanism by which cells respond 

to stress and maintain cellular homeostasis by delivering cytoplasmic constituents to the 

lysosome for recycling. The central hypothesis for this thesis project is that Vps34-

mediated cellular processes maintain organellar quality control to promote the 

homeostasis of mature TECs and B cells and uniquely control their capacity for 

MHC class II-restricted antigen presentation. This hypothesis was tested in two 

research chapters. In chapter 2, we interrogated the intrathymic development and 

repertoire selection of CD4+ T cells in mice with a TEC-specific deletion of Vps34. In 

chapter 3, we examined the capacity of Vps34-deficient B cells to maintain mature 

homeostasis and participate in MHC class II-restricted T cell dependent humoral 

responses.  

This work represents the first comprehensive examination of the role Vps34 plays 

in TECs and B cells. The results of this thesis will provide novel insights into the 

mechanisms governing the generation and maintenance of cells of the adaptive immune 

system with practical implications for the development of therapeutics that leverage 

adaptive immunity such as vaccines. 
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Chapter 2  

THYMIC EPITHELIAL CELLS REQUIRE VPS34 TO MAINTAIN CELLULAR 

HOMEOSTASIS AND CD4 T CELL SELECTION  

 

2.1 Introduction 

The thymus is a specialized primary lymphoid organ that functions to generate a pool of 

immunologically competent T cells that can recognize and eliminate foreign antigens 

while tolerating the bodyôs own tissues (Kadouri et al., 2020). T cells sense cognate 

peptide antigens bound to major histocompatibility complex (MHC) molecules through 

their diverse T cell receptors (TCRs) that are highly specific for a particular peptide-MHC 

complex. The generation of a broad and tolerant TCR repertoire is mainly directed by self-

peptide/MHC complexes displayed by thymic epithelial cells (TECs) during thymocyte 

development in a process called thymic selection (Han and Zuniga-Pflucker, 2021; 

Takaba and Takayanagi, 2017). Cortical TECs (cTECs) present self-peptides bound to 

MHC class I or class II molecules to immature CD4+CD8+ (double-positive [DP]) 

thymocytes for positive selection of CD8+ or CD4+ (single-positive [SP]) T cells, 

respectively. Here, TCR engagement with low avidity or antagonistic peptide-MHC 

complexes provides prosurvival signals (Klein et al., 2014). 

 MHC class II-mediated antigen presentation in cTECs relies on cellular processes 

and machinery that are unique among antigen-presenting cells (APCs) (Kondo et al., 

2017). While most APCs depend on extracellular sources to supply peptides for MHC 

class II binding, cTECs predominantly rely on intracellular sources for this process (Klein 

et al., 2014). In addition to utilizing a unique spectrum of endosomal and lysosomal 
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proteases and relying on distinct machinery for trafficking of membrane proteins, a high 

frequency of cTECs is constitutively active in macroautophagy (Mizushima et al., 2004; 

Nedjic et al., 2008; Schuster et al., 2015). Autophagy is a catabolic cellular process that 

targets components of the cytosol to the lysosome for degradation and recycling (Levine 

and Kroemer, 2019). A previous study provided evidence that autophagosomal vesicles 

constantly fuse with the MHC class II peptide-loading compartment to facilitate antigen 

presentation (Schmid et al., 2007), raising the possibility that the autophagy pathway 

contributes to the repertoire of self-peptides that binds MHC class II molecules and is 

optimized for positive selection of CD4+ T cells. Autophagy has common features with 

endocytosis and vesicle trafficking with which it shares effector molecules, including 

several of the autophagy-related (Atg) factors (Galluzzi and Green, 2019). However, how 

these processes and their shared machinery regulate antigen presentation remains 

incompletely understood. 

Vacuolar protein sorting 34 (Vps34, also called Pik3c3) is a class III 

phosphoinositide 3-kinase (PI3K) that plays a role in endocytosis, intracellular vesicular 

trafficking, and autophagosome formation during autophagy (Backer, 2016). Vps34-

deficient dendritic cells (DCs) display defective autophagic flux leading to the 

accumulation of aggregated cellular proteins and organelles (Parekh et al., 2017). Loss 

of Vps34 also significantly attenuated the CD4+ T cell stimulatory capacity of DCs in 

response to a central nervous system-derived autoantigen that relies on the extracellular 

route of antigen processing (Yang et al., 2021). However, whether Vps34-mediated 

cellular processes regulate the intracellular route for MHC class II-mediated antigen 

processing that TECs rely on to generate a broad CD4+ TCR repertoire is unknown.  
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In the present study, we analyzed mice with a TEC-specific deletion of Vps34 to 

determine its effects on the antigen-presenting function of TECs. Our findings revealed a 

critical role for Vps34 in the capacity of TECs to facilitate the positive selection of CD4+ 

but not CD8+ T cells in a manner independent of the canonical, Atg5-dependent 

autophagy pathway. 

 

2.2 Results 

TEC-specific Vps34 deficiency causes progressive thymic hypoplasia, blunted 

thymopoiesis, and T cell lymphopenia 

To determine the function of Vps34 in TECs we employed mice expressing Cre 

recombinase from the endogenous Foxn1 locus, with high Cre activity within TECs and 

their precursors (Gordon et al., 2007). To confirm Cre activity, we crossed Foxn1-Cre 

transgenic mice to Ai14 mice which contain a floxed-stop-tdTomato reporter cassette 

knocked into the Rosa26 locus (Madisen et al., 2010) (Figure 2.1A). Flow cytometric 

analysis confirmed Cre reporter activity in TECs of Cre+ Ai14+ mice but not Cre- controls 

or in CD45+ cells from either group (Figure 2.1B).  

 
Figure 2.1. TEC-specific Cre expression in Foxn1-Cre mice. (A) Schematic of Cre 
reporter system where Cre activity excises the stop codon to allow constitutive RFP 
(TdTomato) expression. (B) Flow cytometric analysis of TECs (CD45-EpCAM+) and 
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CD45+, EpCAM- thymocytes for tdTomato expression from Foxn1-Cre- Ai14+ or Foxn1-
Cre+ Ai14+ mice. The flow plot is representative of at least two independent experiments 
with two mice per group. 
 

