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Abstract

The proper development and function of T lymphocytes depend on a variety of processes.
However, the roles of both intracellular iron metabolism and the E3 ubiquitin ligase Cullin 3 in
controlling T cell-mediated immunity are vastly understudied. Here, we show that intracellular
iron metabolism is crucial for proper CD4 T cell proliferation and mitochondrial function after
activation. T cell receptor stimulation leads to coordinated changes in the expression of iron
intake, storage, and export proteins as well as drastic loss of cytosolic labile iron levels. This
change in cellular iron levels is important for T cell proliferation, as blocking labile iron flux
during activation is associated with decreased proliferative capacity. We found that iron controls
activated CD4 T cell proliferation by modulating IL-2 receptor signaling and supporting optimal
mitochondrial function.

We also show that Cullin 3 modulates invariant natural killer T (iNKT) cell development
by regulating cellular iron homeostasis. In the absence of Cullin 3, iNKT cells fail to develop and
acquire their classical effector phenotype. This block in iNKT cell development also results in
hyperproliferation and death of mature iNKT cells lacking Cullin 3. Additionally, Cullin 3
deficient iNKT cells display higher glycolytic activity compared to WT cells, which appears to
be detrimental for mature thymic iNKT cells. We also show that mature iNKT cells lacking
Cullin 3 harbor higher labile iron levels than wild type cells, potentially leading to increased cell
death by ferroptosis during iNKT cell development. Feeding a low iron diet to mice with a T
cell-specific deletion of Cullin 3 appears to rescue cellular iron accumulation in mature iNKT
cells, revealing a role for Cullin 3 in controlling iNKT cell development by modulating
intracellular iron metabolism.

Cullin 3 also appears to promote naive CD4 T cell peripheral maintenance by regulating
iron homeostasis and tonic signaling. We found that Cullin 3 deficiency leads to a severe loss of
naive CD4 T cells in the peripheral tissues. Residual naive CD4 T cells exhibit a pre-activated
phenotype characterized by increased proliferation, cytokine production, and TCR signaling

molecule expression. Additionally, naive CD4 T cells lacking Cullin 3 resemble effector cells in
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terms of their expression of iron homeostatic molecules and labile iron levels. Cullin 3 also
appears to restrain naive CD4 T cell responses after stimulation, as Cullin 3 deficient naive CD4
T cells proliferate better and secrete more inflammatory cytokines in comparison to wild type
cells. This heightened proliferative capacity is also accompanied by an increase in glycolytic
metabolism in Cullin 3 deficient naive CD4 T cells. Interestingly, these phenotypes appear to be
dependent upon the presence of a polyclonal T cell pool, as expression of the OT-II transgenic T
cell receptor by Cullin 3 deficient naive cells prevents naive T cell atrophy. We hypothesize that
Cullin 3 may maintain naive CD4 T cell quiescence by modulating intracellular iron levels and
inhibiting aberrant T cell receptor signaling in response to either self or gut microbial peptides.
In all, my thesis work furthers our understanding of the role of Cullin 3 in controlling T cell-

mediated immune responses.
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Chapter 1 — Introduction

I began the work described in this dissertation with the goal of understanding how the
ubiquitin ligase Cullin 3 controls invariant natural killer T cell development. As with most
scientific endeavors, the path to answer this question was not linear. My scientific journey took
me to areas of research I never expected to investigate, allowing to me acquire a working
understanding of a variety of topics. In this Introduction, I will describe Cullin 3, its regulation,
and some of its roles in mammalian cells. I will also provide background into invariant natural
killer T cells and their development in the thymus. Additionally, I will outline the cellular iron
homeostasis pathway and roles for iron in T cell-mediated immunity. Finally, I will end by

providing background and context for each of the chapters of this dissertation.

What is Cullin 3?

Cullin-RING ligases (CRLs) control cellular ubiquitination pathways by binding adaptor
proteins that confer substrate specificity. Having 7 identified members, CRLs comprise the
largest family of ubiquitin ligases in mammalian cells (1, 2). CRLs are named for the specific
cullin protein that forms the backbone of the CRL complex. This cullin protein acts as a scaffold
onto which other components of the ligase bind (2). All CRLs possess a RING-domain-
containing protein on the C-terminus of the complex (3). Together, the cullin scaffold and RING
protein are referred to as the catalytic core of the CRL, as the RING protein acts as a docking site
for the E2 ligase (1, 3). On the other hand, the N termini of the different CRLs are variable (1),
which allows each CRL to bind a unique adaptor protein (3). Therefore, the adaptor protein
confers substrate specificity to the CRL (Table 1.1).

Activation of CRLs is dependent upon neddylation of the cullin scaffold. Neddylation is a
process by which the ubiquitin-like molecule neural precursor cell expressed developmentally
downregulated-8 (NEDDS) is deposited onto proteins, modifying their function. The cullin
proteins are major targets of the neddylation pathway (4), and neddylation of the cullin scaffold
is known to recruit E2 ligases to the CRL complex (5-7). Additionally, neddylation allows the



CRL to shift from a closed conformation to an open conformation that facilitates ubiquitin

deposition onto target proteins (8). CRLs can then be deactivated by the removal of NEDDS by

the COP9 signalosome (6). In all, neddylation and deneddylation control the activity of CRLs in

vivo and prevent aberrant degradation of cellular proteins.

Many of the CRLs, including Cullin 1 and Cullin 4, associate with a fixed adaptor protein

(Table 1.1) (2). In contrast, Cullin 3 (Cul3) can bind a variety of BTB-domain-containing

adaptor proteins (Table 1.1) (2). These adaptors link Cul3 to its substrates, allowing for

polyubiquitination and degradation of these substrates. The human genome encodes

approximately 200 different BTB-domain containing proteins (9); however, only those

containing a 3-box motif in addition to the BTB-domain have been shown to be viable adaptors

for Cul3 (10). Despite this, Cul3 is known to target upwards of 188 proteins for degradation (11).

These targets span several biological systems, giving Cul3 tissue- and system-specific functions.

Table 1.1 — Summary of the Cullin-RING ligases and their substrate specificities.
Recreated from Sarikas, Hartmann, and Pan 2011 (2).

CRL Name Cullin Scaffold Adaptor Protein Substrate Specificity
CRL1 Cull Skpl F-box proteins
CRL2 Cul2 Elongin B/C VHL-box proteins
CRL3 Cul3 BTB-domain proteins variable

CRL4A Cul4A DDBI1 DCAF
CRL4B Cul4B DDBI1 DCAF
CRL5 Cul5 Elongin B/C SOCS-box proteins
CRL7 Cul7 Skpl Fbw§

Biological Roles of Cullin 3

Because it can bind so many different adaptor proteins, Cul3 is known to modulate a

variety of cellular functions. Here, I will outline the role of Cul3 in controlling both cellular

redox states and cell cycle progression in greater detail.

Antioxidation

Cul3 is a key member of the Cul3-Keap1-Nrf2 trimeric complex, which is a major

contributor to the maintenance of cellular redox states in mammalian cells. The transcription

factor nuclear factor erythroid 2-related factor 2 (Nrf2) lends this complex its antioxidant



function, as Nrf2 has been shown to be a major activator of antioxidant response element (ARE)-
containing genes both in vitro and in vivo (12-14). Following oxidative stress, Nrf2 translocates
from the cytoplasm into the nucleus, where it forms a heterodimer with nuclear Maf proteins
(15). The Nrf2 heterodimers then bind to the ARE, leading to the recruitment of other factors
responsible for the activation of antioxidant response genes (16).

Because some level of reactive oxygen species (ROS) is necessary for cellular activation
and function, the Nrf2-regulated antioxidant genes cannot be constitutively active. Therefore,
nuclear translocation of Nrf2 is tightly regulated by Keap1, which has been shown to bind to the
amino terminus of Nrf2 (17). Keapl1 is also structurally homologous to the Drosophila protein
Kelch, which functions as an actin-binding protein in Drosophila cells (17). As such, the
longstanding belief was that Keapl prevented Nrf2 translocation to the nucleus by sequestering it
in the cytoplasm, thereby preventing the antioxidant genes from being expressed.

Continued research has since disproven this theory by revealing that Keap! instead acts
as an adaptor protein for the binding of the Cul3 to cytosolic Nrf2 (15). Cul3 has also been
shown to catalyze the ubiquitination of Nrf2, subsequently targeting Nrf2 for degradation by the
proteasome (18, 19). In this way, Keap1 and Cul3 act in concert to mediate the degradation of
Nrf2 in the cytoplasm when homeostatic levels of ROS are present. During times of oxidative
stress, the structure of Keap1 is modified in such a way that it can no longer bind Nrf2, allowing
Nrf2 to enter the nucleus and activate the antioxidant response (Fig. 1.1) (16).

Although this pathway has been well characterized in various cell types, regulation of
antioxidant genes by the Cul3-Keap1-Nrf2 trimeric complex has only recently begun to be
explored in T cells. Several studies have revealed a role for Nrf2 in maintaining various aspects
of T cell-mediated immunity. For one, Nrf2 has been shown to be important in T cell activation.
Research has shown that induction of Nrf2 in both Jurkat cells and human primary CD4 T cells
leads to decreased expression of the early activation markers CD25 and CD69 as well as
decreased production of IL-2 (20, 21). Increased expression of Nrf2 also decreases the DNA
binding-capability of NFkB, a transcription factor important in T cell activation (20, 21).
Additionally, Keapl deficiency and subsequent systemic activation of Nrf2 in scurfy mice leads
to decreased effector T cell activation as measured by CD25, CD44, and CD69 expression (22).

Both systemic and T cell-specific Nrf2 activation also leads to decreased IFN-y production by



effector Th1l and CDS8 T cells in the scurfy model (22). In all, these data show that increased Nrf2
expression limits T cell activation.

Beyond its ability to impact T cell activation, studies have also revealed that Nrf2
mediates T helper cell differentiation. Induction of Nrf2 by in vitro treatment with Nrf2
activators has been shown to lead to decreased IFN-y production and increased IL-4, IL-5, and
IL-13 production (20, 23). Additionally, Nrf2 activation promotes the ability of GATA-3 to bind
DNA while simultaneously suppressing T-bet from binding DNA (23). Nrf2 has also been shown
to play some role in the development of Th17 cells. A recent study revealed that deficiency in
Nrf2 increased Th17 differentiation both in vitro and in a murine model of lupus nephritis,
promoting the early onset of disease (24). Contrastingly, T cell-specific overexpression of Nrf2
has been shown to lead to increased T regulatory cell development (25). Taken together, these
findings indicate that Nrf2 prevents the differentiation of inflammatory T helper cell subsets and

skews the immune response towards more anti-inflammatory phenotypes.

Oxidative Stress

%

Induction of antioxidant and
detoxification genes

Proteasome

2 A
Figure 1.1 — The Cul3-Keap1-Nrf2 trimeric complex controls cellular redox states.
Under normal conditions, the trimeric complex remains intact, allowing Cul3 to use Keapl as an
adaptor protein to bind and ubiquitinate Nrf2. Polyubiquitination of Nrf2 by Cul3 leads to
proteasomal degradation of Nrf2. During oxidative stress, the trimeric complex dissociates, allowing
Nrf2 to enter the nucleus and activate transcription of various antioxidation and detoxification factors.



Although progress has been made in elucidating the role of Nrf2 in T cells, further work
is necessary to determine the effects of Nrf2 activation on other aspects of T cell biology such as
proliferation and maintenance. Additionally, little is known about the functions of Keap1 and
Cul3 in controlling T cell biology. Therefore, continued research into the effects of the

dysregulation of this complex in T cells is highly warranted.

Cell Cycle Regulation

Cell division involves a series of phases that are tightly regulated by checkpoints and
protein mediators to prevent uncontrolled cell growth. The cell division cycle begins when a cell
leaves the quiescent Go stage and enters the G; phase, in which the cell grows in size and copies
all of its organelles. This process is mediated by an increase in both cyclin D and cyclin-
dependent kinase (Cdk) 4/6 levels (26). Together, these proteins form an active kinase that
phosphorylates retinoblastoma, a protein that inhibits G progression by binding to E2
transcription factors (E2F) (26, 27). As phosphorylation of retinoblastoma increases, its ability to
bind E2F decreases (27). Free E2F then enters the nucleus and mediates transcription of cyclin E,
which enters the cytoplasm and binds Cdk2. Cdk2-cyclin E complexes not only further
phosphorylate retinoblastoma but also mediate the deposition of DNA replication machinery
onto replication forks (26, 27), allowing entry into S phase. During S phase, cells rapidly copy
their DNA. Once DNA replication is complete, cells move into Gz phase with the help of cyclin
A and Cdk1 (26). Cells in G finish duplicating their intracellular contents to prepare for cell
division, which occurs during the mitosis (M) phase of the cell cycle. The transition from G to
M phase is governed by the replacement of cyclin A for cyclin B in the Cdk1-cyclin complex
(26). During M phase, 50% of a growing cell’s DNA, organelles, and proteins are partitioned
into a second daughter cell. Daughter cells can then either continue dividing or re-enter
quiescence (Go).

Healthy progression through the cell cycle depends on the degradation of cyclins and
other DNA replication components by Cul3. After DNA has been successfully duplicated during
S phase, cyclin E-Cdk2 levels need to be decreased to prevent uncontrolled cell growth and
chromosomal abnormalities (26). One way cyclin E is destroyed is through ubiquitination and
proteasomal degradation mediated by Cul3. Cul3 has been shown to work in concert with Cull

to ubiquitinate and degrade cyclin E in mouse embryonic fibroblasts, promoting cell survival and



embryonic development (28, 29). Additionally, Cul3 has been shown to use Keap1 as an adaptor
protein to ubiquitinate the DNA helicase minichromosome maintenance 3 (MCM3) (30), which
is one of the components of the DNA replication complex used during S phase. However, it is
unclear whether ubiquitination of MCM3 by Cul3 leads to the degradation of MCM3 or instead
leads the helicase complex to disassociate from the DNA (30). In addition to its roles in S phase
progression, Cul3 modulates chromosomal segregation during mitosis. As cells divide, two
copies of each chromosome are pulled into each daughter cell by the chromosomal passenger
complex, which includes the protein Aurora B. Ubiquitination of Aurora B by Cul3 is required
for Aurora B to attach newly synthesized chromosomes to the microtubules of the mitotic
spindle, allowing cells to successfully enter M phase (31, 32). However, the role of Cul3 in

controlling the cell cycle in T cells has yet to be investigated.

Cullin 3 in Immunity

Despite having these well-characterized roles, the importance of Cul3 in the immune
system is just beginning to be understood. Cul3 has been shown to promote STAT3
phosphorylation in macrophages by regulating the expression of OGT, an enzyme responsible
for protein O-GlcNAcylation (33). O-GlcNAcylation prevents STAT3 from becoming
phosphorylated, inhibiting STAT3 nuclear translocation and subsequent IL-10 production by
macrophages (33). OGT is a target of Nrf2; therefore, Cul3 modulates OGT expression and
hexosamine biosynthesis pathway activity in macrophages by ubiquitinating and degrading Nrf2
(33). Cul3 in macrophages has also been shown to dampen gut inflammation and disease severity
in murine models of colitis (33). Based on this data, it is tempting to speculate that Cul3-driven
cytokine production in the myeloid compartment could influence T cell function in the context of
disease. However, this possibility has not yet been explored.

Cul3 has also emerged as a key regulator of B and T cell responses. Recent work has
revealed that Cul3 regulates B cell development and peripheral maintenance (34). Cul3
deficiency causes B cells to adopt a pre-activated phenotype, expressing higher levels of MHC
class II, CD86, and B cell receptor signaling proteins (34). Additionally, Cul3 promotes B cell
survival by inhibiting apoptotic cell death through active caspase 3 activity (34). In addition to its
effects on the B cell compartment, Cul3 has been found to influence T cell development and

differentiation. Published work has shown that T cell-specific deletion of Cul3 leads to enhanced



T regulatory cell and T follicular helper cell differentiation (35, 36). Increased differentiation of
T follicular helper cells in the absence of Cul3 also leads to the expansion of B cells and
germinal centers in the secondary lymphoid tissues (36). Interestingly, T cell-specific deletion of
Cul3 results in a severe block in the development of invariant natural killer T (iNKT) cells (36).
What are iNKT cells? How do they develop, and what roles do they play in modulating

immunity and tissue homeostasis? These questions will be answered in detail in the next section.

Introduction to Invariant Natural Killer T Cells

Natural killer T cells are innate-like T cells that recognize glycolipid antigens in the
context of the MHC class I-like molecule CD1d (37). There are two major categories of natural
killer T cells: invariant natural killer T (iNKT) cells and type II natural killer T cells. The
development of both types of natural killer T cells depends on the expression of the lineage
defining transcription factor promyelocytic leukemia zinc finger (PLZF) (38, 39). However, the
two types of cells differ in the makeup of their T cell receptors (TCR). iNKT cells express a
semi-invariant oy TCR, while type II natural killer T cells express diverse o TCRs (40-43).

As part of the T cell lineage, iNKT cells undergo stage-wise development in the thymus.
INKT cells are positively selected on cortical thymocytes expressing CD1d during the DP stage
of development (44). Following positive selection, iNKT cells mature through a series of stages
that are classified by CD24, CD44, and NK 1.1 expression: CD24" CD44-NK1.1- stage 0 cells,
CD24- CD44 NK1.1" stage 1 cells, CD24- CD44* NK 1.1 stage 2 cells, and CD24- CD44"
NKI1.1" stage 3 cells (45-47). Of these stages, stage 0 and stage 1 cells are the most immature
and have a highly proliferative phenotype, whereas stage 3 iNKT cells are the most mature and
have a quiescent phenotype (45). PLZF expression is also tightly regulated during stagewise
development, with stage 0 and stage 1 iNKT cells having the highest levels of PLZF and stage 3
cells having the lowest levels of PLZF (38, 39). Additionally, iNKT cell subsets have been
reported in the thymus. These subsets are termed iNKT1, iNKT2, and iNKT17 cells and are
classified by the expression of the transcription factors T-bet, GATA-3, and RORyt, respectively
(44). Like the conventional T helper cell subsets, thymic iNKT cell subsets display distinct
cytokine profiles, with iNKT1 cells producing high levels of IFNy, iNKT2 cells producing high
levels of IL-4, and iNKT17 cells producing high levels of IL-17 (44).



Each of the stages of iNKT development have unique metabolic requirements. Immature
INKT cells have higher glucose uptake and higher expression of the glucose transporter Glutl
compared to mature iNKT cells in the thymus (48, 49). This heightened reliance on glucose is
thought to fuel the rapid proliferation of stage 0 and stage 1 iNKT cells (48). iNKT cells also rely
on autophagy to control ROS levels and prevent cellular damage during development. Loss of
the autophagy-related genes Atg5 and Atg7 leads to iNKT cell developmental arrest during the
early stages of development (48, 50). Autophagy has also been shown to be a key regulator of
cell cycle progression in thymic iNKT cells (50). Mitophagy, a specialized form of autophagy
dedicated to the breakdown of mitochondria, regulates iNKT cell mitochondrial mass and
mitochondrial reactive oxygen species (mtROS) production as the cells progress through
development (48). In fact, iNKT cells lacking Atg7 show increased mitochondrial content and
mtROS production compared to wild type cells (48), leading to increased rates of apoptosis in
autophagy deficient iNKT cells (48, 50). Therefore, tight regulation of cellular metabolism is

crucial to maintain proper iNKT cell development (49).

Atg5 Atgs
Atg7 Atg7
San O Can S
CD24hi CD24l CD24k CD24'
CD1d CD44lo CD44'o CD44hi CD44hi
NK1.1- NK1.1- NK1.1- NK1.1+*
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¢ Glucose metabolism
* Mitochondrial activity

Figure 1.2 — Overview of INKT cell thymic development.

iNKT cells are positively selected in the thymus by cortical thymocytes expressing CD1d. After positive
selection, iNKT cells exit the DP stage as highly proliferative, immature stage 0 cells that express CD24.
iNKT cells then undergo stagewise development characterized by the loss of CD24 expression but the
gradual gain of CD44 and NK1.1 expression. Developing iNKT cells also become less proliferative and
decrease their dependency on metabolic programs requiring high levels of glucose and mitochondrial
activity as they mature. This shift towards metabolic quiescence is due to Atg5- and Atg7-mediated
autophagic pathways. Finally, iNKT cells reach terminal maturation at stage 3. Adapted from Yang,
Driver, and Van Kaer 2018 (49).



Mature iNKT cells exit the thymus and populate the peripheral tissues as effector cells
capable of rapidly responding to antigen. The liver is home to a large depot of iNKT cells, with
IFNy-producing iNKT]1 cells making up 40% of all T cells in this organ (51). iNKT1 cells are
also enriched in the spleen, but these cells are balanced by the presence of iNKT2 and iNKT17
cells (51). The lungs, intestines, and lymph nodes exhibit a similar iNKT cell composition to the
spleen (51). Some iNKT cells produce high levels of IL-10 (52), imparting a regulatory
phenotype upon this group of cells. Regulatory iNKT cells are often termed iNKT10 cells, and
these cells typically seed the adipose tissue. iINKT10 cells maintain adipose tissue homeostasis
by clearing apoptotic adipocytes from fat depots, controlling adipose tissue-resident T cell and
macrophage populations, and promoting an anti-inflammatory tissue microenvironment (51, 53-
55). However, iNKT10 cells can also mediate harmful effects in the context of obesity and other
metabolic syndromes (53). In all, iNKT cells maintain tissue homeostasis by acting as a

lymphoid bridge between the innate and adaptive immune systems.

Scope of the Dissertation

Although Cul3 is required for iNKT cell development, the mechanisms by which Cul3
ensures proper iNKT cell development are unknown. Additionally, whether Cul3 plays a role in
conventional T cell subsets beyond T regulatory cells and T follicular helper cells remains an
open question. As such, I sought to address these gaps in knowledge during my thesis work.
While expanding the mouse strains necessary to answer these questions, I pioneered a project
focused on uncovering the role of iron in T cell-mediated immune responses. The background

and context necessary to understand each of these projects can be found below.

Context for Chapter 2 — Characterization of Iron Homeostasis in CD4 T Cells

Regulation of iron metabolism is crucial for cell function. A cell can take up two different
types of iron: transferrin-bound iron and non-transferrin-bound iron (NTBI). Transferrin-bound
iron is taken up by the transferrin receptor (TfR1) via receptor-mediated endocytosis (56). Once
inside intracellular vesicles, iron is freed from transferrin through the action of STEAP3, which
reduces iron from its ferric (Fe*) to its ferrous (Fe**) form (57, 58). Ferrous iron then leaves
intracellular vesicles through divalent metal transporter 1 (DMT1) and enters the cytosol (59).

Ferric iron also exists in the extracellular environment as NTBI (60, 61). NTBI can be reduced to



ferrous iron by metalloreductases in the plasma membrane (62), allowing it to be taken up
directly by DMT1 or the metal ion transport proteins ZIP8 and ZIP14 (59, 63, 64). Free iron in
the cytoplasm is referred to as the labile iron pool (LIP). LIP can either be used directly by the
cell, stored for future use, or exported from the cell. LIP serves as a cofactor for a variety of
cellular enzymes, and LIP is crucial for maintaining proper function of the electron transport
chain in the mitochondria (65). If a cell does not have an immediate need for iron, LIP is stored
in ferritin molecules (66). Lastly, LIP is exported from the cell via ferroportin (Fpn), which is the
only known iron export protein in mammalian cells (67, 68). An overview of cellular iron
homeostasis is shown in Figure 1.3.

The role of iron in regulating CD4 and CD8 T cell activation and function has been
historically understudied. Iron is critical for T cell development but not B cell development (69-
71), indicating a unique role for iron in T cells. Previous work has also shown that iron is
required for optimal T cell activation and proliferation (72-75). However, the mechanisms by
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which iron regulates activation and proliferation in CD4 and CD8 T cells are unknown. We
found that iron is dynamically regulated during CD4 T cell activation. We also showed that
intracellular iron flux is crucial for maintaining mitochondrial function and IL-2 receptor
signaling, which are essential for CD4 T cell proliferation after stimulation. Our approach and

data supporting these conclusions are outlined in Chapter 2.

Context for Chapter 3 — Determining the Role of Cullin 3 in Regulating iNKT Cell Development

In recent years, Cul3 has emerged as a key regulator of iNKT cell development. T cell-
specific deletion of Cul3 leads to iNKT cell developmental arrest (36). In the absence of Cul3,
iINKT cell frequencies and numbers are extremely low in both the thymus and the periphery, with
residual iNKT cells failing to acquire their classical effector phenotype (36). Cul3 is known to
interact in complex with PLZF (36), the lineage defining transcription factor for iNKT cells. This
interaction between Cul3 and PLZF is thought to facilitate the movement of Cul3 from the
cytoplasm into the nucleus, where it can interact with and ubiquitinate various epigenetic
modifiers (36). However, the mechanism(s) by which Cul3 controls iNKT cell development
remain unknown. Additionally, whether the interaction between Cul3 and PLZF is necessary for
iNKT cell development is unclear.

We sought to uncover mechanistic roles for Cul3 in iNKT cell development using a T
cell-specific Cul3 deficient mouse model. We found that thymic Cul3 knockout (KO) NK1.1M
INKT cells, which represent stage 3 iNKT cells, proliferate and die more than wild type cells.
We also found that Cul3 KO NK1.1" iNKT cells retain high levels of intracellular iron,
potentially leading to their death by ferroptosis. In line with this, feeding a low iron diet to
Cul3"? CD4-Cre mice partially rescued both iNKT cell development and LIP levels in mature
Cul3 KO iNKT cells. Additionally, preliminary data indicates that the interaction between Cul3
and PLZF is not directly related to iNKT cell development. These findings are outlined in more
detail in Chapter 3.

Context for Chapter 4 — A Novel Role for Cullin 3 in Naive CD4 T Cell Maintenance
Cul3 has also been shown to modulate CD4 T cell differentiation. Unlike iNKT cells,
conventional CD4 and CD8 T cells exit the thymus as naive cells. These cells remain quiescent

until they encounter their cognate antigens in the periphery. Upon antigenic stimulation, CD4 T
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cells proliferate and differentiate into various effector cell subsets to fight pathogens. Published
work has shown that Cul3 represses both T regulatory cell development and T follicular helper
cell responses (35, 36). However, the role of Cul3 in maintaining naive CD4 T cell homeostasis
has yet to be explored. In Chapter 4, we show that Cul3 deficient naive CD4 T cells exhibit a
pre-activated phenotype in the periphery, indicating a break in peripheral tolerance in the
absence of Cul3. Although preliminary, our results indicate that Cul3 maintains naive CD4 T cell

quiescence in the peripheral tissues.
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Chapter 2 — Activation-Induced Iron Flux Controls CD4 T Cell Proliferation by Promoting
Proper IL-2R Signaling and Mitochondrial Function

This chapter has been published:

Emily L. Yarosz*, Chenxian Ye*, Ajay Kumar*, Chauna Black, Eun-Kyung Choi, Young-Ah
Seo, and Cheong-Hee Chang. Activation-Induced Iron Flux Controls CD4 T Cell Proliferation
by Promoting Proper IL-2R Signaling and Mitochondrial Function. Journal of Immunology
Cutting Edge. 2020 Jan 30; 204(7);1708-1713. PMID: 32122995. *Authors contributed equally.

Abstract

Iron has long been established as a critical mediator of T cell development and
proliferation. However, the mechanisms by which iron controls CD4 T cell activation and
expansion remain poorly understood. Here, we show that stimulation of CD4 T cells from
C57BL/6 mice not only decreases total and labile iron levels but also leads to changes in the
expression of iron homeostatic machinery. Additionally, restraining iron availability in vitro
severely inhibited CD4 T cell proliferation and cell cycle progression. Although modulating
cellular iron levels increased IL-2 production by activated T lymphocytes, CD25 expression and
pSTATS levels were decreased, indicating that iron is necessary for IL-2 receptor-mediated
signaling. We also found that iron deprivation during T cell stimulation negatively impacts
mitochondrial function, which can be reversed by iron supplementation. In all, we show that iron
contributes to activation-induced T cell expansion by positively regulating IL-2 receptor

signaling and mitochondrial function.

Introduction

As an essential microelement, iron takes part in a wide variety of physiological processes
including erythropoiesis, DNA synthesis and repair, and immunity. Human disease states leading
to either iron deficiency or iron overload have been shown to adversely affect the adaptive immune
response (76, 77). As such, iron homeostasis is vital to the development of effective T cell-

mediated immunity. In healthy individuals, most of the bioavailable iron in circulation is bound to
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transferrin (Tf). These Tf-iron complexes are taken up by cells via transferrin receptor 1 (TfR1)-
mediated endocytosis (56), and T cell surface expression of TfR1 increases after activation (78).
In addition to TfR1-mediated iron import, T cells have also been shown to take up non-transferrin-
bound iron (NTBI) (60, 61), which is known to occur through the action of several nonspecific
metal ion transporters such as divalent metal transporter 1 (DMT1) and the ZRT/IRT-like proteins
8/14 (Z1P8/14) (59, 63, 64). Once in the cytosol, iron is freed from its binding partners and enters
a redox active pool known as the labile iron pool (LIP), which can then be transported to ferritin
for storage (66) or used as a cofactor for other cellular proteins and enzymes. Alternatively, LIP
can be directly released by the cell through ferroportin (Fpn), the only known iron exporter in
mammalian cells (67).

Dysregulation of the iron homeostatic pathway can be detrimental to T cells. Early
thymocyte differentiation and maturation are dependent on iron acquisition via TfR1, and the
absence of TfR1 has been shown to lead to T cell developmental arrest (69, 70). Additionally,
iron deficiency impairs both the activation status and proliferative capacity of peripheral T
lymphocytes (73, 74). Nevertheless, the exact mechanism by which iron regulates T cell
proliferation remains unclear. Here, we show that T cell activation mobilizes intracellular iron
stores, which promotes proper CD4 T cell expansion by fueling IL-2 receptor (IL-2R) signaling

and mitochondrial function after stimulation.

Materials and Methods
Mice

Male and female C57BL/6 mice ranging from 8-12 weeks of age were either bred in-
house or purchased from Jackson Laboratories. Mice were housed in specific pathogen free
conditions. All animal experiments were performed in accordance with the Institutional Animal

Care and Use Committee of the University of Michigan.

Cell Isolation, Purification, and Culture

CD4 T cells were enriched from murine splenocytes and human PBMC using a positive
selection kit according to the manufacturer’s instructions (Miltenyi Biotec). T cells were
activated with plate-bound aCD3 (5 pg/mL) and soluble aCD28 (1 pg/mL for murine studies; 2

pg/mL for human studies) antibodies (eBioscience) for an indicated time in RPMI 1640 medium
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supplemented with 10% FBS, 2 mM glutamine, and penicillin/streptomycin at 37°C. Cells were
treated with the indicated amounts of deferoxamine mesylate (DFO) (Sigma Aldrich) or ferric
ammonium citrate (FAC) (Sigma Aldrich) during certain experiments. 50 units of recombinant
IL-2 (PeproTech) was used for all IL-2 supplementation experiments. For cell proliferation, CD4
T cells were labeled with CellTrace™ Violet (CTV) (5 uM) (Invitrogen) in 1X PBS containing
0.1% BSA for 30 min at 37°C.

Flow Cytometry Assays

The fluorescently-conjugated antibodies used for surface and intracellular staining in the
presence of anti-FcyR mAb (2.4G2) were: anti-mouse TCR-B (H57-597) Pacific Blue/APC, anti-
mouse CD4 (GK1.5) APC-Cy7, anti-mouse CD8 (53-6.7) PE-Cy7, anti-mouse CD71 (R17217)
FITC/PerCP-Cys5.5, anti-mouse CD25 (PC61.5) PerCP-Cy5.5/PE-Cy7, anti-mouse CD69
(H1.2F3) PE-Cy7, and IL-2 (JES6-5H4) PE (all from eBioscience).

For Fpn, fixed cells were incubated with metal transporter protein antibody (rabbit anti-
mouse MTP1/IREG1/Ferroprotein, Fpn) (Alpha Diagnostic) in flow cytometry buffer. Ferritin
expression was measured by anti-mouse ferritin (EPR3004Y) (Abcam) staining in
permeabilization buffer after fixation. To analyze STATS phosphorylation, cells were fixed in 80%
methanol and stained with rabbit anti-mouse pSTATS (Tyr694) (Cell Signaling) antibody. In all
stainings, AF488-conjugated anti-rabbit secondary antibody (Invitrogen) was used. For
intracellular cytokine expression, stimulated CD4 T cells were re-stimulated with 50 ng/mL of
PMA (Sigma Aldrich) and 1.5 pM Ionomycin (Sigma Aldrich) in the presence of 3 uM Monensin
for 4 h, followed by intracellular cytokine staining (BD Biosciences). Dead cells were excluded
from the analysis based on propidium iodide (PI) (I ug/mL) or LIVE/DEAD ™ Fixable Aqua
Dead Cell Stain (Invitrogen) signal. To measure cell cycle progression, cells were fixed with 70%
ethanol then stained with 50 ng/mL PI for 15 min. Cells were acquired on a FACS Canto II (BD

Bioscience) and data was analyzed using FlowJo (TreeStar software ver. 10.5).

Trace Element Analysis
Enriched CD4 T cells were split into replicates containing 1 x 10° live cells each and
spun down. After removing the supernatant, the cells were analyzed for metals by inductively

coupled plasma mass spectrometry (ICP-MS) as described previously (79).
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Labile Iron Pool (LIP)
To measure LIP, cells were stained with calcein-acetomethoxy (Calcein-AM) dye (0.02
uM) (Thermofisher) for 10 min at 37°C and analyzed by flow cytometry. LIP was calculated

based on the ratio of Calcein mean fluorescent intensity (MFI) of control vs. test samples.

qPCR Assay

Total RNA was isolated from both unstimulated and stimulated CD4 T cells using the
RNeasy Plus mini kit (Qiagen) according to the manufacturer’s instructions. cDNA was
synthesized and qPCR was performed using SYBR Green with Applied Biosystem’s 75S00HT
Sequence Detection System. Fold changes were calculated from ACt values using the AACt

method. Expression of target genes was normalized to -actin.

ELISA
Supernatants were collected from CD4 T cells stimulated with or without DFO for 3

days. ELISA assays were done in conjunction with the University of Michigan ELISA core.

Mitochondrial Function

Mitochondrial potential, mitochondrial mass, and mitochondrial ROS (mtROS) were
measured using tetramethylrhodamine methyl ester perchlorate (TMRM) (60 nM) (Invitrogen),
MitoTracker™ Green (30 nM) (Invitrogen), and MitoSOX (2.5 uM) (Invitrogen), respectively.
Cells were then analyzed by flow cytometry.