Next, we crossed Foxn1-Cre mice with mice carrying a floxed allele of the Vps34 

gene (Jaber et al., 2012) to generate mice with a TEC-specific loss of Vps34 (hereafter 

referred to as Vps34TEC mice). These animals were born at the expected Mendelian ratios 

and, apart from altered thymic development described below, did not show any obvious 

anatomical abnormalities, including the skin where Foxn1 is expressed by keratinocytes 

(Gordon et al., 2007). Gross examination of the thoracic cavity revealed similar thymic 

size at one week of age but severely hypoplastic thymi by four weeks of age in Vps34TEC 

mice (Figure 2.2A). Coincident with thymic atrophy, Vps34TEC mice displayed a 

progressive loss in thymic cellularity (Figure 2.2B). Additionally, Vps34TEC mice had a 

progressive loss in CD4+CD8+ DP thymocytes, indicating a severe loss in thymic function 

by three weeks of age (Figure 2.2C). This loss of thymic function was associated with 

significant T cell lymphopenia in adult Vps34TEC mice, with a relatively stronger effect on 

the CD4+ than the CD8+ T cell compartment (Figure 2.3A). Consistent with the observed 

T cell lymphopenia, mature T cells in the periphery of Vps34TEC mice displayed a more 

activated phenotype as revealed by a decrease in the frequency of naïve CD44loCD62Lhi 

T cells, likely resulting from increased homeostatic proliferation (Figure 2.3B). These data 

indicate that Vps34TEC mice exhibit rapid thymic involution, with profound loss of thymic 

function as the animals become juveniles, an age when thymic function normally peaks 

(Baran-Gale et al., 2020; Manley et al., 2011). 
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Figure 2.2. Progressive loss of thymopoiesis in Vps34TEC mice. (A) Thoracic cavity 
at 1 week (top) and 4 weeks (bottom) of age in Vps34f/f or Vps34TEC mice. (B) Total 
thymocyte cellularity at the indicated ages in Vps34f/f or Vps34TEC mice. (C) Flow 
cytometric analysis of CD4 and CD8 DP thymocytes at the indicated ages in Vps34f/f or 
Vps34TEC mice. The graph represents the frequency of DP thymocytes among all 
thymocytes. Data signify the mean ± SD. Data are representative of at least two 
independent experiments for each time point where each data point represents a 
biological replicate. *p < 0.05, ***p < 0.001; ns, not significant. 
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Figure 2.3. T cell lymphopenia in adult Vps34TEC mice. (A) CD4 and CD8 expression 
profiles of T cells isolated from spleen (top) and mesenteric lymph nodes (mLN) (bottom) 
in 7-week-old Vps34f/f or Vps34TEC mice. Graphs represent total CD4+ T cells (CD4+CD3+) 
and CD8+ T cells (CD8+CD3+) in the spleen (top) and mLN (bottom). (B) CD44 and CD62L 
expression profiles of T cells isolated from the mLN of 7-week-old Vps34f/f or Vps34TEC 
mice. Graphs represent the frequency of CD62LhiCD44lo cells among total CD4+ T cells 
(top panels) or total CD8+ T cells (bottom panels). Data signify the mean ± SD. Data are 
representative of at least two independent experiments for each time point where each 
data point represents a biological replicate. ***p < 0.001; ns, not significant. 
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TECs require Vps34 for basal autophagic flux 

Autophagy in mouse TECs occurs constitutively at levels detectable by reporter alleles, 

making it unique among mammalian tissue where most other cell types require inducing 

stimuli such as starvation to measure autophagic flux (Mizushima et al., 2004). Many 

studies have identified a critical requirement for Vps34 expression in multiple mammalian 

tissues for the constitutive or induced generation of autophagy (Jaber et al., 2012; Parekh 

et al., 2017; Parekh et al., 2013; Zhou et al., 2010). Nevertheless, situations where 

autophagy can be induced in a Vps34-independent manner have also been described 

(Boukhalfa et al., 2020; McLeod et al., 2011). To measure the contribution of Vps34 to 

autophagy in TECs, we utilized an autophagy reporter strain that expresses transgenic 

LC3 (microtubule-associated protein 1A/1B-light chain 3) that is dually labelled with EGFP 

(enhanced green fluorescent protein) and RFP (red fluorescent protein) (Li et al., 2014). 

During autophagy, cytosolic LC3 is recruited to the autophagosome where it is labelled 

with both EGFP and RFP. As an autophagosome matures, it fuses with the lysosome and 

acidifies, which degrades the pH-sensitive EGFP (Figure 2.4A). Flow cytometric analysis 

of TECs isolated from reporter+ wild-type controls showed an RFP+EGFP+ double-positive 

population indicating cytosolic and autophagosomal LC3 and an RFP+EGFPlo population 

representing autolysosomes (Figure 2.4B). This confirms previous reports that autophagy 

is active in TECs under physiological conditions (Kasai et al., 2009; Mizushima et al., 

2004; Nedjic et al., 2008; Schuster et al., 2015; Uddin et al., 2012). In TECs isolated from 

reporter+ Vps34TEC mice, we found a significant decrease in the frequency of EGFPlo cells 

among the RFP+ population, indicating a block in autophagic flux and confirming an 

essential role for Vps34 in TEC autophagy. 
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Figure 2.4. TEC autophagy requires Vps34. (A) Schematic of LC3-RFP-EGFP reporter. 
(B) Flow cytometric analysis of TECs (CD45-EpCAM+) for LC3-RFP/EGFP reporter 
expression in non-transgenic control (left), Vps34f/f (middle) and Vps34TEC (right) mice at 
7-10 days of age. The graph represents percent EGFPlo TECs among RFP+ TECs. Data 
signify the mean ± SD. Data are representative of at least two independent experiments 
for each time point where each data point represents a biological replicate. ***p < 0.001. 
 

Vps34 deficiency alters TEC cellularity and thymus morphology 

To assess the effects of Vps34 loss on TEC cellularity and morphology, we focused our 

analysis to the neonatal age before extensive atrophy occurs in Vps34TEC mice. 