Statistical Analysis

All graphs were prepared using Prism software (Prism version 7; Graphpad Software,
San Diego, CA). For comparison among multiple groups, data was analyzed using one-way
ANOVA with multi-comparison post-hoc test. For comparison between two groups, unpaired

Student t-tests were used. P < 0.05 was considered statistically significant.
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Results
T cell activation changes intracellular iron homeostasis

The degree to which CD4 T cells require biometals for their maintenance and function is
poorly understood. We used inductively coupled plasma mass spectrometry (ICP-MS) to
measure the levels of several metals in unstimulated CD4 T cells. Interestingly, resting CD4 T
cells contain significantly higher amounts of intracellular iron than any other tested metal (Table
2.1). Furthermore, ICP-MS analysis revealed that CD4 T cells drastically downregulate total
intracellular iron levels after activation (Fig. 2.1A), which corresponds with accumulation of iron
in the media over time (Fig. 2.1B). Because ICP-MS detects both protein-bound iron and LIP,
we examined whether conventional o T cell subsets maintain distinct levels of LIP at steady
state using Calcein-AM dye, a cell-permeable fluorescent probe that binds to free iron in the
cytoplasm (Fig. 2.2A). We found that CD4 T cells contain lower levels of LIP than CD8 T cells
(Fig. 2.1C), prompting us to investigate what happens to LIP following T cell activation. The
data showed that CD4 T cells steadily downregulate LIP over time after stimulation (Fig. 2.1D,
top panel; Fig. 2.2A), and this reduction of LIP can be observed as early as 2 h after receiving a
TCR stimulus (Fig 2.2B). Activation-induced downregulation of LIP appears to be conserved
across the T cell lineage, as CD8 T cells also reduce LIP after stimulation (Fig. 2.1D, bottom
panel). This phenomenon was found to occur in human CD4 T cells as well (Fig. 2.1E).

We next investigated whether other iron homeostatic processes are influenced by TCR
stimulation. We began by examining changes in TfR1 and found that both mRNA and protein

levels are dramatically upregulated after activation, with peak expression occurring at 2 days

Table 2.1 — T cells contain high basal levels of Fe.

Fe Zn Cu Mn Se Pb Cd Co
Average | 193.88 N.D. 0.06 1.54 0.01 N.D. 0.01 N.D.
STDEV | 348.78 N.D. 0.61 342 0.17 N.D. 0.07 N.D.

Splenic CD4 T cells were enriched and analyzed for biometals by inductively coupled plasma mass
spectrometry (ICP-MS). The average detected amount of the indicated metals is reported above in parts

per billion (ppb) per 1 x 106 cells. Data is cumulative of 5 independent experiments. N.D. = not detected.
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Figure 2.1 — Iron homeostasis is dynamically regulated during T cell activation.

(A) Both unstimulated (D0) and stimulated (D3) CD4 T cells were subjected to ICP-MS analysis. The
graph shows the fold change in total iron level [reported in parts per billion (ppb) per 1 x 10° cells] relative
to DO. (n=6) (B) Enriched CD4 T cells were stimulated for 3 days, and total iron levels were measured in
both fresh media (D0) and media collected from cell cultures (D3). (n=3) (C) Splenocytes were stained
with 0.02 uM Calcein-AM dye and analyzed via flow cytometry. Representative histograms show the LIP
levels in CD4 and CD8 T cells as a function of mean fluorescent intensity (MFI) of Calcein. (n=3) (D)
Splenocytes were stimulated with aCD3/aCD28 antibodies after B cell depletion with aCD19 magnetic
beads. Representative graphs show the LIP levels in CD4 and CDS8 T cells over time post-activation
relative to DO. (E) Bar graph illustrates the LIP level in human CD4 T cells at day 5 (D5) relative to that at
DO0. (n=4) (F) Enriched CD4 T cells were stimulated for up to 3 days and stained for TfR1, ferritin, and
Fpn as described in the Materials and Methods. Graphs show the change in expression of each of the
aforementioned proteins relative to DO. (n=3) (G) Bar graphs represent the relative gene expression from
both unstimulated and stimulated CD4 T cells over time, which was calculated as described in the
Materials and Methods. (n=3). Error bars represent mean = SEM. All statistics were performed by
comparing each time point to DO. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001.



post-stimulation (Fig. 2.1F, top panel; Fig. 2.2C and 2.2D, left panels). Additionally, mRNA
expression of the NTBI transporters Zip8 and Zip14 as well as the iron-response element (IRE)-
containing isoform of DMT1 was increased over time after T cell activation, whereas expression
of the IRE-null isoform of DMT1 was unchanged (Fig. 2.1G). We next asked whether activated
T cells have increased capacity to store iron by measuring ferritin expression. Although ferritin
mRNA levels decreased over time after T cell stimulation (Fig. 2.2D, middle panels), ferritin
protein expression increased (Fig. 2.1F and Fig. 2.2C, middle panels). To understand whether the
decrease in both total iron and LIP levels following activation is due to iron export, we measured
Fpn expression. Unexpectedly, both Fpn mRNA (Fig. 2.2D, right panel) and protein (Fig. 2.1F,
bottom panel; Fig. 2.2C, right panel) expression were drastically decreased following
stimulation, indicating that Fpn-mediated export is not the main mechanism of iron export in
activated T cells. Taken together, our results show that T cells actively take up, store, and export

iron during the response to TCR stimulation.

Iron chelation sustains high LIP levels and prevents T cell proliferation

Our data showing the downregulation of iron after activation prompted us to further
investigate the role of TCR signaling strength on total iron levels. We observed that strong TCR
stimuli decreased cellular iron levels dramatically whereas weak TCR stimuli had only a
negligible effect on total iron amount (Fig. 2.3A). LIP levels were also impacted by TCR
signaling strength, with only strong TCR stimuli prompting both a dramatic decrease in LIP and
efficient T cell proliferation (Fig. 2.3B). This data revealed that LIP levels are inversely
correlated with activation-induced proliferation, and this phenomenon is dependent on the
strength of the TCR stimulus (Fig. 2.3B). Next, we sought to examine whether CD28 signaling
also contributes to the regulation of iron homeostasis. We found that CD28 signaling had only a
marginal effect on the downregulation of LIP, and that TCR signaling alone was sufficient in
reducing LIP levels after T cell activation (Fig. 2.3C).

The relationship between intracellular iron levels and T cell proliferation prompted us to
examine whether modulating iron levels in culture affects CD4 T cell expansion. We found that
treatment with the iron chelator deferoxamine mesylate (DFO) significantly inhibited activation-
induced downregulation of both total iron levels and LIP levels (Fig. 2.3D and 2.3E).

Additionally, DFO treatment inhibited proliferation in a dose-dependent manner, leading to an
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inverse correlation between T cell proliferation and LIP levels at either high or low
concentrations of DFO (Fig. 2.3E). DFO treatment also reduced CD4 T cell numbers (Fig. 2.4A),
consistent with the observed block in T cell proliferation. Similarly, DFO treatment severely
inhibited human CD4 T cell proliferation (Fig. 2.3F) while simultaneously stabilizing LIP levels
(Fig. 2G). In addition to its effects on LIP, exposure to DFO led to a reduction in the surface
expression of TfR1, ferritin, and Fpn in activated T lymphocytes (Fig. 2.4B). In all, strong TCR

stimuli induce rapid mobilization of iron within the cell that correlates with downstream

proliferation.
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Figure 2.2 — T cell activation leads to dynamic changes in iron homeostatic machinery.
(A) CD4 T cells were enriched and stimulated for 3 days with aCD3/aCD28 antibodies. Both
unstimulated (DO0) and stimulated (D3) CD4 T cells were stained with 0.02 uM Calcein-AM dye to
examine labile iron pool (LIP) levels. As Calcein binds iron, the fluorescent signal is quenched, leading
to a concomitant decrease in mean fluorescent intensity (MFI). As such, high levels of Calcein correlate
with low LIP levels. Histograms are representative of at least 3 independent experiments. (B) Enriched
CD4 T cells were stimulated for up to 4 h with aCD3/aCD28 and stained with 0.02 uM Calcein-AM
dye. The graph is cumulative of 3 independent experiments. (C) Enriched CD4 T cells were stimulated
for up to 3 days and stained for TfR1, ferritin, and Fpn as described in the Materials and Methods.
Representative histograms show the change in expression of each of the aforementioned proteins. The
numbers in each frame represent the MFI at the designated time point. (n=3) (D) mRNA from both
unstimulated (D0) and stimulated (D1, D2, D3) CD4 T cells was prepared and probed for TfR 1, ferritin
heavy chain (Ferritin H), ferritin light chain (Ferritin L), and Fpn expression. The bar graphs show the
fold change in expression of each of these genes relative to B-actin. (n=3). Error bars represent mean +
SEM. All statistics were performed by comparing each time point to time 0 (Oh or D0). *p<0.05,
**p<0.005, ***p<0.0005, ****p<0.0001.
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Figure 2.3 — T cell proliferation correlates with downregulation of intracellular iron levels.
(A) The bar graph represents total iron levels in CD4 T cells that were freshly isolated or stimulated for 3
days with either 0.25 pg/mL or 5 pg/mL aCD3. (n=3) (B) CD4 T cells were stained with CellTrace
Violet (CTV) and stimulated for 3 days with the indicated concentrations of aCD3. Representative
histograms show both the change in Calcein signal and cell proliferation as measured by CTV dilutions
under each of the indicated stimulation conditions. (n=3) (C) CD4 T cells were stimulated for 3 days with
either aCD3 only or both aCD3/aCD28. The bar graph shows relative LIP levels. (n=3) (D) CD4 T cells
were stimulated for 3 days in the presence (20 uM) or absence (0 uM) of DFO. The bar graph shows the
total iron levels of cells from each of the aforementioned culture conditions. (n=3) (E) CD4 T cells were
stained with CTV and stimulated for 3 days in the presence of the indicated concentrations of DFO.
Representative histograms show both the change in Calcein signal and cell proliferation as measured by
CTV dilutions at each of the indicated DFO concentrations. (n=3) (F) Representative histograms show
human CD4 T cell proliferation using CTV dilutions with (+) or without (-) 10 uM of DFO after 4 days
of activation. (n=4) (G) The bar graph shows the LIP level in human CD4 T cells at day 4 post-activation
with and without DFO. All graphs are cumulative of at least 3 independent experiments. Error bars
represent mean £ SEM. **p<0.005, ***p<0.0005, ****p<0.0001, ns: not significant.

Iron controls T cell proliferation by favoring optimal IL-2 receptor signaling

The profound effect of iron availability on proliferation prompted us to investigate
possible mechanisms by which iron may be controlling T cell expansion. We began by asking
whether CD4 T cells are properly activated when iron availability is limited. To test this, we
measured the expression of the activation markers CD25 and CD69 on DFO-treated CD4 T cells.
The results showed that iron chelation reduced CD25 but not CD69 expression (Fig. 2.5A and
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Figure 2.4 — T cell activation is blunted in the presence of iron chelators.

(A) Live CD4 T cells were counted via hemocytometer based on Trypan Blue exclusion. Bar graph
represents the pooled cell count data from CD4 T cell cultures treated with the indicated concentrations
of DFO. (n=4) (B) Splenic CD4 T cells were enriched and stimulated with aCD3/aCD28 antibodies for
2 days in either the presence (5 uM, 10 uM, and 20 uM) or absence (0 uM) of DFO. Cells were then
stained for TfR1, ferritin, and Fpn as described in the Materials and Methods. Graphs are representative
of 3 independent experiments. Statistics in (B) were performed by comparing each DFO concentration to
the DFO-free condition (0 uM). (C) Representative histograms show the expression of CD25 (n=3) and
CD69 (n=5) as well as cell size (FSC) (n=3) in enriched CD4 T cells at each of the indicated DFO
concentrations relative to untreated cells. Numbers in each frame represent the mean fluorescent
intensity (MFI) at the designated DFO treatment condition. (D) Splenic CD4 T cells were stimulated for
48 h with aCD3/aCD28 in the presence of 0 pM, 10 uM, or 20 uM DFO and analyzed for pSTATS
expression. Representative histograms show the expression of pSTATS at each of the indicated DFO
treatment conditions. The blank (B) panel represents stimulated CD4 T cells that were not stained with
pSTATS antibody. The numbers in each frame represent the MFI of pSTATS at the indicated condition.
(n=3). Error bars represent mean £ SEM. *p<0.05, **p<0.005, ****p<0.0001, ns: not significant.

Fig. 2.4C). Additionally, DFO treatment had only a marginal effect on T cell growth as measured
by FSC (Fig. 2.4C, right panel).

It is known that CD25 expression is dependent on both TCR signaling and IL-2 sensing
(80). Additionally, IL-2 is known to be a critical mediator of T cell survival and proliferation

(81). Therefore, we next asked whether iron regulates IL-2 synthesis. We hypothesized that DFO
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treatment would decrease IL-2 production by activated T cells; however, CD4 T cells cultured in
iron-deficient conditions secreted copious amounts of IL-2 (Fig. 2.5B). This was further
supported by the fact that DFO treatment led to increased frequencies of IL-2* CD4 T cells (Fig.
2.5C). The observed accumulation of IL-2 in the media after activation may be due to the
continuous secretion of cytokine by cells that do not have the capability to use it. As such, we
hypothesized that DFO-treated cells do not produce enough IL-2 during early TCR stimulation.
However, the addition of exogenous IL-2 to the culture media was not sufficient to overcome the
antiproliferative effect of DFO (Fig. 2.5D), as shown previously (72).

Collectively, our data indicated that insufficient iron levels during T cell activation leads
to defective IL-2R signaling. To determine whether the IL-2R signaling pathway was impaired
by iron chelation, we analyzed phosphorylated STATS (pSTATS) levels in DFO-treated CD4 T
cells, as CD25 expression is governed by STATS (82). The data showed that DFO reduced the
amount of pSTATS in activated CD4 T cells (Fig. 2.5E and Fig. 2.4D), suggesting that iron is
necessary for optimal IL-2R signaling following T cell stimulation. Together, our findings show
that iron modulates T cell proliferation by controlling intracellular IL-2 signaling rather than IL-

2 production.

Iron is essential for increased mitochondrial function following T cell activation

To further study the role of iron in T cell biology, we examined whether iron chelation
negatively impacts cell cycle progression. DFO treatment significantly decreased the percentages
of activated T cells in the S and G; phases of the cell cycle (Fig. 2.6A), corroborating previous
findings that DFO is a potent S phase inhibitor in T lymphocytes (75). Iron is also known to play
a role in the generation of mitochondrial ROS (mtROS), which have been shown to be important
for T cell activation (83). Therefore, we hypothesized that iron availability during stimulation
may impact mitochondrial dynamics. Indeed, iron chelation led to a sharp decrease in
mitochondrial mass, mitochondrial potential, and mtROS levels over time after T cell activation

(Fig. 2.6B and Fig. 2.7A).
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Figure 2.5 — Iron chelation does not affect IL-2 production by activated T cells.

(A-C) Enriched CD4 T cells were stimulated for 3 days in the presence (5, 10, 20 uM) or absence (0
pM) of DFO. (A) The graph represents the fold change in mean fluorescent intensity (MFI) of CD25
and CD69 at each of the indicated DFO concentrations relative to untreated cells. Statistics in (A) were
performed by comparing each DFO concentration to untreated cells (0 uM). (n=3) (B) Graphs show IL-
2 levels (ug/mL) in media collected from CD4 T cells as measured by ELISA. (n=3) (C) Representative
dot plots show the % IL-2" CD4 T cells after 3 days of stimulation followed by re-stimulation with
PMA and Ionomycin for 4 h. The bar graph shows the cumulative percentages of IL-2" cells from 3
independent experiments. (D) Enriched CD4 T cells were stained with CellTrace Violet (CTV) and
stimulated in the absence (0 uM) or presence (5, 10, 20 uM) of DFO either with or without 50 units of
recombinant [L-2. Representative histograms show cell proliferation at day 3 post-activation as
measured by CTV dilutions. (n=3) (E) Enriched CD4 T cells were stimulated for 48 h in the presence
(10 uM, 20 uM) or absence (0 uM) of DFO and stained for pSTATS. The pooled graph shows pSTATS
levels at each treatment condition. Statistics in (E) were performed by comparing DFO-treated
conditions to the untreated (0 uM) condition. (n=3). Error bars represent mean = SEM. *p<0.05,
*#p<0.005, ****p<0.0001.
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Figure 2.6 — Intracellular iron stores promote T cell proliferation by controlling
mitochondrial function.

(A) Enriched CD4 T cells were stimulated in the presence or absence of 10 uM DFO for 48 h.
Representative histograms show the percentage of cells in the GO/G1, S, and G2 phases of the cell cycle
using PI. The bar graph shows the cumulative percentages of cells in each phase either with or without
DFO treatment. (n=4) (B) Graphs show the pooled mean fluorescent intensities (MFI) of MitoTracker
Green, TMRM, or MitoSOX in CD4 T cells stimulated for 3 days in the presence or absence of 10 uM
DFO. (n=3) (C-E) CD4 T cells were stimulated either with or without 10 uM DFO. After 24 h of
stimulation, 10 uM FAC was added to the DFO-treated cultures. (C) Representative histograms depict
cell proliferation of CellTrace Violet (CTV)-stained CD4 T cells at day 3 post-activation. (n=3) (D) The
bar graph depicts the cumulative percentages of CD4 T cells in the different phases of the cell cycle after
48 h of culture. (n=4) (E) Bar graphs show the fold change in MFI of MitoTracker, TMRM, and
MitoSOX in CD4 T cells after 3 days of stimulation. Data are cumulative of 3 independent experiments.
Error bars represent mean £ SEM. *p<(0.05, **p<0.005, ***p<0.0005, ns: not significant.
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Lastly, we investigated whether the adverse effects of DFO on mitochondrial function
and proliferation could be reversed by the addition of exogenous iron. The results showed that
iron supplementation via ferric ammonium citrate (FAC) treatment rescued cell proliferation in
the presence of DFO (Fig. 2.6C). Furthermore, the negative effects of DFO on cell cycle
progression were abrogated by the addition of iron to the culture media (Fig. 2.6D and Fig.
2.7B). FAC treatment also restored mitochondrial mass, mitochondrial potential, and mtROS
production (Fig. 2.6E), further supporting a role for iron in maintaining mitochondrial biogenesis

and function after stimulation.
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Figure 2.7 — Iron chelation negatively impacts mitochondrial function and cell cycle
progression in activated T cells.

(A) Enriched CD4 T cells were stimulated in the presence (DFO) or absence (C) of 10 uM DFO for either
48 (D2) or 72 (D3) h. Representative histograms show the expression of MitoSOX, MitoTracker Green,
and TMRM in CD4 T cells at each time point as a function of mean fluorescent intensity (MFI). The DO
panel denotes the staining pattern of each mitochondrial parameter in freshly isolated CD4 T cells. (n=3)
(B) CD4 T cells were stimulated for 48 h either alone (control), in the presence of 10 uM DFO (DFO), or
in the presence of 10 uM DFO and 10 uM FAC (DFO + FAC). Representative histograms show the
percentage of cells in the Go/Gy, S, and G, phases of the cell cycle by propidium iodide (PI) staining.
(n=4).
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Discussion

In summary, our findings indicate that intracellular iron levels impact T cell proliferation
by promoting optimal IL-2R signal transduction and mitochondrial function. T cell activation
leads to a drastic loss of intracellular iron, which ultimately results in accumulation of iron in the
culture media. Together, these data suggest that T cells actively avoid iron overload during the
response to TCR stimuli. Cells may try to prevent iron overload by exporting iron during
activation; however, we showed that Fpn levels decrease dramatically after stimulation. Our
findings suggest that T cells utilize a Fpn-independent mechanism of iron export. T cells are
known to increase heme oxygenase 1 (HO-1) expression after activation, and overexpression of
HO-1 has been shown to inhibit T cell proliferation (84). Therefore, it is possible that T cells try
to prevent both iron overload and HO-1 overexpression during stimulation by exporting heme-
bound iron. The heme-iron exporter feline leukemia virus subgroup C receptor 1 (FLVCRI) has
been shown to be essential for T cell development and peripheral maintenance (85). Therefore, T
cells may increase the export of heme-iron after activation via the action of FLVCR1; however,
this possibility remains to be tested.

We also found that iron chelation suppresses TCR-induced expansion, and that this
phenomenon was independent of the ability of the cell to produce IL-2. Instead, our results
showed that IL-2R signaling in activated CD4 T cells depends on iron, as DFO treatment
decreased pSTATS levels after stimulation. Interestingly, CD25 recycling after T cell activation
occurs via the action of Tf" endosomes (80), indicating that CD25 expression after stimulation
may be an iron-dependent process. Although the precise steps in the IL-2R signaling cascade that
are affected by iron remain unknown, our data highlights a potential role for iron in regulating
intracellular signaling in activated T cells.

The role of iron in immunity has been well established, particularly through the study of
macrophage biology. It is well known that macrophages aid in the recycling of iron, and that this
iron facilitates macrophage responses to intracellular and extracellular pathogens (86).
Macrophage-mediated iron uptake has also been highlighted as a key mechanism of nutrient
sequestration from tumor cells during the immune response to cancer (87). However, the role of
T cell-derived iron metabolism in human disease states is relatively understudied. We found that
CD4 and CD8 T cells maintain varying degrees of LIP during quiescence. Additionally,

activation-induced reduction of LIP appears to be a lineage-wide phenomenon. Therefore, it is
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possible that different T effector cell subsets require certain levels of iron for their function.
Recent work has shown that iron overload can enhance T cell inflammatory cytokine production,
leading to exacerbation of autoimmune diseases like EAE (88). Iron deficiency is also known to
impair concanavalin A-induced T cell responses during acute liver inflammation (77). Therefore,
the possibility that iron can modulate T helper cell differentiation in the context of human
disease warrants further study and may open the door for the discovery of novel therapeutic

strategies for patients.
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Chapter 3 — Cullin 3 Promotes iNKT Cell Development and Survival by Maintaining
Intracellular Iron Homeostasis

Abstract

The E3 ubiquitin ligase Cullin 3 (Cul3) has emerged as a critical regulator of invariant
natural killer T (iNKT) cell development. iNKT cells lacking Cul3 have been shown to
accumulate in the immature stages of development, and residual cells in both the thymus and the
periphery fail to acquire an effector phenotype. However, the molecular mechanisms by which
Cul3 mediates iNKT cell development are not fully understood. In this study, we sought to better
characterize the role of Cul3 in iNKT cell development using NK1.1 expression to define
immature and mature iNKT cell developmental stages. We found that NK 1.1 iNKT cells
lacking Cul3 proliferate and die more than wild type cells in the thymus. These cells also display
aberrant metabolic phenotypes characterized by increased glucose metabolism and autophagy.
Additionally, Cul3 deficient NK1.1" iNKT cells harbor higher levels of labile iron compared to
wild type cells, which may contribute to cell death. In line with this idea, feeding a low iron diet
to mice having a T cell-specific deletion of Cul3 partially restored both stage 3 iNKT cell
frequencies and labile iron levels. Together, our data suggest that Cul3 promotes iNKT cell

development and survival by regulating intracellular iron homeostasis.

Introduction

The E3 ubiquitin ligase Cullin 3 (Cul3) plays a key role in several processes in
mammalian cells, including antioxidation, cell cycle progression, and differentiation. Cul3
interacts with BTB-domain containing adaptor proteins that allow Cul3 to specifically
ubiquitinate and degrade target proteins (2). A classic example of how Cul3 modulates protein
degradation is demonstrated by its role in the Cul3-Keap1-Nrf2 trimeric complex, which controls
cellular redox states. Under normal conditions, Cul3 is connected to its target protein Nrf2

through the adaptor protein Keapl, allowing Cul3 to mediate the proteasomal degradation of
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Nrf2 (18, 19). Under times of oxidative stress, this complex dissociates, allowing Nrf2 to evade
ubiquitination and enter the nucleus. Once in the nucleus, Nrf2 activates a variety of
antioxidation and detoxification genes. Similarly, Cul3 is known to work in concert with Cull to
degrade cyclin E, modulating the transition from G to S phase in proliferating cells (28, 29).
Cul3 has also been shown to regulate neuronal development, adipogenesis, and myogenesis (89).
However, the role of Cul3 in modulating the development and function of T cell-mediated
immune responses is severely understudied.

Invariant natural killer T (iNKT) cells comprise an innate-like lineage of T cell that
bridges both the innate and adaptive immune responses. iNKT cell development depends upon
the expression of the lineage defining transcription factor promyelocytic leukemia zinc finger
(PLZF) (38, 39). iNKT cells develop in the thymus, where they mature through 4 distinct stages:
stage 0 (CD24" CD44- NK1.1°), stage 1 (CD24" CD44  NK1.1), stage 2 (CD24- CD44* NK1.1°),
and stage 3 (CD24° CD44" NK1.1%). Stage 0 and stage 1 iNKT cells are the most immature cells
in the thymus, and these cells are characterized by having a high proliferative capacity, high
glucose metabolism, and high mitochondrial activity (49). In contrast, stage 3 cells are the most
mature cells, and these cells are quiescent (49). In contrast to conventional T cells, mature iNKT
cells emerge from the thymus having an effector phenotype, allowing them to rapidly produce
cytokines after encountering antigen (44). iNKT cells broadly recognize microbial glycolipid
antigens in the context of the MHC class I-like molecule CD1d, allowing them to act as the first
responders of the T cell-mediated immune response.

Cul3 has recently been shown to be a critical regulator of iNKT cell development. iNKT
cells lacking Cul3 accumulate in the immature stages of development and fail to acquire the
classical effector phenotype of iNKT cells (36). However, the mechanistic pathways by which
Cul3 controls iNKT cell development remain unknown. Here, we show that Cul3 deficient
NK1.1" iNKT cells, which are analogous to stage 3 iNKT cells, proliferate and die more than
wild type cells. Additionally, these cells display a metabolically active phenotype that is
uncharacteristic of mature iNKT cells in the thymus. We also show that stage 3 iNKT cells
lacking Cul3 exhibit an iron overloaded phenotype, suggesting that Cul3 plays a role in
controlling iron homeostasis in developing iNKT cells. In line with this, a low iron diet partially

reversed iron overload in Cul3 deficient NK1.1" iNKT cells in the thymus. However, a low iron
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diet did not completely restore iNKT cell development in Cul3 deficient mice, indicating that

Cul3 regulates multiple pathways to ensure proper iNKT cell development.

Materials and Methods
Mice
T cell-specific Cul3 deficient mice (Cul3"" CD4-Cre, referred to as Cul3 KO) were

generated by crossing Cul3™1

mice with CD4-Cre expressing mice maintained in our colony.
PLZF"- mice were generated by crossing PLZF"" parents. In all experiments, either Cul3%1 or
PLZF*"* littermates (referred to as WT) were used as controls. A mix of male and female mice
ranging from 8-16 weeks of age were used in all experiments. All mice were bred in-house and
kept in specific pathogen free conditions. All animal experiments were performed in accordance

with the Institutional Animal Care and Use Committee of the University of Michigan.

Cell Isolation and Staining Conditions

Thymi were mechanically disrupted and transferred onto a 100um cell strainer to collect
single cell suspensions. Homogenized thymocytes were treated with 1.66% NH4Cl for 10
minutes to lyse RBCs, washed twice with 1X PBS, and resuspended in 1X PBS + 1% FBS
(FACS buffer). iNKT cells were identified by flow cytometry by co-staining with TCR-3 and
PBS-57-loaded CD1d tetramers (NIH Tetramer Core). Complete media, defined as RPMI 1640
medium supplemented with 10% FBS, 2 mM glutamine, and penicillin/streptomycin, served as

the staining medium for several of the assays used in this chapter.

Flow Cytometry Assays

The fluorescently-conjugated antibodies used for surface and intracellular staining in the
presence of anti-FcyR mAb (2.4G2) were: anti-mouse TCR-B (H57-597) APC/Pacific Blue, anti-
mouse CD4 (GK1.5) PerCP-Cy5.5/APC-Cy7, anti-mouse CDS8 (53-6.7) FITC/PE/PE-Cy7/Am
Cyan, anti-mouse CD24 (M1/69) PE Texas Red, anti-mouse CD44 (IM7) FITC/PE/PerCP-
Cy5.5, anti-mouse NK 1.1 (PK136) PerCP-Cy5.5/PE-Cy7, anti-mouse CD127 (A7R34) PE-Cy7,
anti-mouse CD122 (5H4) PE, anti-mouse CD5 (53-7.3) FITC/PE, anti-mouse CD71 (R17217)
FITC/PerCP-Cys5.5, anti-mouse CD62L (MEL-14) BV605, anti-Ki-67 (SolA15) PerCP-Cy5.5,
anti-mouse Nur77 (12.14) PE, anti-mouse PLZF (Mags.21F7) FITC/PE, anti-mouse RORyt
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(AFKJS-9) Pacific Blue, and anti-mouse T-bet (eBio4B10) PerCP-Cy5.5. Antibodies were
purchased from eBioscience, Biolegend, or BD Bioscience.

For Fpn, fixed cells were incubated with metal transporter protein antibody (rabbit anti-
mouse MTP1/IREG1/Ferroprotein, Fpn) (Alpha Diagnostic) in FACS buffer. Ferritin, p62, and
HK2 expression were measured by anti-mouse ferritin (EPR3004Y) (Abcam), anti-p62
(Sequestosome-1) (11C9.2) (Millipore Sigma), and anti-hexokinase II (EPR20839) (Abcam)
staining, respectively, in cytoplasmic permeabilization buffer (BD Bioscience) after fixation. For
ferritin and HK2, an AF488-conjugated anti-rabbit IgG secondary antibody (Invitrogen) was used.
For p62, a PE-conjugated anti-mouse IgM secondary antibody (I1/41) (Invitrogen) was used. Dead
cells were excluded from the analysis based on propidium iodide (PI) (1 pg/mL), LIVE/DEAD ™
Fixable Aqua Dead Cell Stain (Invitrogen), or LIVE/DEAD ™ Fixable Yellow Dead Cell Stain
(Invitrogen) signal. Cells were acquired on a FACS Canto II (BD Bioscience), and data was

analyzed using FlowJo (TreeStar software ver. 10.8.1).

In Vivo BrdU Incorporation

Eight- to sixteen-week-old WT and Cul3 KO mice were injected twice intraperitoneally
(6 h apart) with 0.5 mg of BrdU (Sigma-Aldrich) in 0.2 mL PBS. Approximately 18 h after the
last injection, animals were euthanized, and single cell suspensions were prepared from thymi as
described earlier. Following surface staining, 3 x 10° whole thymocytes were stained for BrdU

incorporation using a BrdU flow kit (BD Bioscience) as per the manufacturer’s protocol.

Annexin V Staining

To measure cell death via apoptosis, 3 x 10° whole thymocytes were stained for surface
markers in the presence of anti-FcyR mAb (2.4G2). Cells were then washed with 1X Annexin V
Binding Buffer (BD Bioscience) and stained with PE-conjugated Annexin V (Invitrogen) and
PerCP-CyS5.5-conjugated 7-AAD (Invitrogen).

Metabolic Parameters
For each parameter, whole thymocytes (3 x 10°) were incubated with each of the
following reagents as indicated. Cells were analyzed by flow cytometry following all metabolic

stainings.
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Total cellular ROS was measured by staining for 2°,7’-dichlorodihydrofluorescein
diacetate (H.DCFDA) (1 mM) (Invitrogen). Cells were treated with H-DCFDA in complete
media for 30 min at 37°C.

To measure glucose uptake, cells were incubated in 2-(N-(7-nitrobenz-2-oxa-1,3-diaxol-
4-yl) amino)-2-deoxyglucose (2-NBDG) (Invitrogen) (20 uM) for 1 h at 37°C in glucose-free
RPMI 1640 media containing 5% dialyzed FBS. HK2 expression was measured by incubating
cells with HK2 antibody for 1 h at room temperature in the dark in cytoplasmic permeabilization
buffer (BD Biosciences).

Mitochondrial potential, mitochondrial mass, and mitochondrial ROS (mtROS) were
measured using tetramethylrhodamine methyl ester perchlorate (TMRM) (60 nM) (Invitrogen),
MitoTracker™ Green (30 nM) (Invitrogen), and MitoSOX (2.5 uM) (Invitrogen), respectively.
Cells were treated with MitoTracker™ Green and TMRM for 30 min and MitoSOX for 25 min at
37°C.

Lipid Peroxidation Assay
3 x 10° thymocytes were stained with 0.5X Lipid Peroxidation Sensor (Abcam) for 30
min at 37°C according to the manufacturer’s instructions. Cells were then stained with surface

markers in the presence of anti-FcyR mAb (2.4G2) and analyzed by flow cytometry.

Labile Iron Pool (LIP)

To measure LIP, 3 x 10° thymocytes were stained with calcein-acetomethoxy (Calcein-
AM) dye (0.02 uM) (Thermofisher) for 10 min at 37°C and analyzed by flow cytometry. LIP
was calculated based on the ratio of Calcein MFI of WT vs. Cul3 KO samples.

Low Iron Diet Studies

WT and Cul3 KO mice were placed on either AIN-93G Purified Rodent Diet (DYET
#110700) (~35ppm iron) or Iron Deficient AIN-93G Purified Rodent Diet (DYET #115072) (3-
Sppm iron) at weaning. Both chows were purchased from Dyets, Inc. Mice were kept on their
assigned diets for 6 weeks, and all mice were weighed weekly. After 6 weeks of feeding, mice

were sacrificed, and the indicated parameters were measured using 3 x 10° whole thymocytes.
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Serum Iron Assay

Blood was collected from WT and Cul3 KO mice via cardiac puncture and rested in a
standing position at room temperature for 30 min. Whole blood was then spun down at 1500g for
10 min at 4°C. After spin down, serum was collected. Serum iron levels were measured using the

uantiChrom™ Iron Assay Kit (BioAssay Systems) according to the manufacturer’s protocol.
y y Sy g

Statistical Analysis

All graphs were prepared using Graphpad Prism software (Prism version 9.2.0; Graphpad
Software, San Diego, CA). For comparison among multiple groups, data was analyzed using
one-way ANOVA with multi-comparison post-hoc test. For comparison between two groups,

unpaired Student t-tests were used. P < 0.05 was considered statistically significant.

Results
Stage 3 iNKT cells exhibit a hyperproliferative phenotype in the absence of Cul3

Published work has shown that Cul3 deficiency leads to a dramatic reduction in thymic
iNKT cell frequencies and numbers (36). These data suggest that Cul3 deficient thymic iNKT
cells may proliferate less than wild type (WT) cells. Therefore, we examined spontaneous
proliferation by staining for Ki-67, a marker of cells that have recently proliferated, in total
thymic iNKT cells from either WT mice or mice having a T cell-specific deletion of Cul3
(Cul3" CD4-Cre, referred to as Cul3 KO). More Cul3 KO iNKT cells expressed Ki-67 than WT
cells (Fig. 3.1A, left panels). We also investigated whether Cul3 deficient iNKT cells were
actively undergoing proliferation in the thymus by staining for BrdU, a fluorescent nucleotide
analog that incorporates into the DNA of proliferating cells. We found that thymic iNKT cells
lacking Cul3 exhibited higher BrdU incorporation compared to WT cells (Fig. 3.1A, right
panels). Together, these data indicate that Cul3 KO iNKT cells undergo uncontrolled
proliferation in the thymus.