Histological examination of thymic morphology revealed profound disruption of thymic 

architecture in Vps34TEC mice. H&E staining and immunofluorescence analysis with the 

mTEC-specific markers Keratin-5 and UEA-1 showed disruption of the medulla and cortex 

organization in Vps34TEC mice resulting in smaller and more diffuse medullary islets 

(Figure 2.5A). To quantify these effects of Vps34 deficiency we analyzed TECs by flow 

cytometry, which revealed a significant decrease in the frequency and number of 

EpCAM+CD45- TECs at post-natal days three and 10 (Figure 2.5B). Among TEC subsets, 

there was a relative loss in the frequency of mTECs (Ly-51-UEA-1+) compared to cTECs 
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(Ly-51+UEA-1-) in Vps34TEC mice vs. control mice (Figure 2.5C), which agreed with the 

histological analysis. Interestingly, mTECs isolated from mutant mice also displayed a 

more immature (mTEClo) phenotype as gleaned from lower surface expression of the 

antigen presentation-associated molecules MHC class II and CD80 (Figure 2.5D). These 

data indicate that TECs require Vps34 for normal cellularity in neonatal mice and that loss 

of Vps34 results in a progressive loss of TEC cellularity, with more profound effects on 

mTECs than cTECs.  
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Figure 2.5. Reduced TEC cellularity and altered morphology in Vps34TEC mice. (A) 
Thymus tissue sections from 7- to 10-day-old Vps34f/f or Vps34TEC mice stained with H&E 
(2.6 x original magnification), with anti-keratin 5 (K5) (green) or UEA-1 lectin (red), and 
DAPI (blue) (scale bar = 100 micrometers). (B and C) Flow cytometric analysis of (B) 
total TECs and (C) TEC subsets, including mTECs (UEA-1+Ly-51-) and cTECs (UEA-1-

Ly-51+) at postnatal (pn) day 3 (top) and day 10 (bottom). Graphs represent frequency 
(left) and total number (right) of TECs or TEC subsets. (D) mTEChi (MHC IIhiCD80hi) and 
mTEClo (MHC IIloCD80lo) frequency among mTECs. Data signify the mean ± SD. Data 
are representative of at least two independent experiments for each time point where 
each data point represents a biological replicate. **p < 0.01, ***p < 0.001. 

 

We next considered that alterations in cellular proliferation may contribute to 

decreases in TEC cellularity in Vps34TEC mice. We performed flow cytometric analyses 

for intracellular Ki67 expression in TEC populations isolated from Vps34TEC neonatal 

mice. Compared with littermate controls, we found significant decreases in cell cycling in 

Vps34-deficient mTECs but not cTECs (Figure 2.6A). This suggests that the defects seen 

in mTEC cellularity in Vps34TEC mice can be partially explained by a loss of proliferating 

mTECs. We next aimed to measure cell death of TECs by staining with the apoptotic cell 

marker Annexin V. However, we found that TECs from control animals stained positive 

with Annexin V at an abnormally high frequency (Figure 2.6B). Importantly, CD45+ 

thymocytes in the same samples bound to Annexin V at physiologically plausible 

frequencies confirming that the staining protocol worked well. Previous studies have 

suggested that enzymatic digestion of thymi artificially induces Annexin V binding of TECs 

and precludes the ability to assay cell death by conventional methods such as Annexin V 

staining (Gray et al., 2007). Taken together, the deficiency in TEC cellularity observed in 

Vps34TEC mice is due in part to a loss of proliferating cells but increased cell death may 

also be a significant contributor. 
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Figure 2.6. Neonatal TEC populations differentially require Vps34 for cell cycling. 
(A) Ki67 expression among cTECs (MHC IIhiUEA-1- TECs) and mTECs (MHC IIhiUEA-1+ 
TECs). The graph represents frequency of Ki67+ cells among TEC subsets. (B) Annexin 
V binding among TECs (top) and thymocytes (bottom) isolated from indicated genotypes. 
Data signify the mean ± SD. Data are representative of at least two independent 
experiments. Each data point represents a biological replicate in all graphs. ***p < 0.001; 
ns, not significant. 
 

Deleting Vps34 in adult mTECs  

In Vps34TEC mice, mTECs are reduced in frequency from the earliest developmental time 

point of our analysis. This indicates that Vps34 is required by TECs to establish the mTEC 

compartment. However, it is unclear if Vps34 is intrinsically required for the maintenance 

of mTECs. To this end, we utilized a tamoxifen inducible Cre driver under the control of 

the endogenous Cytokeratin 5 promotor, K5-CreERT2 (Van Keymeulen et al., 2011) to 

target adult mTECs. To test the fidelity of Cre activity in K5-CreERT2 mice, we crossed 

this transgenic strain to the Cre reporter strain Ai14 which contains a floxed-stop-

tdTomato reporter cassette knocked into the Rosa26 locus (Madisen et al., 2010). In cells 

expressing Cre, tdTomato is constitutively expressed. Flow cytometric analysis confirmed 

Cre reporter activity in a large fraction of mTECs of Cre+ Ai14+ mice but not Ai14- mice 

(Figure 2.7A). We next crossed K5-CreERT2 mice with Vps34f/f mice to inducibly target 
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Vps34 in mTECs. Following tamoxifen treatment, Aire-CreERT2 Vps34f/f mice survived for 

7-8 days, while Vps34f/f controls remained healthy (Figure 2.7B). Since mTEC ablation is 

not lethal in adult mice (Khan et al., 2014), and K5-Cre activity is likely active in other 

tissues containing basal epithelial cells (including epidermis, salivary gland, and digestive 

tract), it is likely that Vps34 is necessary for life in adult mice due to its role in tissues 

other than mTECs. 

 
Figure 2.7. Genetic system for inducible deletion of Vps34 in Keratin 5 expressing 
cells. (A) Flow cytometric analysis of TECs (CD45-EpCAM+) for tdTomato expression 
and UEA-1 reactivity from K5-CreERT2 Ai14+ or K5-CreERT2 mice. (B) K5-CreERT2 

Vps34f/f or Vps34f/f mice were administered 3 doses of tamoxifen (Tx) on consecutive 
days and were then monitored for survival (n= 2/genotype). Data represent two 
independent experiments. 
 

In Vps34TEC mice, there was a reduction of mature mTEChi cells among mTECs. 

However, it is unclear whether this defect is caused by a reduced capacity of mTEClo cells 

to mature into mTEChi cells or a reduced survival of mTEChi cells. To address this 

problem, we used a genetic model that allows for tamoxifen inducible Cre activity in Aire 

expressing mTEChi cells, Aire-CreERT2 mice. We again utilized the Ai14 Cre reporter 

strain to assess induction of Cre activity. Flow cytometric analysis revealed Cre reporter 

activity in a large fraction of mTECs of Cre+ Ai14+ mice but not Ai14- mice (Figure 2.8A). 