Previous work has shown that iNKT cells lacking Cul3 accumulate in the immature
developmental stages (36). Thymic iNKT cells in stages 0 and 1, the most immature stages of
INKT cell development, are known to be highly proliferative (45, 49). Therefore, we next asked
whether the observed increase in proliferation was due to the presence of more immature cells in

the total iNKT cell population of Cul3 KO mice. To do this, we compared Ki-67 expression
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between NK 1.1 lowly expressing (NK1.1'°) and NK1.1 highly expressing (NK1.1%) thymic
iNKT cells after excluding CD24" cells from the analysis, as Cul3 deficiency does not affect
stage 0 iNKT cell numbers (36). Therefore, NK1.1%° cells represent both stage 1 and stage 2
iNKT cells, while NK1.1" cells represent stage 3 iNKT cells. Surprisingly, we found that the
NK1.1" cell population is responsible for the increase in Ki-67 expression observed in total Cul3
KO iNKT cells (Fig. 3.1B, left panel). In fact, less Cul3 deficient NK1.1° iNKT cells in the
thymus expressed Ki-67 compared to WT cells (Fig. 3.1B, right panel). These results suggest

that Cul3 functions to restrain proliferation primarily in stage 3 iNKT cells in the thymus.
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Figure 3.1 — Cul3 inhibits NKT cell proliferation during development.

(A) Representative dot plots show the % Ki-67" (left panels) and % BrdU" (right panels) iNKT cells
present in whole thymocytes. Bar graphs show pooled data for Ki-67 (n=6) and BrdU (n=3). (B) Whole
thymocytes from WT and Cul3 KO mice were stained for iNKT cell stagewise markers and Ki-67. Bar
graphs illustrate the pooled data for % Ki-67" cells in either the NK1.1™ or the NK1.1" iNKT cell
populations. (n=3). Error bars represent mean = SEM. **p<0.005, ***p<0.0005, ****p<0.0001.

Cul3 promotes thymic iNKT cell homeostasis through both TCR and cytokine receptor signaling
The observation that Cul3 deficient stage 3 iNKT cells proliferate more than WT cells

prompted us to ask whether these cells were being activated by self-antigens in the thymus. We
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began by measuring T cell receptor (TCR) expression on WT and Cul3 KO NK1.1" and NK1.1'°
iINKT cells. We found that Cul3 deficiency resulted in decreased TCR-[3 expression on both
NK1.1" and NK 1.1 cells (Fig. 3.2A). We wondered whether this decreased TCR-3 expression
impacted intracellular signaling downstream of the TCR. Therefore, we measured expression of
CD5, a surface receptor that associates with the TCR and has been implicated as an indicator of
proximal TCR signaling (90, 91). CDS5 levels were not different between WT and Cul3 KO
NK1.1" iNKT cells; however, NK1.1'° iNKT cells lacking Cul3 displayed lower CD5 expression
than WT cells (Fig. 3.2B). We also measured Nur77 expression by both NK1.1" and NK1.1"
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Figure 3.2 — Cul3 modulates TCR and cytokine receptor signaling in developing iNKT cells.
Whole thymocytes from WT and Cul3 KO mice were stained for iNKT cell stagewise markers. Bar
graphs show the fold change in mean fluorescent intensity (MFI) values of (A) TCR-B (n=4), (B) CD5
(n=3), (C) Nur77 (n=3), and (D) the cytokine receptors IL-7Ro and IL-15R (n=4) in either the NK1.1" or
the NK1.1° iNKT cell populations. Error bars represent mean + SEM. ***p<0.0005, ****p<0.0001, ns:
not significant.
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INKT cells, as Nur77 is an indicator of TCR signaling strength downstream of the TCR (92). We
found that Nur77 levels were higher in both groups of cells lacking Cul3 (Fig. 3.2C). These data
indicate that Cul3 may play a larger role in restraining downstream TCR signaling than proximal
TCR signaling in developing iNKT cells.

Increased proliferation in Cul3 deficient NK1.1" iNKT cells could also be explained by
dysregulated cytokine receptor signaling during development. IL-7 receptor (IL-7Ra) signaling
is crucial for the development of all T cell subsets, and IL-15 receptor (IL-15R) signaling has
been highlighted as a key driver of iNKT cell development (93, 94). Therefore, we measured IL-
7Ra. and IL-15R expression on both NK1.1" and NK1.1!° iNKT cells in the thymus. Although
Cul3 deficiency decreased IL-7Ra. expression on both NK1.1" and NK1.1% cells (Fig. 3.2D, top
panels), IL-15R expression was specifically impaired on NK1.1" cells (Fig. 3.2D, bottom
panels). Taken together, these data indicate that Cul3 may promote the maintenance of stage 3

iNKT cells through both TCR-mediated and cytokine receptor-mediated signaling pathways.

Cul3 deficiency impairs thymic iNKT subset distribution independently of PLZF expression

INKT cells require expression of the transcription factor promyelocytic leukemia zinc
finger (PLZF) to develop (38, 39). Cul3 and PLZF have been shown to interact in complex in the
nuclei of iNKT cells, allowing Cul3 to ubiquitinate key epigenetic modifiers (36). However,
PLZF has also been shown to be ubiquitinated, and this modification has important implications
for its function (95). PLZF levels are known to be tightly regulated during iNKT cell
development, with PLZF levels steadily decreasing as developing iNKT cells reach maturity
(38). Therefore, degradation of PLZF during development appears to be crucial for iNKT cell
survival and maturation. We hypothesized that Cul3 may ubiquitinate PLZF in iNKT cells,
leading to proteasomal degradation of PLZF during iNKT cell development. To test this, we
measured PLZF levels in WT and Cul3 KO thymic NK1.1" and NK1.1" iNKT cells, with the
expectation that PLZF levels would be higher in Cul3 KO cells. However, we observed that
PLZF levels were not affected by the loss of Cul3 (Fig. 3.3A), hinting that Cul3 may not regulate
PLZF expression.

iNKT cells are known to differentiate into functional subsets during thymic development.
Like conventional T helper cells, these subsets can be defined based on their expression of the

transcription factors PLZF, T-bet, and RORyt. NKT17 cells, which express an intermediate level
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of PLZF and high levels of ROR¢yt, as well as NKT2 cells, which express the highest levels of
PLZF, reach maturity at stage 2 of development (96). NKTT1 cells, which express low levels of
PLZF and high levels of T-bet, reach maturity at stage 3 of iNKT cell development (96).
Therefore, most of the iNKT cells in a WT C57BL/6 mouse are iNKT1 cells (97). Because Cul3
deficiency leads to a block in iNKT cell development, we hypothesized that iNKT subset
distribution would be skewed in the absence of Cul3. Indeed, NKT1 frequencies were decreased
while NKT2 and NKT17 frequencies were increased in the absence of Cul3 (Fig. 3.3B), despite
PLZF levels being unchanged (Fig. 3.3A). These data suggest that changes in iNKT cell subset

distribution in Cul3 deficient mice is due to iNKT cell developmental arrest rather than the

regulation of PLZF expression by Cul3.
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Figure 3.3 — Cul3 regulates iINKT cell subset differentiation independently of PLZF.

(A) Bar graphs show pooled data for the mean fluorescent intensity (MFI) values of PLZF in Cul3 KO
NK1.1" and NK1.1° iNKT cells relative to WT. (n=7). (B) Whole thymocytes from WT and Cul3 KO
mice were stained for PLZF, T-bet, and RORyt. Representative dot plots show thymic iNKT cell subsets
in WT and Cul3 KO mice. Bar graphs show the cumulative % of iNKT1, iNKT2, and iNKT17 cells in
the thymi of mice from 4 independent experiments. Error bars represent mean = SEM. *p<0.05,
**p<0.005, ***p<0.0005, ns: not significant.
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Cul3 regulates autophagy in developing iNKT cells

Although Cul3 KO NK1.1" iNKT cells in the thymus proliferate more than WT cells,
their numbers are extremely low compared to those of WT (36). Together, these data indicate
that Cul3 KO iNKT cells must also die more than WT cells do. We tested this hypothesis by
staining for Annexin V, a marker of cells undergoing apoptotic cell death. Indeed, Cul3 deficient
NK1.1" cells undergo more apoptotic cell death compared to WT cells in the thymus (Fig. 3.4A).
Autophagy, a process by which cells recycle proteins and organelles during times of nutrient
stress, can also lead to cell death when left unchecked. Autophagy is known to regulate the
transition of developing iNKT cells from being highly metabolically active to becoming
quiescent (49). Therefore, we asked whether the increase in apoptosis seen in thymic Cul3 KO
INKT cells is due to increased autophagy. To test this, we measured levels of p62, a protein that
binds polyubiquitinated protein aggregates and delivers them to the autophagosome for
degradation (98, 99). During this process, p62 itself is degraded (98). Therefore, high levels of
p62 indicate low levels of autophagy, while low levels of p62 indicate high levels of autophagy.
We found that both NK1.1" and NK1.1'° Cul3 KO iNKT cells display significantly lower levels
of p62 than WT cells do (Fig. 3.4B), indicating that autophagy is high in these cells.

Cul3 is also known to regulate cellular reactive oxygen species (ROS) levels through its
involvement in the Cul3-Keap1-Nrf2 trimeric complex. Under normal conditions, Keap1 links
Cul3 to Nrf2, allowing Cul3 to polyubiquitinate Nrf2 and mediate its degradation (15, 17, 18).
However, in the absence of Cul3, Nrf2 levels would be unchecked, potentially causing an
imbalance in intracellular redox dynamics. This could be particularly detrimental for iNKT cells,
which acquire high levels of ROS as they egress to the periphery (100). Therefore, we wondered
whether the increase in thymic iNKT cell death in the absence of Cul3 could be due to overactive
ROS scavenging. We began by measuring total ROS levels in WT and Cul3 KO thymic iNKT
cells using 2°,7’-dichlorodihydrofluorescein diacetate (H-DCFDA), a fluorescent dye that binds
to ROS in the cytoplasm. Surprisingly, total ROS levels were not different between WT and
Cul3 deficient iNKT cells in the thymus (Fig. 3.4C). In all, our data suggest that Cul3 controls
INKT cell death during thymic development by regulating autophagy rather than modulating

cellular redox states.
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Figure 3.4 — Cul3 regulates cell death during iNKT cell development.
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(A) Representative histograms show % Annexin V" thymic NK1.1" and NK1.1% cells from WT and
Cul3 KO mice. Bar graphs show pooled % Annexin V" cells from 3 independent experiments. (B)
Representative histograms show expression of p62 in WT (gray) and Cul3 KO (open) NK1.1™ (top
panels) and NK1.1° (bottom panels) cells. Bar graphs illustrate the mean fluorescent intensity (MFI) of
p62 in Cul3 KO cells relative to WT cells from 3 independent experiments. (C) Bar graphs show the
MFI of DCFDA in Cul3 KO NK1.1" and NK1.1" cells relative to WT. The data in (C) is representative
of 5 independent experiments. Error bars represent mean £ SEM. *p<0.05, **p<0.005, ***p<0.0005,

ns: not significant.

40



Cul3 restricts glucose metabolism but not mitochondrial function in developing iNKT cells

CD4 and CD8 T cells undergo metabolic rewiring after receiving an activation signal,
during which they switch their metabolism from a more oxidative to a more glycolytic phenotype
(101). This increase in glucose uptake and subsequent increase in glycolysis is crucial for
conventional T cell proliferation. It is known that stage 0 and stage 1 iNKT cells require high
levels of glucose to continue in the maturation process; however, the resolution of this high rate
of glycolysis is crucial for the development of functional stage 3 iNKT cells (48). Therefore, we
asked whether NK 1.1" iNKT cells display increased glucose metabolism in the absence of Cul3.
To begin, we analyzed glucose uptake in thymic iNKT cells by staining whole thymocytes with
the fluorescent glucose analog 2-NBDG. We found that glucose uptake was higher in both
NK1.1" and NK 1.1 iNKT cells lacking Cul3 (Fig. 3.5A). To determine whether this increase in
glucose uptake translates to an increase in glycolysis, we measured the expression of hexokinase
II (HK2), the first enzyme in the glycolytic pathway, in WT and Cul3 KO iNKT cells. HK2
levels were also higher in Cul3 KO NK1.1" and NK1.1° iNKT cells compared to WT cells (Fig.
3.5B).

Peripheral iNKT cells have recently been shown to use glucose to fuel both the pentose
phosphate pathway and mitochondrial metabolism rather than glycolysis (102). Although
mitochondrial activity is high in the immature stages of iNKT cell development (48), it is unclear
whether glucose is responsible for fueling this increased mitochondrial activity in the thymus. As
such, we examined mitochondrial mass, mitochondrial potential, and mitochondrial ROS
(mtROS) production in NK1.1" and NK 1.1 iNKT cells using MitoTracker™ Green, TMRM,
and MitoSOX dyes, respectively. Cul3 deficient NK1.1" cells had lower mitochondrial mass and
potential compared to WT cells despite producing similar levels of mtROS (Fig. 3.5C, top
panels). In contrast, mitochondrial function was not affected by the loss of Cul3 in NK1.1% cells
(Fig. 3.5C, bottom panels). Lipid peroxidation, a metabolic process by which cellular
phospholipids are broken down by oxygen radicals, can also occur in the mitochondria (103). We
measured lipid peroxidation in Cul3 KO iNKT cells using a fluorescent sensor that can be
oxidized by cellular free radicals. As the sensor is oxidized, the fluorescent signal shifts from PE
to FITC, allowing for detection via flow cytometry. The ratio of these two fluorescent signals
can then tell us the rate of lipid peroxidation within the cell, as a high FITC/PE ratio indicates

high levels of lipid peroxidation. We found that Cul3 deficiency did not affect lipid peroxidation
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in thymic iNKT cells (Fig. 3.5D), consistent with both our total ROS (Fig. 3.4C) and mtROS
(Fig. 3.5C) data. Together, Cul3 may restrain glycolysis in developing iNKT cells but does not

appear to control mitochondrial dynamics during iNKT cell development.
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Figure 3.5 — Cul3 primarily influences glucose metabolism in developing iNKT cells.

(A-B) WT data is illustrated using a gray histogram while Cul3 KO data is displayed using an open
histogram outlined in black. (A) Representative histograms show glucose uptake in thymic NK1.1" and
NK1.1% cells. Bar graphs show mean fluorescent intensity (MFI) values of 2-NBDG from Cul3 KO cells
relative to WT cells. (n=3). (B) Representative histograms show expression of HK2 in NK1.1" and NK1.1°
iNKT cells. Bar graphs illustrate the MFI of HK2 in Cul3 KO cells relative to WT cells from 3 independent
experiments. (C) Bar graphs show the MFI of MitoTracker™ Green (n=3), TMRM (n=3), and MitoSOX
(n=5) in Cul3 KO NK1.1" and NK1.1" cells relative to WT. (D) Bar graphs show pooled lipid peroxidation
levels as a function of FITC fluorescence divided by PE fluorescence in thymic Cul3 KO iNKT cells
relative to WT iNKT cells. Data in (D) is cumulative from 3 independent experiments. Error bars represent
mean £ SEM. *p<0.05, **p<0.005, ***p<0.0005, ns: not significant.
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Cul3 prevents iron overload in stage 3 iNKT cells in the thymus

We showed in Chapter 2 that the regulation of iron homeostasis is critical for CD4 T cell
activation and proliferation (104). However, nothing is known about the role of iron in
controlling iNKT cell development and function. We began by measuring the levels of iron
import, storage, and export proteins during stagewise development in the thymus. Stage 1 iNKT
cells, the most highly proliferative of all developing iNKT cells, showed the highest expression
of the iron import protein transferrin receptor 1 (TfR1) as well as the iron storage protein ferritin
(Fig. 3.6A). Together, these data imply that stage 1 iNKT cells need more iron to mediate their
expansion. However, expression of the iron exporter ferroportin (Fpn) is also relatively high in
stage 1 iNKT cells (Fig. 3.6A), indicating that iron flux is just as important for proliferating
iINKT cells as it is for proliferating CD4 T cells (104). TfR1, ferritin, and Fpn levels decrease
through stages 2 and 3 (Fig. 3.6A), in line with the fact that iNKT cells become quiescent as they
mature. We also measured the labile iron pool (LIP) at each of the iNKT cell developmental
stages. We found that LIP levels are lowest in stage 1 iNKT cells and steadily increase as iNKT
cells mature, with stage 3 cells harboring the highest LIP levels in the thymus (Fig. 3.6B). These
data indicate that iron is tightly regulated over iNKT cell development.

INKT cells egress from the thymus as effector cells. Whether naive and effector T cells
differ in their requirements for iron is currently unknown. We attempted to address this question
by measuring LIP in naive CD4 T cells, effector CD4 T cells, and iNKT cells in the spleens of
WT mice. As mentioned in Chapter 2, LIP can be measured using Calcein-AM dye. As Calcein
binds iron, the fluorescent signal is quenched, leading to a concomitant decrease in mean
fluorescent intensity (MFI). As such, high levels of Calcein correlate with low LIP levels.
Interestingly, naive CD4 T cells displayed a sharp Calcein peak, whereas both effector CD4 T
cells and iNKT cells display a much broader Calcein peak (Fig. 3.6C). The broadness of the peak
also correlated with LIP level, as iNKT cells displayed the broadest Calcein peak and harbored
the highest level of LIP of all 3 tested cell types (Fig. 3.6C). These data suggest that effector T
cells maintain higher basal levels of LIP than naive T cells do, which may allow effector cells to
rapidly respond to infection.

Naturally, we next asked whether Cul3 modulates iNKT cell development by controlling
iron homeostasis. We found that LIP levels are higher in Cul3 deficient NK1.1" iNKT cells but
not NK1.1° iNKT cells compared to WT cells (Fig. 3.6D). This was corroborated by stagewise
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Figure 3.6 — Cul3 modulates iron homeostasis during iNKT cell development.
(A) Graphs show relative mean fluorescent intensity (MFI) values of TfR1, ferritin, and Fpn in WT iNKT
cells in the thymus. All data is relative to stage 0 (SO) cells. (n=3). (B) Graph shows the LIP level at each
stage of thymic development in WT iNKT cells relative to S0. (n=3). (C) Representative histograms show
Calcein staining in splenic naive CD4 T cells, effector CD4 T cells, and iNKT cells. Numbers represent
the MFI of Calcein for each cell type. Data is representative of 3 independent experiments. (D)
Representative histograms illustrate Calcein staining in WT (gray) and Cul3 KO (open) NK1.1" and
NK1.1% cells. Bar graphs illustrate the LIP level in Cul3 KO cells relative to WT cells. (n=3). (E) Graph
shows LIP levels in Cul3 KO iNKT cells at each stage of development relative to WT SO cells. Data is
cumulative of 4 independent experiments. (F) Graphs show MFI values of TfR1, ferritin, and Fpn in
NK1.1" and NK1.1" cells lacking Cul3 relative to WT cells. (n=3). Error bars represent mean + SEM.
*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, ns: not significant.
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analysis of LIP in WT and Cul3 KO thymocytes, which showed that LIP is higher in Cul3
deficient iNKT cells at stage 3 only (Fig. 3.6E). NK1.1" iNKT cells lacking Cul3 also displayed
higher levels of TfR1, lower levels of Fpn, and similar levels of ferritin in comparison to WT
cells (Fig. 3.6F, top panels). In contrast, iron homeostasis in NK1.1'° iNKT cells was less
affected by the loss of Cul3, as these cells showed no difference in either TfR1 or Fpn expression
and only a minor decrease in ferritin expression compared to WT cells (Fig. 3.6F, bottom
panels). Together, these data indicate that Cul3 limits iron accumulation during iNKT cell

development, as iron overload can cause cell death.

Low iron diet partially rescues defective iron homeostasis in stage 3 iNKT cells lacking Cul3
Our data suggest that Cul3 is a critical regulator of iron homeostasis in developing iNKT
cells, and that dysregulation of LIP is detrimental for stage 3 iNKT cells. As such, we asked
whether a low iron diet could rescue iNKT cell development in the absence of Cul3. To test this,
both WT and Cul3 KO mice were fed either a control diet containing approximately 35ppm of
iron or an iron-deficient diet containing 3-5Sppm of iron for 6 weeks post-weaning. Mice on all
diets were weighed once weekly, and we found that both WT and Cul3 KO mice fed a low iron
diet fail to gain weight at a normal pace (Fig. 3.7A). Notably, Cul3 KO mice from the low iron
diet group were significantly smaller than WT mice from the normal diet group starting at 3
weeks post-weaning (Fig. 3.7A). To ensure that mice fed a low iron diet became anemic, we
measured serum iron levels after 6 weeks of feeding. Indeed, both WT and Cul3 KO mice fed a
low iron diet had lower serum iron levels than their normal diet counterparts (Fig. 3.7B).
However, systemic iron deficiency did not rescue iNKT cell development, as total thymic iNKT
cell frequencies were not different between Cul3 KO mice fed either diet (Fig. 3.7C). We
hypothesized that 6 weeks may not have been enough time to see restoration of total iNKT cell
frequencies. Therefore, we examined the frequencies and numbers of stage 3 iNKT cells from
Cul3 KO mice fed a low iron diet. Although not statistically significant, stage 3 iNKT cell
frequencies and numbers were slightly higher in Cul3 KO mice fed a low iron diet compared to
Cul3 KO mice fed a normal diet (Fig. 3.7D). We also wondered if systemic iron deficiency
influenced LIP in Cul3 deficient NK 1.1 iNKT cells, which exhibit an iron overloaded
phenotype. Our results showed that LIP levels trended downward in NK1.1" iNKT cells from
Cul3 deficient mice that were fed a low iron diet (Fig. 3.7E), but this is also not statistically
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significant. In contrast, a low iron diet exacerbates the hyperproliferative phenotype exhibited by
Cul3 KO NK1.1" iNKT cells, as evidenced by Ki-67 expression (Fig. 3.7F). Therefore, Cul3
may control some aspects of iNKT cell development by regulating iron homeostasis. However,

Cul3 appears to have iron independent effects on iNKT cell development as well.
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Figure 3.7 — Low iron diet partially restores NKT cell development in the absence of Cul3.

In all graphs, WT mice fed a normal iron diet (N) are represented by closed circles, while Cul3 KO mice fed a
normal iron diet are represented by closed triangles. WT mice fed a low iron diet (L) are represented by open
circles, while Cul3 KO mice fed a low iron diet are represented by open triangles. All data is cumulative of 3
independent experiments. (A) Graph shows pooled weights of mice from all 4 feeding groups. Stars represent
time points at which Cul3 KO mice fed an iron deficient diet significantly differed from WT mice fed a normal
diet. (B) Graph shows serum iron levels (ug/dL) in all 4 experimental groups. (C) Graphs show the frequencies
of total thymic iNKT cells from WT mice (left panel) and Cul3 KO mice (right panel). (D) Bar graphs show
the frequencies (left panel) and numbers (right panel) of stage 3 iNKT cells from all 4 experimental groups.
(E) Graph shows LIP levels in NK1.1" iNKT cells relative to WT NK1.1" iNKT cells from mice fed a normal
diet. (F) Bar graph shows the fold change in % Ki-67" NK1.1" iNKT cells relative to NK1.1" iNKT cells from
WT mice fed a normal diet. Error bars represent mean = SEM. *p<0.05, **p<0.005, ***p<0.0005,
*#*%p<0.0001, ns: not significant.
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Cul3 and PLZF may control iNKT cell development independently of one another

Cul3 is known to interact with PLZF, the lineage defining transcription factor of iNKT
cells, in the nuclei of thymic iNKT cells (36). However, it is unknown whether the interaction
between Cul3 and PLZF is necessary for iNKT cell development. To begin testing this question,
we examined NK1.1" and NK1.1'° iNKT cells from PLZF”- mice, which lack PLZF in all cells
of the body. PLZF-~ mice display a severe block in iNKT cell development, resulting in
extremely low iNKT cell frequencies and numbers in the thymus (Fig. 3.8A) (38, 39).
Interestingly, PLZF”- NK 1.1 iNKT cells proliferate more than WT cells in the thymus (Fig.
3.8B), similar to Cul3 deficient NK1.1" iNKT cells (Fig. 3.1B). However, p62 levels trend
upwards in PLZF”- NK1.1" and NK1.1%° iNKT cells (Fig. 3.8C), indicating that autophagy may
be lower in PLZF- iNKT cells compared to WT cells. In contrast, Cul3 KO iNKT cells
displayed lower levels of p62 than WT cells (Fig. 3.4B). Additionally, PLZF-- NK1.1" and
NK1.1" iNKT cells appear to have higher mitochondrial function than WT cells, as
mitochondrial mass and mitochondrial potential were higher in PLZF" cells compared to WT
cells (Fig. 3.8D and 3.8E). Therefore, PLZF may inhibit mitochondrial activity in developing
INKT cells, while Cul3 may dampen glucose metabolism in developing iNKT cells (Fig 3.5A
and 3.5B). Lastly, PLZF~- NK1.1" and NK1.1'° iNKT cells harbor less LIP than WT cells (Fig.
3.8F); however, Cul3 deficient NK1.1" iNKT cells harbor more LIP than WT cells (Fig. 3.6D
and 3.6E). In all, Cul3 and PLZF may cooperate to inhibit excessive proliferation in developing
INKT cells. However, Cul3 and PLZF appear to control iNKT cell development largely via
independent mechanisms. More work is needed to verify this hypothesis and to fully dissect the

mechanistic roles of Cul3 and PLZF in developing iNKT cells.
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Figure 3.8 — Thymic PLZF deficient iNKT cells also exhibit a hyperproliferative
phenotype.

Whole thymocytes from PLZF"* (WT) and PLZF” (KO) mice were stained for iNKT cell stagewise
markers. All data is cumulative of 2 independent experiments. (A) Bar graphs show the frequencies and
numbers of thymic iNKT cells in WT and PLZF KO mice. (B) Bar graphs illustrate the % Ki-67" cells in
either the NK1.1" or the NK1.1" iNKT cell populations from WT and PLZF KO mice. (C-E) Graphs
illustrate the mean fluorescent intensity (MFI) of p62 (C), MitoTracker™ Green (D), and TMRM (E) in
NK1.1" and NK1.1% cells. (F) Bar graphs show the relative LIP level in NK1.1" and NK1.1"° cells as a
function of MFI of Calcein. Error bars represent mean = SEM. *p<0.05, **p<0.005, ***p<0.0005,
*#*%p<0.0001, ns: not significant.
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Discussion

In summary, our data indicate that Cul3 controls iNKT cell development by regulating
intracellular iron homeostasis and promoting the shift towards quiescence during terminal
maturation. We found that Cul3 deficient NK1.1" iNKT cells exhibit a hyperproliferative
phenotype, and that these cells also display enhanced glucose uptake and HK2 expression in
comparison to WT cells. HK2 is a known target of Nrf2 (105), and Nrf2 has been shown to
regulate a variety of genes involved in glycolysis and glutamine metabolism (106). Cul3 plays a
major role in regulating Nrf2 expression and activity, as Cul3 interacts with Nrf2 in the Cul3-
Keap1-Nrf2 trimeric complex. Under normal conditions, Cul3 ubiquitinates Nrf2, targeting Nrf2
for proteasomal degradation (18, 19). Therefore, in the absence of Cul3, it is possible that Nrf2
levels are high, leading to the uncontrolled activation of glucose metabolism-related genes.
Interestingly, iNKT cells lacking Keap1 also display increased glucose metabolism and
mitochondrial activity (107). Additionally, Keapl deficiency leads to a block in iNKT cell
development, which is rescued by T cell-specific deletion of Nrf2 (107). As such, high Nrf2
levels may be detrimental to iNKT cell development by preventing the transition from a
metabolically active phenotype in stages 1-2 to a metabolically quiescent phenotype in stage 3.
However, we have not measured Nrf2 levels in Cul3 KO iNKT cells. Generating mice with a T
cell-specific deletion of both Cul3 and Nrf2 will be useful in determining whether Nrf2 is
responsible for the block in iNKT cell development in the absence of Cul3.

Our study is also the first to show that iron homeostasis is dynamically regulated over the
course of iINKT cell development. We found that both iron uptake and storage machinery peak
during stage 1 of development. Additionally, levels of the iron export protein ferroportin (Fpn)
are highest at stages 0 and 1 of iNKT cell development. Together, these data suggest that
immature thymic iNKT cells require iron flux to fuel their increased proliferative rate, similar to
what has been reported in CD4 T cells (104). Transferrin receptor, ferritin, and Fpn levels
steadily decrease as iNKT cells mature beyond stage 1, in line with the establishment of a
quiescent metabolic program in mature thymic iNKT cells. Additionally, iNKT cells harbor
higher levels of LIP than CD4 and CDS8 T cells in the thymus (data not shown) and the peripheral
tissues. iNKT cells leave the thymus as effector cells whereas CD4 and CD8 T cells leave the
thymus as naive cells. Therefore, high LIP levels may be a hallmark of effector T cells, as having

high iron stores may allow for a faster response to foreign antigen encounter. We found that LIP
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levels steadily increase during iNKT cell development, with stage 3 iNKT cells having the
highest LIP levels in the thymus. In all, our data adds to existing knowledge by identifying iron
homeostasis as a critical regulator of iNKT cell development (Fig. 3.9).

Furthermore, we hypothesize that the increased cell death seen in Cul3 deficient NK 1.1
iNKT cells is due to dysregulated iron homeostasis. We showed that NK1.1" iNKT cells lacking
Cul3 die more by apoptosis in comparison to WT cells. Additionally, Cul3 KO stage 3 iNKT
cells retain higher levels of LIP than WT cells do, potentially leaving Cul3 deficient iNKT cells
vulnerable to cell death via ferroptosis. CD71 has recently been reported to be a reliable marker
of ferroptotic tumor cells (108), and Cul3 deficient NK 1.1 iNKT cells display increased
expression of CD71 compared to WT cells. Moreover, feeding a low iron diet to Cul3"1 CD4-

Cre mice began to decrease LIP levels in NK1.1" iNKT cells and partially rescued stage 3 iNKT

06606

| |

Proliferation Labile iron levels
Glucose metabolism

Mitochondrial activity
Iron Import/Export

cell numbers.

Figure 3.9 — Dynamic regulation of iron homeostasis during iNKT cell development.
Published studies have shown that immature thymic iNKT cells in stages 0 and 1 exhibit high rates of
proliferation, glycolytic metabolism, and mitochondrial function that gradually resolve as they approach
terminal differentiation. My thesis work builds on this knowledge by showing that the expression of iron
import and export machinery is also high in immature thymic iNKT cells. In contrast, stage 3 iNKT cells
have low expression of iron import and export proteins. However, cytoplasmic labile iron (LIP) levels
steadily increase over the course of iNKT cell development, with immature cells having low LIP levels
and mature cells having high LIP levels. Adapted from Yang, Driver, and Van Kaer 2018 (49).
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More work is necessary to determine direct targets of Cul3 along the ferroptosis and iron
homeostatic pathways; however, there are several possible mechanisms by which Cul3 may
control iron metabolism in developing iNKT cells. For one, Cul3 may regulate iron homeostasis
directly by mediating the proteasomal degradation of iron regulatory protein 2 (IRP2). IRP2 has
been shown to be ubiquitinated by the SKP1-Cull-FBXLS5 ligase complex in HEK293 cells,
leading to the degradation of IRP2 (109). Cul3 is known to work in concert with Cull to degrade
targets in other cellular pathways (29); therefore, it is possible that Cul3 may also work with
Cull to degrade IRP2. Therefore, in the absence of Cul3, both IRP2 and transferrin receptor
(TfR1) levels are high, as TfR1 is a known target of IRP2 (110). IRP2 also inhibits Fpn
expression (110), and our data showed that Fpn levels are low in thymic NK1.1" iNKT cells
lacking Cul3. As such, IRP2 is a promising potential target for Cul3 in developing iNKT cells.

Alternatively, Cul3 may indirectly regulate iron homeostasis by controlling cellular
epigenetic programs. Cul3 interacts in complex with PLZF and epigenetic modifiers like
HDACI and DNMTT1 in thymic iNKT cells (36). DNMTT1 is a DNA methyltransferase that
deposits methyl groups onto cytosine residues in gene promoter regions, preventing methylated
genes from being transcribed (111). DNA methylation is beginning to be appreciated as a major
regulator of iron homeostasis as well. In fact, dysregulation of the DNA methylation landscape
has been shown to adversely impact cellular LIP levels, ferroptosis, and Fpn expression (112-
114). Therefore, Cul3 may regulate iron homeostasis in thymic iNKT cells by modulating
DNMT1 expression and subsequent DNA methylation levels. However, continued work is
necessary to fully explore this possibility.

Our data also suggest that PLZF and Cul3 may control iNKT cell development through
independent mechanisms. PLZF expression is known to be tightly regulated over the course of
iNKT cell development (38, 39). However, whether Cul3 shows a similar expression pattern to
PLZF during stagewise development remains unknown. We attempted to answer this question by
measuring Cul3 levels at each stage of iNKT cell development by flow cytometry; however, lack
of a specific Cul3 antibody prevented us from successfully doing so. Therefore, we sought to
interrogate the importance of the Cul3-PLZF complex during iNKT cell development by
comparing our Cul3 deficient iNKT cells to PLZF”~ iNKT cells. Both Cul3 KO and PLZF"
NK1.1" iNKT cells proliferate more than WT cells in the thymus, suggesting that Cul3 and

PLZF may work together to restrain proliferation in developing iNKT cells. However, all of the
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other tested parameters showed different trends between Cul3 KO and PLZF~ iNKT cells during
development. Taken together, these data suggest that Cul3 and PLZF may not cooperate to
control iNKT cell development. However, this idea does not disprove the hypothesis that the
interaction between Cul3 and PLZF is important for developing iNKT cells. As mentioned
previously, Cul3 and PLZF colocalize in the nuclei of thymic iNKT cells (36). This interaction
was thought to be important for mediating the translocation of Cul3 from the cytoplasmic
compartment to the nuclear compartment, where it has been shown to ubiquitinate several
epigenetic modifiers (36). For example, Cul3 has been shown to ubiquitinate special AT-rich
sequence-binding protein 1 (SATB1), a transcription factor known for regulating global
chromatin structure (36). However, the implications of this ubiquitination for iNKT cell
development and function are unknown. Performing an ATAC-seq assay between WT and Cul3
KO iNKT cells in the thymus may yield informative data about chromatin accessibility in the
absence of Cul3, potentially uncovering novel targets for Cul3 in controlling iNKT cell
development and lineage commitment. Therefore, a more focused genetic study is warranted to
tease out the role of Cul3 in developing iNKT cells.

Finally, whether Cul3 is also important in peripheral iNKT cell homeostasis and function
remains unknown. We sought to answer this question using a tamoxifen-inducible Cul3™1
CD4ERT-Cre myrine model, which would allow us to delete Cul3 in peripheral iNKT cells without
affecting thymic development. However, mature iNKT cells in the spleen were highly resistant
to Cul3 knockdown (data not shown). Because of this tamoxifen resistance, we were unable to
explore the roles of Cul3 in peripheral iNKT cell responses. However, the possibility that Cul3
may also regulate peripheral iNKT cell maintenance, proliferation, and effector function

warrants further investigation.
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Chapter 4 — Cullin 3 Mediates Peripheral T Cell Tolerance by Maintaining Naive CD4 T
Cell Quiescence

Abstract

The E3 ubiquitin ligase Cullin 3 (Cul3) has been shown to modulate the differentiation of
T regulatory cells and T follicular helper cells in the thymus and the periphery. However,
whether Cul3 controls naive CD4 T cell maintenance has never been studied. Here, we show that
Cul3 deficiency has minimal effects on single positive CD4 T cells in the thymus. In contrast, the
absence of Cul3 leads to a dramatic loss of naive CD4 T cells in the spleen. Cul3 deficient naive
CDA4 T cells display a pre-activated phenotype characterized by increased proliferation, cell
death, and expression of TCR signaling pathway components. Additionally, naive CD4 T cells
lacking Cul3 proliferate better than wild type cells after activation, a phenotype that is
accompanied by increased [FNy production and glucose metabolism. Interestingly, the loss of
naive T cells is abrogated in the antigen-specific OT-II system, indicating that the function of
Cul3 is dependent on the existence of a polyclonal T cell pool. Future studies are necessary to

elucidate the roles of Cul3 in monoclonal and polyclonal systems.