Importantly, tdTomato expression was restricted to UEA-1+ TECs indicating that Cre is 

not active in cTECs. To assess the role of Vps34 in mature mTECs we generated Aire-
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CreERT2 Vps34f/f mice. Analysis of Aire-CreERT2 Vps34f/f mice treated continuously for 

14 days with tamoxifen showed no significant changes in TEC frequency or cellularity 

(Figure 2.8B). Further, there were no changes in TEC subsets (Figure 2.8C, D). This 

supports a scenario where immature mTECs require Vps34 to mature into mTEChi cells 

but not for the maintenance of mTEChi cells. 
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Figure 2.8. Genetic system for inducible deletion of Vps34 in mature mTECs. (A) 
Flow cytometric analysis of TECs (CD45-EpCAM+) for tdTomato expression and UEA-1 
reactivity from Aire-CreERT2 Ai14+ or Aire-CreERT2 mice. (B-D) Aire-CreERT2 Vps34f/f or 
Vps34f/f mice were administered tamoxifen every other day for 14 days and were then 
analyzed. Flow cytometric analysis of (B) total TECs and (C) TEC subsets, including 
mTECs (UEA-1+Ly-51-) and cTECs (UEA-1-Ly-51+). Graphs represent frequency (left) 
and total number (right) of TECs or TEC subsets. (D) mTEChi (MHC IIhiCD80hi) frequency 
among mTECs. Data signify the mean ± SD. Data are representative of at least two 
independent experiments for each time point where each data point represents a 
biological replicate. ns, not significant. 
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Post-natal deletion of Vps34 decreases TEC cellularity and homeostasis  

Since the hypoplastic thymi observed in Vps34TEC mice could be caused by a loss of TEC 

progenitors during development, it is unclear whether TECs require Vps34 expression to 

maintain their homeostasis in adulthood. To address this question, we utilized an 

inducible deletion system where ablation of Vps34 can be achieved specifically in the 

thymic stroma after the microenvironment has been fully established. Thymic lobes from 

newborn Rosa26-CreERT2;Vps34f/f or Vps34f/f mice were grafted under the kidney 

capsule of adult C57BL/6 mice. Host hematopoietic cells were allowed to reconstitute for 

3 weeks, and Cre-ERT2-mediated deletion of Vps34 was induced by tamoxifen 

administration whereas control Rosa26-CreERT2;Vps34f/f mice were treated with vehicle 

and a second control group of Vps34f/f mice were also treated with tamoxifen. Host kidney 

capsules were collected 3 weeks after administration of the last tamoxifen or vehicle dose 

and the grafted thymic lobes were analyzed (Figure 2.9A). The size and cellularity of 

grafts isolated from tamoxifen-treated Rosa26-CreERT2;Vps34f/f mice were significantly 

reduced as compared with both groups of control mice (Figure 2.9B). Additionally, flow 

cytometric analysis revealed that TEC numbers were also significantly reduced in the 

Vps34-deficient grafts compared with the controls (Figure 2.9C). These results indicate a 

post-natal requirement of Vps34 in TECs to maintain thymopoiesis and TEC homeostasis. 
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Figure 2.9. Post-natal deletion of Vps34 in thymic stromal cells decreases 
cellularity and TEC homeostasis in a transplant model. (A) Schematic of the 
experimental design. Thymic lobes isolated from newborn Rosa26-CreERT2;Vps34f/f or 
Vps34f/f mice were transplanted under the kidney capsule of 6- to 8-week-old C57BL/6 
recipient mice. Recipients were treated with tamoxifen or vehicle by oral gavage 3 weeks 
after grafting and were analyzed 3 weeks after the last tamoxifen treatment. (B) Examples 
of kidneys transplanted with a thymus lobe from vehicle- or tamoxifen-treated recipient 
mice. The graph represents total cellularity from transplanted thymi. (C) Flow cytometric 
analysis of TECs isolated from vehicle- or tamoxifen-treated mice. The graph represents 
total TEC cellularity (CD45-EpCAM+ cells) from transplanted thymi. Data signify the mean 
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± SD. Data are representative of at least two independent experiments where each data 
point represents a biological replicate. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not 
significant. 

 

Vps34 promotes thymopoiesis and TEC homeostasis in a mechanism independent 

of canonical autophagy 

In addition to autophagy, Vps34 plays a role in endocytosis and vesicle trafficking 

(Backer, 2016). To investigate the role autophagy plays in maintaining thymopoiesis and 

TEC homeostasis, we generated mice with a TEC-specific deficiency of Atg5 (Atg5TEC 

mice), an essential component of the autophagy pathway (Levine and Kroemer, 2019), 

by crossing the Foxn1-Cre strain to mice with a floxed Atg5 allele (Hara et al., 2006). We 

restricted our initial analysis to neonates for a better comparison with Vps34TEC mice.  

Consistent with a recent report in adult mice (Jain et al., 2018), Atg5-deficiency in 

TECs did not cause a detectable change in TEC frequency or cellularity (Figure 2.10A). 

Further, there was no change in subset ratios or numbers (Figure 2.10B). These findings 

strongly suggest that Vps34 does not maintain TEC homeostasis and thymopoiesis due 

solely to its role in canonical autophagy. 
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Figure 2.10. TEC phenotype in mice with TEC-specific loss of Atg5. Flow cytometric 
analysis of (A) total TECs (CD45-EpCAM+) and (B) TEC subsets, including mTECs (UEA-
1+Ly-51-) and cTECs (UEA-1-Ly-51+) at postnatal day 10. Graphs represent frequency 
(left) and total number (right) of TECs or TEC subsets. Data signify the mean ± SD. Data 
are representative of two independent experiments where each data point represents a 
biological replicate. ns, not significant. 
 

Altered T cell development in neonatal Vps34TEC mice 

Given the essential role Vps34 plays in endocytosis, vesicle trafficking, and the initiation 

of autophagy (Bilanges et al., 2019), cellular processes that can influence antigen 

presentation (Roche and Furuta, 2015), we next investigated intrathymic development of 

T cells in neonatal Vps34TEC mice. We observed similar frequencies and numbers of DP 

thymocytes in mutant mice compared to controls, but a relative decrease in CD4 SP and 

a relative increase in CD8 SP cells (Figure 2.11). Similar shifts in the distribution of T cell 

subsets were observed in the spleen of mutant mice (Figure 2.11).  
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Figure 2.11. Reduced CD4 T cells in Vps34TEC neonates. Thymocytes (top) and 
splenocytes (bottom) from three-day-old Vps34f/f or Vps34TEC mice were analyzed by flow 
cytometry for CD4 and CD8 expression. Graphs represent frequency and total numbers 
of indicated thymocyte subsets (top) and splenic T cell subsets. Data signify the mean ± 
SD. Data are representative of at least two independent experiments for each time point 
where each data point represents a biological replicate. *p < 0.05, **p < 0.01, ***p < 0.001; 
ns, not significant. 
 