Introduction

Naive T cell maintenance in the periphery is a dynamic process that relies on a variety of
intracellular and extracellular signals. For one, naive T cells continuously bind self-
peptide/major histocompatibility complexes, which leads to weak signaling through the T cell
receptor (TCR) (115). This process is known as tonic signaling. Tonic signaling is thought not
only to promote naive T cell survival in the periphery but also to modulate TCR sensitivity to
foreign antigens (115). IL-7 receptor (IL-7R) signaling also supports peripheral naive T cell
survival by increasing the expression of anti-apoptotic genes (116, 117). Additionally, IL-7R
signaling activates both phosphoinositide 3-kinase (PI3K) and mammalian target of rapamycin

complex 1 (mTORC1), which regulate intracellular metabolic pathways critical for naive T cell
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survival (118). In line with this, TSC1 has been shown to regulate naive T cell survival in the
periphery by modulating mTORCI1 activity (119). Additionally, PI3K activation downregulates
the expression of FOXO1, which inhibits naive T cell proliferation by blocking cell cycle
progression (118, 120). The GTPase-activating protein RASA1, which restrains TCR signaling
in peripheral T cells, has also been shown to regulate naive CD4 T cell survival by modulating
IL-7R signaling and apoptotic protein expression (121). In all, the interplay between intracellular
signaling processes is crucial for ensuring naive T cell homeostasis.

However, the role of the E3 ubiquitin ligase Cullin 3 (Cul3) in controlling naive CD4 T
cell maintenance is currently unknown. Cul3 deficiency leads to improper differentiation of both
T regulatory and T follicular helper cell subsets (35, 36), yet the effects of Cul3 deficiency on
naive T cell phenotype and function have never been studied. We show that Cul3 contributes to

naive T cell maintenance by promoting naive CD4 T cell quiescence in the peripheral tissues.

Materials and Methods
Mice

T cell-specific Cul3 deficient mice (Cul3"" CD4-Cre, referred to as Cul3 KO) were
generated by crossing Cul3"" mice with CD4-Cre expressing mice maintained in our colony. In
all experiments with Cul3 KO mice, Cul3"! littermates (referred to as WT) were used as
controls. Cul3 deficient OT-II transgenic mice (Cul3"? CD4-Cre OT-II*; referred to as Cul3 KO
OT-II) were generated by crossing Cul3™" CD4-Cre mice with OT-II transgene expressing mice
purchased from the Jackson Laboratories. In all experiments using Cul3 KO OT-II mice, Cul371
OT-IT" littermates (referred to as OT-II) were used as controls. A mix of male and female mice
ranging from 6-20 weeks of age were used in all experiments. All mice were bred in-house and
kept in specific pathogen free conditions. All animal experiments were performed in accordance

with the Institutional Animal Care and Use Committee of the University of Michigan.

Cell Isolation, Purification, and Culture

Thymi and spleens were mechanically disrupted and transferred onto a 100um cell
strainer to collect single cell suspensions. Homogenized cell suspensions were treated with
1.66% NH4CI for 10 minutes to lyse RBCs, washed twice with 1X PBS, and resuspended in 1X
PBS + 1% FBS (FACS buffer).
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Naive CD4 T cells were sorted from murine splenocytes using an MA900 Multi-
Application Cell Sorter (Sony Biotechnology) based on CD62L and CD44 expression. Naive
CDA4 T cells T cells were activated with plate-bound aCD3 (5 pg/mL) and soluble aCD28 (1
pg/mL) antibodies (eBioscience) for an indicated time in RPMI 1640 medium supplemented
with 10% FBS, 2 mM glutamine, and penicillin/streptomycin at 37°C. For cell proliferation,
CD4 T cells were labeled with CellTrace™ Violet (CTV) (5 uM) (Invitrogen) in 1X PBS
containing 0.1% BSA for 30 min at 37°C.

Flow Cytometry Assays

The fluorescently-conjugated antibodies used for surface and intracellular staining in the
presence of anti-FcyR mAb (2.4G2) were: anti-mouse TCR-B (H57-597) PE-Cy7/APC/Pacific
Blue, anti-mouse TCR-Vb5.1 (MR9-4) FITC/APC, anti-mouse TCR-Va2 (B20.1) PE/PE-Cy7,
anti-mouse CD4 (GK1.5) PerCP-Cy5.5/APC-Cy7, anti-mouse CD8 (53-6.7) FITC/PE/PE-
Cy7/Am Cyan, anti-mouse CD5 (53-7.3) FITC/PE, anti-mouse CD44 (IM7) FITC/PE/PerCP-
Cy5.5, anti-mouse CD62L (MEL-14) PE/PE-Cy7/BV605, anti-mouse CD127 (A7R34) PE-Cy7,
anti-mouse CD122 (5H4) PE, anti-mouse CD71 (R17217) FITC/PerCP-Cy5.5, anti-mouse CD25
(PC61.5) PerCP-Cy5.5/PE-Cy7, anti-mouse CD69 (H1.2F3) FITC/PE/PE-Cy7, anti-Ki-67
(SolA15) PerCP-Cy5.5, anti-active caspase-3 (C92-605) PE, anti-mouse Nur77 (12.14) PE, anti-
IL-2 (JES6-5H4) PE, anti-IFNy (XMG1.2) FITC/PE, phospho-p44/42 MAPK (ERK1/2)
(Thr202/Tyr204) (197G2) AF488, phospho-S6 Ribosomal Protein (Ser235/236) (D57.2.2E) PE-
Cy7, and phosphor-Stat5 (Tyr694) (C71ES) PE. Antibodies were purchased from eBioscience,
Biolegend, or BD Bioscience.

For Fpn, fixed cells were incubated with metal transporter protein antibody (rabbit anti-
mouse MTP1/IREG1/Ferroprotein, Fpn) (Alpha Diagnostic) in FACS buffer. Ferritin expression
was measured by anti-mouse ferritin (EPR3004Y) (Abcam) staining in cytoplasmic
permeabilization buffer (BD Bioscience) after fixation. For ferritin samples, AF488-conjugated
anti-rabbit IgG secondary antibody (Invitrogen) was used. Active caspase-3 (C92-605) (BD
Bioscience) staining was done in parallel with Ki-67 staining in nuclear permeabilization buffer.
For intracellular cytokine expression, activated CD4 T cells were re-stimulated with 50 ng/mL of
PMA (Sigma Aldrich) and 1.5 pM Ionomycin (Sigma Aldrich) in the presence of 3 UM Monensin

for 4 h, followed by intracellular cytokine staining (BD Biosciences). Dead cells were excluded
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from the analysis based on propidium iodide (PI) (1 pg/mL), LIVE/DEAD ™ Fixable Aqua Dead
Cell Stain (Invitrogen), or LIVE/DEAD ™ Fixable Yellow Dead Cell Stain (Invitrogen) signal.
Cells were acquired on a FACS Canto II (BD Bioscience), and data was analyzed using FlowJo

(TreeStar software ver. 10.8.1).

In Vivo BrdU Incorporation

Seven- to sixteen-week-old WT and Cul3 KO mice were injected twice intraperitoneally
(6 h apart) with 0.5 mg of BrdU (Sigma-Aldrich) in 0.2 mL PBS. Approximately 18 h after the
last injection, animals were euthanized, and single cell suspensions were prepared from thymi as
described earlier. Following surface staining, 3 x 10° whole thymocytes were stained for BrdU

incorporation using a BrdU flow kit (BD Bioscience) as per the manufacturer’s protocol.

Cell Signaling

To measure the expression of phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204)
(197G2) (Cell Signaling), phospho-S6 Ribosomal Protein (Ser235/236) (D57.2.2E) (Cell
Signaling), and phosphor-Stat5 (Tyr694) (C71ES) (Cell Signaling), sorted naive CD4 T cells
were permeabilized using 90% methanol. Cells were then stained with pERK, pS6, or pSTATS

for 1 h at room temperature in the dark in cytoplasmic permeabilization buffer (BD Bioscience).

ELISA
Supernatants were collected from sorted WT and Cul3 KO naive CD4 T cells stimulated
with plate-bound aCD3 (5 pg/mL) and soluble aCD28 (1 pg/mL) antibodies (eBioscience) for 3

days. ELISA assays were done in conjunction with the University of Michigan ELISA core.

Metabolic Parameters

For each parameter, either whole thymocytes (3 x 10°) or sorted naive CD4 T cells were
incubated with each of the following reagents as indicated. Cells were analyzed by flow
cytometry following all metabolic stainings.

To measure glucose uptake, cells were incubated in 2-(N-(7-nitrobenz-2-oxa-1,3-diaxol-
4-yl) amino)-2-deoxyglucose (2-NBDG) (Invitrogen) (20 uM) for 1 h at 37°C in glucose-free
RPMI 1640 media containing 5% dialyzed FBS.
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Mitochondrial potential, mitochondrial mass, and mitochondrial ROS (mtROS) were
measured using tetramethylrhodamine methyl ester perchlorate (TMRM) (60 nM) (Invitrogen),
MitoTracker™ Green (30 nM) (Invitrogen), and MitoSOX (2.5 uM) (Invitrogen), respectively.
Cells were treated with MitoTracker™ Green and TMRM for 30 min and MitoSOX for 25 min at
37°C.

Seahorse Assay

Splenic naive CD4 T cells from WT and Cul3 KO mice were sorted and stimulated for 24
hours with plate-bound aCD3 (5 pg/mL) and soluble aCD28 (1 pg/mL) antibodies
(eBioscience). In the XF96 well microplate coated with poly-L-lysine, 1.5 x 10° cells per well
were plated in glucose-free Seahorse media (Sigma Aldrich) and the plate was briefly spun to
affix the cells to the bottom of the wells. The plate was then incubated for 30 min in a non-CO:
incubator to equilibrate. OCR was measured in stimulated naive CD4 T cells using oligomycin
(2 mM, ATP coupler) (Sigma Aldrich), FCCP (1.5uM) (Sigma Aldrich), antimycin A (1 uM)
(Sigma Aldrich), and rotenone (100 nM) (Sigma Aldrich) in Seahorse assay medium using
Seahorse XFe96 bioanalyzer (Agilent Technologies).

Labile Iron Pool (LIP)
To measure LIP, cells were stained with calcein-acetomethoxy (Calcein-AM) dye (0.02
uM) (Thermofisher) for 10 min at 37°C and analyzed by flow cytometry. LIP was calculated

based on the ratio of Calcein MFI of control vs. test samples.

Statistical Analysis

All graphs were prepared using Graphpad Prism software (Prism version 9.2.0; Graphpad
Software, San Diego, CA). For comparison among multiple groups, data was analyzed using
one-way ANOVA with multi-comparison post-hoc test. For comparison between two groups,

unpaired Student t-tests were used. P < 0.05 was considered statistically significant.
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Results
Cul3 does not control CD4 T cell development

As described in Chapter 3, Cul3 is a critical regulator of iNKT cell development in the
thymus. Loss of Cul3 results in aberrant proliferation, death, and metabolic activity in
developing iNKT cells. Therefore, we wondered whether Cul3 has similar effects on
conventional CD4 T cell development in the thymus. We began by examining the effects of Cul3
on proliferation in thymic single positive (SP) CD4 T cells using both Ki-67 and BrdU staining.
In contrast to iNKT cells, SP CD4 T cells do not spontaneously proliferate in the absence of Cul3
(Fig. 4.1A). Like iNKT cells, Cul3 deficient SP CD4 T cells showed lower TCR-3 expression
(Fig. 4.1B) that coincides with higher Nur77 expression (Fig. 4.1C), indicating that TCR
signaling strength is higher in SP CD4 T cells lacking Cul3 (92, 122). Despite this increase in
TCR signaling strength, thymic selection processes appear to be similar between WT and Cul3
KO SP CDA4 T cells, as levels of the activation markers CD5 and CD69 are comparable in both
cell types (Fig. 4.1D and 4.1E). We also investigated whether Cul3 controls cytokine receptor
signaling in developing CD4 T cells by staining for the IL-7 receptor (IL-7Ra) and the IL-15
receptor (IL-15R). However, loss of Cul3 did not impact the expression of either receptor in SP
CDA4 T cells (Fig. 4.1F). Because Cul3 deficient thymic iNKT cells exhibit increased glucose
metabolism, we measured glucose uptake in SP CD4 T cells using the fluorescent glucose analog
2-NBDG. Although statistically significant, glucose uptake was not hugely different between
wild type (WT) and Cul3 deficient SP CD4 T cells (Fig. 4.1G). We also measured mitochondrial
mass, mitochondrial potential, and mitochondrial ROS (mtROS) production using the fluorescent
markers MitoTracker™ Green, TMRM, and MitoSOX, respectively. Loss of Cul3 slightly
reduced mitochondrial potential in SP CD4 T cells (Fig. 4.1H, middle panel). However,
mitochondrial mass (Fig. 4.1H, left panel) and mtROS production (Fig. 4.1H, right panel) were
not affected by Cul3. Together, our data indicate that Cul3 is not important for CD4 T cell

development in the thymus.

Cul3 is critical for naive CD4 T cell maintenance in the periphery
In addition to thymic SP CD4 T cells, we examined naive (CD4" CD62LM CD44°) and
effector (CD4* CD62L'° CD44") CD4 T cells in the spleen. We found that Cul3 deficiency
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Figure 4.1 — Cul3 is not required for CD4 T cell thymic development.

(A) Representative dot plots show the relative % Ki-67" (left panels) and % BrdU" (right panels) SP CD4
T cells present in whole thymocytes. Bar graphs show pooled data for Ki-67 (n=6) and BrdU (n=4). (B-D)
Bar graphs illustrate the mean fluorescent intensity (MFI) of (B) TCR-B (n=7), (C) Nur77 (n=4), and (D)
CD5 (n=4) in Cul3 KO SP CDA4 T cells relative to WT cells. (E) Dot plots show positive selection as a
function of CD69 expression in total thymocytes from WT and Cul3 KO mice. Group A shows cells prior
to selection, group B shows cells after selection, and group C represents mature cells. Data are
representative of 3 independent experiments. (F) Bar graphs illustrate the MFI of IL-7Ra and IL-15R in
Cul3 KO SP CDA4 T cells relative to WT cells. (n=5). (G) Overlaid histogram shows 2-NBDG staining
pattern in WT and Cul3 KO SP CD4 T cells. Bar graph shows the pooled MFI values of 2-NBDG from
Cul3 KO SP CD4 T cells relative to WT cells. (n=3). (H) Bar graphs show the MFI of MitoTracker™
Green (n=3), TMRM (n=3), and MitoSOX (n=5) in Cul3 KO SP CD4 T cells relative to WT. Error bars
represent mean £ SEM. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, ns: not significant.
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results in a severe loss of peripheral naive CD4 T cells that is accompanied by a gain in effector
CD4 T cells (Fig. 4.2A and 4.2B). These data suggest that naive CD4 T cells lacking Cul3
spontaneously transition into effector cells in vivo. Signaling through the IL-7R is known to be
important for naive CD4 T cell homeostasis in the periphery (116-118). Therefore, we measured
the expression of IL-7Ra as well as the expression of IL-15R in splenic naive CD4 T cells. IL-
7Ra expression was reduced on peripheral naive CD4 T cells lacking Cul3 (Fig. 4.2C, left
panel). However, Cul3 did not affect IL-15R expression in splenic naive CD4 T cells (Fig. 4.2C,
right panel). IL-7R signaling is known to promote naive CD4 T cell survival by modulating the
expression of anti-apoptotic proteins (116, 117). Consistent with decreased IL-7Ra expression,
Cul3 KO naive CD4 T cells died more than WT cells as measured by active caspase 3 staining
(Fig. 4.2D). However, splenic naive CD4 T cells lacking Cul3 simultaneously underwent more
spontaneous proliferation than WT cells as measured by Ki-67 expression (Fig. 4.2D).
Additionally, Cul3 deficient naive CD4 T cells produced higher levels of the inflammatory
cytokine IFNy ex vivo compared to WT cells (Fig. 4.2E). Both proliferation and cytokine
production occur downstream of T cell receptor signaling in naive T cells. Therefore, we
examined the expression of TCR signaling proteins in the absence of Cul3. Cul3 deficient naive
CDA4 T cells had higher basal levels of phosphorylated ERK (pERK) and phosphorylated STATS
(pSTATS) than WT cells (Fig. 4.2F). Although IL-7R signaling modulates mTORC1 signaling in
naive CD4 T cells, phosphorylated levels of the mTORCI target protein S6 (pS6) were not
affected by the loss of Cul3 (Fig. 4.2F). In all, these data indicate that peripheral naive CD4 T

cells lacking Cul3 are pre-activated in vivo.

Cul3 restrains activation-induced proliferation and cytokine production in naive CD4 T cells
Because Cul3 deficient naive CD4 T cells appear to be pre-activated, we wondered

whether Cul3 plays a role in modulating naive CD4 T cell responses after TCR ligation. To test
this question, we sorted splenic naive CD4 T cells from either Cul3¥® (WT) or Cul3"" CD4-Cre
(Cul3 KO) mice based on CD62L and CD44 expression. Naive cells were then stimulated for up
to 3 days in vitro with aCD3 and aCD28 antibodies. We found that Cul3 KO naive CD4 T cells
proliferate better than WT cells at both day 2 and day 3 post-activation (Fig. 4.3A). The central
dogma of T cell biology is that naive T cells require signals from the TCR, the co-stimulatory

receptor CD28, and extracellular cytokines to proliferate and differentiate into effector cells
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Figure 4.2 — Cul3 is critical for naive CD4 T cell homeostasis in the periphery.