To further investigate thymic selection, we analyzed CD4 and CD8 expression on 

developing thymocytes at discrete developmental stages. Developing thymocytes 

undergo sequential stages of TCRɓ and CD69 cell surface expression that provide 

phenotypic markers of T cell positive selection (Barthlott et al., 1997). Under physiological 

conditions, positive selection sets off a transient upregulation of CD69 among TCRɓint 

thymocytes (stage II). In turn, these cells sequentially adopt a TCRɓhiCD69+ (stage III) 

and eventually a TCRɓhiCD69lo (stage IV) cell surface phenotype as they move from the 

DP towards the CD4 SP or CD8 SP lineages. The relative frequencies of these distinct 

thymocyte populations were undisturbed in neonatal Vps34TEC mice (Figure 2.12A). 

However, at stages III and IV, there was an increase in the frequency of thymocytes that 

retained CD4 and CD8 DP expression. Further, the thymocytes at stages III and IV were 
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more skewed towards the CD8 SP lineage in Vps34TEC mice (Figure 2.12A). Given the 

alterations in SP thymocytes, we also analyzed maturation in SP subsets. Following 

positive selection, SP thymocytes express high surface levels of CD24 (heat-stable 

antigen), which they downregulate as they mature (Nikolic-Zugic and Bevan, 1990; 

Ramsdell et al., 1991). Interestingly, we observed no alterations in the frequency of 

mature TCRɓhiCD24lo cells among CD4 SP thymocytes but an increase in the frequency 

of these cells among CD8 SP thymocytes (Figure 2.12B). This finding implies that the 

alterations seen in CD4 SP selection in Vps34TEC mice are unlikely due to defects in post-

selection maturation.  
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Figure 2.12. Defective CD4+ T cell development in neonatal Vps34TEC mice. 
Thymocytes from three-day-old Vps34f/f or Vps34TEC mice were analyzed by flow 
cytometry. (A) CD69 and TCRɓ expression (top panel) on thymocytes was used to gate 
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on the indicated developmental thymocyte stages, and the percentage of cells within each 
stage is depicted in the graph at the top. Cells within stages II-IV were then analyzed for 
CD4 and CD8 surface expression. Graphs represent the frequency of DP, CD4 SP, and 
CD8 SP thymocytes within each specified developmental stage. (B) CD24 and TCRɓ 
expression. The graph represents the frequency of mature thymocytes (TCRɓ+CD24lo) 
among the CD4 SP or CD8 SP subsets. Data signify the mean ± SD. Data are 
representative of at least two independent experiments for each time point where each 
data point represents a biological replicate. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not 
significant. 
 

An important subset of CD4 SP thymocytes is thymic regulatory T cells (tTregs), 

which are essential for maintaining immune tolerance and can be identified by the lineage 

defining transcription factor Foxp3 (Savage et al., 2020). mTECs are critical for the 

development of tTregs (Cowan et al., 2013). Given the observed defects in the mTEC 

compartment of Vps34TEC mice (Figure 2.5A,C), we next analyzed tTreg development in 

3-day-old mice, using a Foxp3-RFP knock-in reporter line crossed onto Vps34TEC mice. 

We observed no alterations in the frequency of Foxp3+CD25+ Tregs among CD4 SP 

thymocytes (Figure 2.13A) or CD4+ splenocytes (Figure 2.13B). These observations 

indicate that Vps34 in TECs is dispensable for the thymic development of Tregs. 
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Figure 2.13. Thymic regulatory T cell development in Vps34TEC mice. Lymphocytes 
from three-day-old Vps34f/f or Vps34TEC mice were analyzed by flow cytometry. (A) 
Thymocytes were analyzed for Foxp3-RFP and CD25 expression of cells within the CD4 
SP CD3+ gate. The graph represents the frequency of thymic regulatory T cells (Foxp3-
RFP+CD25+) among CD4 SP CD3+ thymocytes. (B) Splenocytes were analyzed for 
Foxp3-RFP expression among CD4+ T cells (CD3+CD4+). The graphs represent 
frequency and total numbers of Foxp3+ CD4+ T cells among splenocytes. Data signify the 
mean ± SD. Data are representative of at least two independent experiments where each 
data point represents a biological replicate. ns, not significant.  
 

Vps34 regulates positive selection of MHC class II-restricted transgenic TCRs 

To further investigate the contribution of TEC-specific Vps34 to T cell positive selection, 

we tested the development and selection of T cells expressing antigen-specific, MHC 

class I- or class II-restricted TCRs in transgenic animals. Although such studies are often 

performed with TCR transgenic bone marrow chimeras, we opted against this approach 

due to the severe thymic hypoplasia in Vps34TEC mice. Instead, we bred individual TCR 

transgenic lines with the Vps34TEC mice and compared these animals to their Cre- 

littermate controls at 7 to 10 days of age. We did not observe any defects in the 
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frequencies or numbers of CD8 SP thymocytes for the MHC class I-restricted OTI or P14 

lines (see Table 2.1 for the specificities of the transgenic TCRs). We also did not find any 

alterations in the expression of the clonotypic TCRs of these lines among CD8 SP cells 

(Figure 2.14A-C). In contrast, a near complete block in development from the DP to CD4 

SP thymocyte stage occurred in each of the MHC class II-restricted TCR transgenic lines, 

OTII, LLO56, LLO118, and female Marilyn mice. Additionally, among the CD4 SP 

thymocytes, there was a decrease in the frequency of T cells expressing the clonotypic 

TCRs of individual transgenic lines (Figure 2.14D-H). These data indicate that Vps34 is 

required by TECs to positively select MHC class II-restricted but not MHC class I-

restricted transgenic TCRs.  

 

 Table 2.1: Specificity of TCR transgenic mice employed in this study. 

 

Appropriate TCR signal strength is crucial for thymic selection (Gascoigne et al., 

2016). Surface CD5 expression on developing thymocytes positively correlates with TCR 

signal strength and can be employed as a surrogate marker of TCR signal strength 

(Azzam et al., 1998). Interestingly, surface CD5 expression was decreased on DP 

thymocytes in transgenic lines expressing MHC class II-restricted but not class I-restricted 

TCR transgenic mouse Restriction element Cognate antigen 

OTI Kb Chicken ovalbumin 257-264 

P14 Db Lymphocytic choriomeningitis virus gp33-41 

OTII I-Ab Chicken ovalbumin 323-339 

LLO56 I-Ab Listeria monocytogenes LLO190-205 

LLO118 I-Ab Listeria monocytogenes LLO190-205 

Marilyn I-Ab Male specific H-Y antigen 
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TCRs (Figure 2.14I). This finding indicates that altered TCR signaling coincides with 

defective positive selection. It is possible that changes in self-peptide/MHC class II 

displayed on Vps34-deficient TECs leads to alterations in TCR signaling on developing 

MHC class II-restricted transgenic thymocytes and thus causes these defects in positive 

selection. 
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Figure 2.14. Vps34 in TECs is critical for positive selection of MHC class II-
restricted but not MHC class I-restricted transgenic TCRs. Six separate TCR 
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transgenes were introgressed into the Vps34TEC strain and analyzed for positive selection 
compared with TCR transgenic Vps34f/f controls (see Table 2.1 for the specificities of 
these TCRs). (A-G) Flow cytometric analysis of thymocytes for CD4 and CD8 expression 
from the following TCR transgenic lines: (A) OTI, (B) P14, (D) OTII, (E) LLO56, (F) 
LLO118, and (G) Marilyn (females only). Representative flow plots or histograms show 
clonotypic TCR expression profiles of Vps34f/f (blue line), Vps34TEC (red line) and control 
staining (shaded grey) of the indicated cell populations. (C) Total cell number (top) and 
frequency (bottom) of CD8 SP thymocytes in the indicated MHC class I-restricted TCR 
transgenic lines. (H) Total cell number (top) and frequency (bottom) of CD4 SP 
thymocytes in the indicated MHC class II-restricted TCR transgenic lines. (I) Surface CD5 
expression on DP thymocytes (CD4+CD8+) from the indicated mouse strains. Data signify 
the mean ± SD. Data are representative of at least two independent experiments where 
each data point represents a biological replicate. *p < 0.05, **p < 0.01, ***p < 0.001; ns, 
not significant. 

 
 
Similar trends were observed in the spleen of the TCR transgenic animals at 7-10 

days of age, where there was an almost complete absence of TCR transgenic CD4+ 

splenocytes in Vps34TEC mice (Figure 2.15D-H). However, there was also a significant 

decrease in the frequency of splenic OTI cells and total OTI and P14 splenocytes in the 

mutant mice (Figure 2.15A-C). This is likely due to decreased thymopoiesis independent 

of selection because polyclonal Vps34TEC mice analyzed at a similar age range exhibited 

a profound decrease in thymocyte cellularity (Figure 2.2). 
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Figure 2.15. Splenic phenotype of T cells in TCR transgenic mice. (A-C) Flow 
cytometric analysis of splenocytes for CD4 and CD8 expression from the following MHC 
class I-restricted TCR transgenic lines: (A) OTI, and (B) P14. (C) Total cell number (top) 
and frequency (bottom) of CD8 SP cells in the indicated TCR lines. (D-H) Flow cytometric 
analysis of splenocytes for CD4 and CD8 expression from the following MHC class II-
restricted TCR transgenic lines: (D) OTII, (E) LLO56, (F) LLO118, and (G) Marilyn 
(females only). (H) Total cell number (top) and frequency (bottom) of CD4 SP in the 
indicated transgenic TCR lines. (I) Marilyn thymocyte development in male Vps34TEC and 
Vps34f/f mice. Data signify the mean ± SD. Data are representative of at least two 
independent experiments where each data point represents a biological replicate. *p < 
0.05, **p < 0.01, ***p < 0.001; ns, not significant. 
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Altered TCRɓ chain gene usage and repertoire sharing in CD4 SP thymocytes of 

neonatal Vps34TEC mice 

To explore how Vps34-mediated cellular processes in TECs impact the CD4+ TCR 

repertoire, we conducted deep sequencing of the complementarity-determining region 3 

(CDR3) sequences of TCR Vɓ chains of genomic DNA from CD4 SP TCRɓ+ thymocytes 

isolated from 3 neonatal Vps34TEC mice and 3 littermate controls. TCR repertoire diversity 

was assessed using Simpson Clonality Index downsampled to 24,791 randomly chosen 

sequencing reads to correct for differences in the total productive templates sampled 

(Figure 2.16A). This analysis revealed that the repertoire diversity of CD4 SP T cells from 

Vps34TEC mice was similarly maintained as control mice (Figure 2.16B). The 

hypervariable CDR3 of the TCR is crucial for antigen recognition as it contacts MHC class 

II-peptide complexes on APCs (Adams et al., 2016; Rossjohn et al., 2015). The diversity 

in the CDR3 is generated through genetic recombination and by the addition of random 

nucleotides which produces CDR3s of variable length with a Gaussian-like distribution 

(Pannetier et al., 1993). Strikingly, we found that the CDR3 sequences in CD4 SP T cells 

from Vps34TEC mice were longer compared with control mice (Figure 2.16C). We next 

assessed TCR Vɓ region gene usage and noticed significant changes in the prevalence 

of 6 Vɓ chain gene segments (Figure 2.16D). Importantly, the altered Vɓ gene segments 

were not of low use frequency in controls. To further assess how Vps34-deficiency in 

TECs impacts the CD4+ TCR Vɓ repertoire, we calculated clonal overlap using Morisita 

index (Figure 2.16E), which revealed significantly more clonal overlap among CD4 SP T 

cells from control animals than overlap between any control-mutant repertoire 

comparisons. Intriguingly, there was also significantly lower clonal overlap among the 
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repertoires of mutant animals compared to controls. Thus, while Vps34 in TECs is 

dispensable for maintaining CD4+ TCR repertoire diversity, its absence leads to altered 

CDR3 length, Vɓ gene usage and repertoire sharing. 
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Figure 2.16. TCRb chains display altered gene usage and repertoire sharing in CD4 

SP thymocytes of neonatal Vps34TEC mice. The somatically rearranged TCRb CDR3 

sequences were amplified from genomic DNA isolated from CD4 SP TCRb+ thymocytes 
flow sorted from 4- or 6-day-old Vps34f/f or Vps34TEC mice (n= 3/ genotype). (A) Numbers 
of productive TCR sequences. (B) Simpson clonality indexes of TCR repertoire diversity. 

(C) Distribution of CDR3 lengths (Chi-squared test). (D) Distribution of TCR Vb gene 
usage. (E) Heatmap of Morisita repertoire overlap across all samples. The graph 
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represents the Morisita overlap index for each individual comparison organized by group. 
Data signify the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. 
 

TEC Vps34-deficiency attenuates the incidence and severity of active experimental 

autoimmune encephalomyelitis 

To explore functional consequences of the altered CD4+ T cell development and 

repertoire in Vps34TEC mice, we tested the response of these animals and littermate 

controls to experimental autoimmune encephalomyelitis (EAE), an animal model of 

human multiple sclerosis. Results showed a delayed on-set of clinical disease in 

Vps34TEC mice compared to littermate controls (Figure 2.17A). Mutant mice also 

experienced significantly reduced incidence and severity of disease (Figure 2.17B, C). 

These data indicate that Vps34 in TECs is required for a normal level of disease directed 

at a central nervous system autoantigen. 
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Figure 2.17. Vps34-deficiency attenuates the incidence and severity of active EAE. 
EAE was induced by active immunization with MOG35-55 peptide. (A) Daily clinical score. 
(B) Disease onset. (C) Peak disease score. Results are accumulated from three 
independent experiments with a combined total of 15 mice per group. The data shown 
are the average ± SEM. *p < 0.05, **p < 0.01; dpi, days post-immunization. 

 

cTECs present increased abundance of CLIP-bound I-Ab complexes in the absence 

of Vps34 

Surface levels and turnover rates of MHC class II on cTECs are critically important for 

positive selection of CD4+ T cells (von Rohrscheidt et al., 2016). Autophagy-related 

proteins including Vps34 have been implicated in regulating surface expression of MHC 

molecules (Van Kaer et al., 2019). However, we found no significant changes in the 

surface expression levels of either the MHC class I molecule Kb or the MHC class II 

molecule I-Ab on Vps34-deficient cTECs (Figure 2.18A, B). To investigate whether a 

particular MHC class II-bound peptide on cTECs was affected by loss of Vps34, we used 
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a monoclonal antibody (15G4) that recognizes I-Ab when occupied by the invariant chain 

peptide derivative CLIP (Beers et al., 2005). After synthesis in the ER, MHC class II 

molecules contain CLIP in their peptide binding groove. In MHC class II compartments, 

the peptide editor DM promotes the exchange of CLIP for higher affinity peptide. 

However, a fraction of class II molecules is presented at the surface while containing CLIP 

(Denzin et al., 2017). Indeed, we found that cTECs from Vps34f/f animals express CLIP-

bound I-Ab molecules at levels above background staining of cTECs isolated from an 

MHC disparate strain (I-Ad-expressing BALB/c) (Figure 2.18C). cTECs isolated from 

Vps34TEC mice expressed significantly increased levels of CLIP-bound I-Ab compared 

with wild-type controls. These findings indicate that Vps34 is required by cTECs to 

present normal surface levels of an endogenous self-peptide/MHC class II complex and 

suggest a role for Vps34 in generating the repertoire of self-peptides that is specialized 

for positive selection. 

 

Figure 2.18. cTECs present increased abundance of CLIP-bound I-Ab complexes in 
the absence of Vps34. (A-C) cTECs (CD45-EpCAM+Ly-51+) isolated from the indicated 
strains (isotype and fluorescence minus one [FMO] staining are from Vps34f/f isolated 
cells) were analyzed for (A) MHC class I (H-2Kb), (B) MHC class II (H-2I-A/I-E), or (C) 
CLIP-bound I-Ab expression by flow cytometry. Graphs represent mean fluorescence 
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intensity (MFI) of indicated staining. Data signify the mean ± SD. Data are representative 
of at least two independent experiments where each data point represents a biological 
replicate. **p < 0.01; ns, not significant. 
 

TEC Vps34 deficiency causes defects in endocytic vesicle trafficking and cathepsin 

L maturation 

To analyze the contribution of Vps34 to vesicle trafficking in TECs, we utilized the mouse 

cTEC cell line C9 (Wertheimer et al., 2018). We deleted Vps34 in C9 cells employing 

CRISPR/Cas9 approach, generating stable control sgLacZ cells and Vps34-deficient 

sgVps34 cells. Efficient deletion of Vps34 in sgVps34 cells was confirmed by significant 

decrease in Vps34 protein expression (Figure 2.19A). Basal autophagy was disrupted in 

sgVps34 cells as evidenced by the accumulation of P62, a factor that targets cargo to 

autophagosomes, and LC3, both of which are degraded by autophagy. Previous studies 

report that disruption of Vps34 expression in vitro and in vivo causes a vacuolization 

phenotype associated with defects in endosomal trafficking (Bechtel et al., 2013; Jaber 

et al., 2016; Johnson et al., 2006). Examination of the cultures by light microscopy 

revealed that a significant proportion of Vps34 deficient cells accumulated numerous 

phase-lucent spherical cytoplasmic vacuoles (Figure 2.19B). Strikingly, H&E staining of 

thymic sections from neonates also revealed vacuolization caused by the absence of 

Vps34. To assess vesicle trafficking, we analyzed the maturation of the lysosomal 

protease cathepsin L, which is required by cTECs for efficient positive selection of CD4+ 

T cells in vivo (Honey et al., 2002; Nakagawa et al., 1998). We found a significant 

decrease in the mature forms of cathepsin L, suggesting a significant abnormality in the 

ability of the lysosome to cleave immature cathepsin L (Figure 2.19A). 
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Figure 2.19. TEC Vps34 deficiency causes defects in endocytic vesicle trafficking 
and Cathepsin L maturation. (A) Proteins isolated from control and Vps34-deleted C9 

cells were analyzed by western blot for markers of autophagy and vesicle trafficking. b-
tubulin was used as loading control. Relative densities of pro-cathepsin L and mature-
cathepsin L bands between sgLacZ and sgVps34 are indicated. Data are representative 
of at least two independent experiments. (B) Light micrograph of live control (sgLacZ) 
and Vps34 deleted (sgVps34) C9 cells (top). Thymus tissue sections from 7- to 10-day-
old Vps34f/f or Vps34TEC mice stained with H&E (bottom, 20 x original magnification). 
Arrows highlight areas of significant vacuolization. n = 5 / genotype. *p < 0.05, **p < 0.01, 
***p < 0.001. 
 

Vps34 regulates positive selection in a canonical autophagy-independent 

mechanism 

In addition to autophagy, Vps34 plays a role in endocytosis and vesicle trafficking 

(Backer, 2016), both of which can contribute to antigen presentation (Kondo et al., 2017). 

To investigate the role autophagy plays in the T cell selection phenotype observed in 

Vps34TEC mice, we analyzed T cell development and positive selection in Atg5TEC mice. 
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We restricted our initial analysis to neonates for a better comparison with Vps34TEC mice. 

Consistent with a previous report employing Atg5-deficient thymus grafts (Nedjic et al., 

2008), we failed to detect any difference in the intrathymic development of the polyclonal 

repertoire in Atg5TEC mice (Figure 2.20A). To test whether the autophagy pathway is 

necessary for positive selection of an MHC class II-restricted transgenic TCR that was 

dependent on Vps34 sufficiency in TECs, we investigated positive selection of OTII cells 

in Atg5TEC mice. We generated bone marrow chimeric animals by lethally irradiating either 

wild-type or Atg5TEC mice and transplanting bone marrow isolated from OTII transgenic 

donors. Our analysis revealed no significant change in the selection and development of 

OTII cells in Atg5TEC recipient mice (Figure 2.20B). Radiation has been shown to induce 

autophagy (Chaurasia et al., 2016) and it is feasible that thymic recovery following 

radiation is compromised in the absence of Atg5, which may confound the interpretation 

of these results. Further, recent reports have highlighted the changes that occur in thymic 

selection from early life to adulthood (Dong et al., 2017; Smith et al., 2018). Therefore, 

for a more direct comparison, we analyzed positive selection of OTII cells in neonatal 

Atg5TEC mice by breeding in the OTII TCR transgene to Atg5TEC mice. Consistent with 

data from the chimera experiments, we found no alteration in OTII cell positive selection 

between Atg5TEC mice and their littermate controls (Figure 2.20C). Collectively our data 

show that Atg5-dependent autophagy is not required by TECs to positively select a TCR 

that is dependent upon Vps34-mediated cell processes in TECs. Therefore, we propose 

that Vps34 in TECs regulates positive selection in a canonical autophagy-independent 

mechanism. 
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Figure 2.20. Vps34 regulates CD4+ T cell positive selection in a canonical 
autophagy-independent mechanism. Thymocytes were analyzed for CD4 and CD8 
expression by flow cytometry. (A) Analysis of ten-day-old Atg5f/f or Atg5TEC mice. Graphs 
represent frequency and total numbers of the indicated thymocyte subsets. (B) B6 or 
Atg5TEC mice at 5 weeks post-lethal irradiation following engraftment with OTII TCR 
transgenic bone marrow. Graphs represent frequency and total numbers of OTII cells 
(CD4 SP TCR Va2hi). (C) OTII TCR transgene was introgressed into the Atg5TEC strain 
and offspring was analyzed for positive selection compared to OTII TCR transgenic Atg5f/f 

controls. Graphs represent frequency and total numbers of OTII cells (CD4 SP TCR 
Va2hi). Data signify the mean ± SD. Data are representative of at least two independent 
experiments where each data point represents a biological replicate. ns, not significant. 
 

TEC Vps34 in negative selection 

The Marilyn TCR transgenic system allows for the interrogation of negative selection in 

addition to positive selection (Lantz et al., 2000). Marilyn transgenic TCRs are specific for 

the male H-Y antigen. As such, developing Marilyn T cells undergo negative selection in 
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the thymus of male but not female mice. We did not observe any differences in the thymic 

selection of Marilyn T cells in male Vps34TEC mice compared to controls (Figure 2.21). 

While this may suggest that negative selection (and thus the antigen processing and 

presentation of the male H-Y antigen) is intact in Vps34-deficient thymi, the severe 

defects in positive selection in female mice confound the interpretation of these 

observations. 

 

Figure 2.21. TEC Vps34 in negative selection using Marilyn TCRTg system. 
Thymocytes from one-week-old Vps34f/f or Vps34TEC male mice were analyzed by flow 
cytometry for CD4 and CD8 expression. Data are representative of two independent 
experiments. 
 

mTEC specific targeting of Vps34 in central tolerance 

To further assess the contribution of Vps34 to TEC regulation of negative selection, we 

utilized Aire-CreERT2 Vps34f/f mice in which Vps34 can be targeted specifically in cells 

required for negative selection (i.e., mature mTECs), while not disturbing cells required 

for positive selection (i.e., cTECs). Aire expressing mTECs have been identified as cells 

crucial for both negative selection and induction of tTregs to tissue specific antigens 

(Anderson et al., 2005; Metzger et al., 2013). Flow cytometric analysis of Aire-CreERT2 

Vps34f/f mice showed no significant changes to thymocyte subset frequency or cellularity 

including CD4 SP cells and tTregs (Figure 2.22A, B). Although there were no obvious 
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defects in central tolerance in the polyclonal repertoire of Aire-CreERT2 Vps34f/f mice, it 

remained possible that Vps34 mediates antigen processing and presentation of Aire-

dependent tissue-restricted antigens necessary for negative selection of specific 

autoreactive CD4+ T cell clones. To test this possibility, we utilized Rip-mOVA mice which 

express membrane bound ovalbumin (OVA) under the control of the rat insulin promoter. 

These mice express OVA in their mTECs which causes the negative selection of 

developing OTII transgenic T cells. To examine the role Vps34 plays in negative selection, 

we generated Aire-CreERT2 Vps34f/f Rip-mOVA mice which were lethally irradiated and 

reconstituted with OTII TCR transgenic bone marrow. The mice were then treated with 

tamoxifen to delete Vps34 in mature mTECs and assessed for negative selection of 

developing OTII cells. We found no significant change in the cellularity of CD4 SP OTII 

cells in the thymus of Cre+ mice compared to Cre- mice (Figure 2.23), indicating that 

mTECs do not require Vps34 to mediate negative selection of autoreactive T cells. 
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Figure 2.22. Vps34 is dispensable in mature TECs for central tolerance. Aire-
CreERT2 Vps34f/f or Vps34f/f mice were administered tamoxifen every other day for 14 
days and then analyzed. Flow cytometric analysis of (A) thymocyte subsets and (B) 
thymic regulatory T cells (Foxp3+ CD25+) among CD4 SP cells. Graphs represent total 
numbers of thymocyte subsets. Data signify the mean ± SD. Each data point represents 
a biological replicate. ns, not significant. 
 

 
























































































