(A) Representative dot plots show naive (CD62L" CD44'°) and effector (CD44™ CD62L") CD4 T cell
frequencies in the spleens of WT and either 2 month (mos) old or 4-5 month old Cul3 KO mice. (B)
Pooled percentages and numbers of naive and effector CD4 T cells are illustrated by the bar graphs.
n=3-6 mice per group. (C) Graphs show the mean fluorescent intensity (MFI) of IL-7Ra and IL-15R in
Cul3 KO naive CD4 T cells relative to WT cells. (n=4). (D) Representative dot plots show the Ki-67
and active caspase 3 (AC3) staining pattern of sorted naive CD4 T cells collected from the spleens of
WT and Cul3 KO mice. Graphs show the pooled frequencies of cells that are spontaneously
proliferating (Ki-67"), proliferating and dying (Ki-67" AC3"), or undergoing cell death (AC3"). (n=4).
(E) Representative dot plots show IFNy expression in freshly sorted WT and Cul3 KO naive CD4 T
cells. (F) Graphs show the raw MFI values of pERK (n=7), pSTATS (n=6), and pS6 (n=6) in freshly
sorted WT and Cul3 KO naive CD4 T cells. Error bars represent the mean = SEM. *p<0.05, **p<0.005,
**%p<0.0005, ****p<0.0001, ns: not significant.
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(123). However, Cul3 deficient naive CD4 T cells appear to be more effector-like in vivo due to
their increased expression of TCR signaling molecules and their capacity for cytokine production
(Fig. 4.2E and 4.2F). Therefore, we tested the requirement for co-stimulatory signaling by
activating WT and Cul3 KO naive CD4 T cells in the absence of aCD28. The results showed
that naive CD4 T cells lacking Cul3 proliferate better than WT cells without co-stimulation (Fig.
4.3B). These data further support the hypothesis that Cul3 prevents spontaneous activation of
naive CD4 T cells in vivo.

We also wondered whether the observed proliferative advantage of Cul3 KO naive CD4
T cells is due to increased production of IL-2, which is necessary for proper T cell proliferation
and survival (81). As such, we measured intracellular IL-2 and IFNy expression by activated
naive CD4 T cells after PMA and ionomycin restimulation. Surprisingly, Cul3 deficient naive
CDA4 T cells expressed less IL-2 but more IFNy than WT cells at both day 2 and day 3 post-
activation (Fig. 4.3C and 4.3D). To determine whether naive CD4 T cells can efficiently secrete
cytokine in the absence of Cul3, we measured IL-2 and IFNy levels in the culture media at day 3
post-stimulation by ELISA. In contrast to the intracellular staining data, Cul3 deficient naive
CDA4 T cells secrete higher levels of IL-2 and IFNy than WT cells at day 3 post-activation (Figure
4.3E). In line with this observation, Cul3 deficient naive CD4 T cells express higher levels of the
mature IL-2 receptor CD25 at day 2 post-activation compared to WT cells (Fig. 4.3F). In all,
Cul3 deficient naive CD4 T cells proliferate better than WT cells after activation, and this

proliferative advantage may be due to increased responsiveness to IL-2.

Cul3 may control naive CD4 T cell proliferation by inhibiting glucose metabolism

Resting naive CD4 T cells in the periphery favor an oxidative metabolic phenotype (101).
However, after activation, naive CD4 T cells undergo a metabolic switch from oxidative
metabolism to glycolytic metabolism (101). This increased reliance on glycolysis is thought to
fuel the rapid proliferation necessary for clonal expansion. Because Cul3 KO naive CD4 T cells
proliferate better than WT cells after activation, we hypothesized that these cells would also rely
more on glucose for their function. Indeed, Cul3 deficient naive CD4 T cells take up more
glucose at day 2 post-activation compared to WT cells (Fig. 4.4A). Cul3 KO naive CD4 T cells
appear to use this glucose to fuel glycolysis, as extracellular lactate levels were significantly

higher in cultures containing Cul3 deficient naive CD4 T cells compared to those containing WT
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Figure 4.3 — Cul3 restrains proliferation and cytokine production in naive CD4 T cells
after activation.

(A, C-F) WT and Cul3 KO naive CD4 T cells were sorted and stimulated in the presence of Sug/mL
aCD3 and 1pg/mL aCD28. (A) Histograms show the typical proliferation pattern of WT and Cul3 KO
naive CD4 T cells at days 2 and 3 post-activation as measured by CellTrace Violet dilutions. (n=3). (B)
WT and Cul3 KO naive CD4 T cells were sorted and stimulated with Sug/mL aCD3 and either the
presence or absence of lug/mL aCD28. Histograms show proliferation of WT and Cul3 KO naive CD4
T cells at day 2 post-activation as measured by CellTrace Violet dilutions. (n=2). (C) Dot plots show
both IL-2 and IFNy expression by WT and Cul3 KO naive CD4 T cells following either 2 or 3 days of
in vitro activation and 4 hours of re-stimulation with 50ng/mL PMA and 1.5uM ionomycin. (D) Bar
graphs show the pooled frequencies of IL-2" or IFNy" naive T cells at each of the indicated time points.
n=2-4 per group. (E) Graphs show IL-2 and IFNy levels (ng/mL) in media collected from WT and Cul3
KO naive CD4 T cells at day 3 post-activation as measured by ELISA. (n=3). (F) Representative
histograms show CD25 expression on WT and Cul3 KO naive CD4 T cells at day 2 post-activation.
(n=3). Error bars represent the m in the presence of ean + SEM. ***p<0.0005, ns: not significant.
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naive CD4 T cells (Fig. 4.4B). Metabolites generated by glycolysis often go on to fuel the TCA
cycle in the mitochondria. Therefore, we examined mitochondrial function in naive CD4 T cells
after stimulation. Naive CD4 T cells lacking Cul3 appear to have higher mitochondrial mass than
WT cells at day 3 post-activation (Fig. 4.4C, left panel); however, mitochondrial potential and
mitochondrial reactive oxygen species (mtROS) production are not significantly affected by the
loss of Cul3. These data seem to suggest that Cul3 KO naive CD4 T cells harbor high numbers
of hypoactive mitochondria. To test this, we performed Seahorse analysis on WT and Cul3 KO
naive CD4 T cells stimulated for 24 h with aCD3 and aCD28 antibodies. Seahorse is a powerful
tool that can reveal a plethora of information regarding mitochondrial activity via the
measurement of oxygen consumption rate (OCR). An OCR plot can be broken down into 4
discrete segments: basal respiration, ATP-coupled respiration, spare respiratory capacity, and
non-mitochondrial oxygen consumption (124). Analysis of WT and Cul3 KO naive CD4 T cells
revealed that both basal respiration (Fig. 4.4D, section A) and ATP-coupled mitochondrial
respiration (Fig. 4.4D, section B) were similar between the two cell types at 24 h post-activation.
Surprisingly, Cul3 deficient naive CD4 T cells have higher spare respiratory capacity compared
to WT cells (Fig. 4.4D, section C). This finding indicates that naive CD4 T cells lacking Cul3
may respond better to cellular stress than WT cells, as their mitochondria are better able to
produce ATP under oxidative stress. Additionally, non-mitochondrial oxygen consumption is
virtually nonexistent in WT and Cul3 KO naive CD4 T cells after stimulation (Fig. 4.4D, section
D). Together, these data indicate that mitochondria from Cul3 deficient naive CD4 T cells are
indeed hyperactive rather than hypoactive. Therefore, Cul3 may restrain activation-induced naive

CDA4 T cell proliferation by dampening both glycolysis and mitochondrial activity.
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Figure 4.4 - Cul3 inhibits glycolytic metabolism and mitochondrial activity in activated
naive CD4 T cells.

(A) Graph shows the pooled mean fluorescent intensity (MFI) values of 2-NBDG from sorted WT and
Cul3 KO naive CD4 T cells at DO and D2 post-activation. Relative MFI was calculated using WT DO as a
reference point. (n=3). (B) Bar graphs show the extracellular lactate levels (mM/10° cells) in media taken
from WT and Cul3 KO naive CD4 T cell cultures at day 2 and day 3 post-activation. Data is cumulative
of 3 independent experiments. (C) Pooled graphs show the MFI of MitoTracker Green, TMRM, and
MitoSOX in stimulated WT and Cul3 KO naive CD4 T cells relative to WT day 0 (D0). (n=3). (D) Graph
show the oxygen consumption rate (OCR) in sorted WT and Cul3 KO naive CD4 T cells either at baseline
(DO) or after 24 hours of stimulation (D1) with Sug/mL aCD3 and 1pg/mL aCD28. Data in graph is
representative of 3 independent experiments. Error bars represent the mean = SEM. *p<0.05, **p<0.005,
**%p<0.0005, ****p<0.0001, ns: not significant.
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Figure 4.5 — Cul3 deficiency skews iron homeostasis in peripheral naive CD4 T cells.

(A) Graphs show the mean fluorescent intensity (MFI) values of TfR1 (n=10), ferritin (n=7), and Fpn
(n=7) in freshly isolated WT and Cul3 KO naive CD4 T cells. (B) Overlaid histograms show the
Calcein-AM staining pattern in WT (filled) and Cul3 KO (open) naive CD4 T cells isolated from whole
splenocytes. Data are representative of 9 independent experiments. (C) Bar graph shows the LIP level in
Cul3 KO naive CD4 T cells relative to WT cells as a function of Calcein MFI. (n=9). Error bars
represent the mean + SEM. *p<0.05, ns: not significant.

Intracellular iron homeostasis is disrupted in naive CD4 T cells lacking Cul3

We showed in Chapter 2 that intracellular iron flux is crucial for CD4 T cell proliferation
after stimulation. We also found that Cul3 deficiency leads to iron overload in developing
invariant natural killer T cells (iNKT) cells in Chapter 3. Therefore, we asked whether the loss of
Cul3 affects iron homeostasis in peripheral naive CD4 T cells. We began by examining the
expression of iron import, storage, and export proteins on WT and Cul3 deficient naive CD4 T

cells. Naive CD4 T cells lacking Cul3 showed higher expression of the iron importer transferrin
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receptor 1 (TfR1) as well as the iron storage protein ferritin (Fig. 4.5A). However, Cul3 did not
affect the expression of the iron export protein ferroportin (Fpn) (Fig. 4.5A). Taken together,
these data suggest that Cul3 deficient naive CD4 T cells have an increased need for iron
compared to WT cells. Indeed, Cul3 KO naive CD4 T cells displayed a broader Calcein peak in
comparison to that of WT naive CD4 T cells (Fig. 4.5B), indicating that Cul3 deficient naive
CDA4 T cells harbor higher labile iron levels (LIP) than WT cells (Fig. 4.5C). The broad Calcein
staining pattern displayed by Cul3 KO naive CD4 T cells mirrors that of an effector CD4 T cell
(Fig. 3.6C), again suggesting that Cul3 silences effector T cell programs in naive CD4 T cells.

OT-II transgene expression restores naive CD4 T cell maintenance in Cul3 deficient mice

Finally, we wanted to explore the role of Cul3 in regulating naive CD4 T cell responses
in a more physiological system, as aCD3 and aaCD28 antibody stimulation is highly artificial.
Therefore, we crossed Cul3?® CD4-Cre mice with OT-II transgene expressing mice, in which
the majority of CD4 T cells express a TCR specific for ovalbumin. We planned to use these mice
to examine the effects of Cul3 on antigen-specific CD4 T cell responses. However, initial
characterization of these mice revealed that there was no difference in naive and effector cell
frequencies in the spleens of OT-II and Cul3 KO OT-II mice (Fig. 4.6). This finding suggests
that tonic signaling in the polyclonal Cul3 KO system leads to aberrant activation of naive CD4
T cells, leading to the loss of the naive CD4 T cell pool. However, future experiments examining
the differences between Cul3 KO and Cul3 KO OT-II naive CD4 T cells are highly warranted to
test this hypothesis.
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Figure 4.6 — Loss of naive CD4 T cells is abrogated in Cul3 KO OT-II mice.
Representative dot plots show naive (CD62L" CD44") and effector (CD44" CD62L") CD4 T cell
frequencies in the spleens of OT-II and Cul3 KO OT-II mice. Bar graphs show the pooled
percentages of naive and effector CD4 T cells from both types of mice. (n=5). Error bars represent the
mean + SEM. ns: not significant.

Discussion

Here, we show that Cul3 regulates naive CD4 T cell homeostasis by maintaining
quiescence. Although dispensable for CD4 T cell thymic development, Cul3 is crucial for naive
CD4 T cell maintenance in the periphery. Peripheral naive CD4 T cells lacking Cul3 displayed
increased rates of spontaneous proliferation and cell death as well as increased basal levels of
TCR signaling molecules. Similar phenotypes have recently been reported in Cul3 deficient B
cells, which show increased spontaneous proliferation, cell death, and basal levels of BCR
signaling molecules compared to WT B cells (34). Therefore, regulation of peripheral tolerance
by Cul3 may be a lymphocyte lineage-wide phenomenon. More work is necessary to further
investigate this possibility.

Our data also suggest that Cul3 prevents aberrant activation of quiescent naive CD4 T

cells in the periphery. Freshly isolated Cul3 deficient naive CD4 T cells produce higher amounts
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of the inflammatory cytokine IFNy, which is uncharacteristic of a naive T cell. Additionally,
naive CD4 T cells lacking Cul3 proliferate well in the absence of co-stimulatory signaling, which
is required for conventional naive CD4 T cells. Lastly, we found that Cul3 KO naive CD4 T cells
mirror effector CD4 T cells in terms of their Calcein staining pattern. Together, this data
suggests that naive CD4 T cells lacking Cul3 may spontaneously acquire an effector phenotype,
but future studies are needed to fully test this theory.

The effects of Cul3 on naive CD4 T cell peripheral maintenance appear to be dependent
upon the presence of a polyclonal T cell pool, as expression of the OT-II transgene rescued naive
CDA4 T cell frequencies in the absence of Cul3. This observation suggests that Cul3 deficient
naive CD4 T cells may be encountering activating stimuli in vivo. One possible endogenous
source of antigen could be the microbiota. T cells in the periphery are constantly sampling
antigens from symbiotic microbes, an interaction that is important for shaping peripheral
tolerance in T cells (125). In the absence of Cul3, a weak microbial antigen may elicit a strong
TCR signaling response, triggering T cell activation. Treating WT and Cul3 KO mice with
antibiotics and examining the naive CD4 T cell pool in the periphery may give valuable insight
into this possibility. Additionally, naive CD4 T cells require tonic signaling from self-
peptide/MHC complexes to persist in the peripheral tissues (115). Normally, T cells that are
strongly self-reactive will be deleted in the thymus by negative selection. However, loss of Cul3
in peripheral naive CD4 T cells may lower the threshold for an antigen to elicit a strong TCR
response. The transfer of WT and Cul3 KO naive CD4 T cells to MHC class II deficient hosts,
which cannot present self-peptides to T cells, would lend valuable insight into whether Cul3
regulates tonic signaling in naive CD4 T cells.

In summary, Cul3 may control naive CD4 T cell survival and homeostasis by regulating
tonic signaling downstream of the TCR. Reduced surface BCR expression has been shown to
decrease tonic signaling in circulating B cells, leading to death of these cells (126). Cul3
deficient naive CD4 T cells display decreased TCR-f3 expression compared to WT cells;
however, these cells also have increased TCR signaling strength as measured by Nur77,
suggesting that tonic signaling may also be higher in naive CD4 T cells lacking Cul3. Cul3 KO
naive CD4 T cells also have increased basal pERK and pSTATS levels compared to WT cells,
further supporting this hypothesis. Altered mitochondrial activity, glucose metabolism, and iron

homeostasis in Cul3 deficient naive CD4 T cells are likely byproducts of this increased TCR
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signaling. Ubiquitin ligases are known to regulate various steps in the TCR signaling cascade
(127); however, future work is necessary to uncover the molecular targets for Cul3 in

intracellular TCR signaling pathways in naive CD4 T cells.

Acknowledgements
We thank Dr. Jeffrey Singer (Portland State University) for providing the Cul3%™ mice used in
this study. We also thank the Herman and Dorothy Miller Fund Award for Innovative

Immunology Research for providing financial support for this project.

70



Chapter 5 — Conclusions and Future Directions

Summary

My thesis work began with a single aim: to uncover a mechanistic role for the E3
ubiquitin ligase Cullin 3 (Cul3) in controlling invariant natural killer T (iNKT) cell development.
This seemingly simple question would prove to be anything but simple. Over the course of my
dissertation work, I have explored roles for Cul3 in both iNKT cells and naive CD4 T cells.
Additionally, I have been able to link Cul3 to iron metabolism, an area of research that I
pioneered as a side project. In this closing chapter, I will reiterate the key findings from each of
the studies presented in this body of work and expand upon the importance of these findings for
the field of T cell biology. I will also propose a working model for the role of Cul3 in developing
INKT cells.

Objectives, Major Findings, and Implications from Chapter 2

In Chapter 2, we sought to uncover mechanistic roles for iron in CD4 T cell activation
and proliferation. We found that CD4 T cells rapidly export labile iron out of the cell after
activation. Additionally, TCR stimulation prompts coordinated changes in the expression of iron
import, storage, and export proteins in CD4 T cells. We also showed that intracellular iron flux
influences CD4 T cell proliferation by regulating IL-2R signaling, as pSTATS levels were
decreased in cells treated with the iron chelator DFO. Because DFO-treated CD4 T cells can
produce high levels of IL-2, we hypothesized that iron controls IL-2R signaling by mediating
recycling of the IL-2R. Lastly, we showed that iron is critical for maintaining proper
mitochondrial function in activated CD4 T cells.

This study has important implications for the fields of T cell biology and iron
homeostasis. For one, our data shows that CD4 T cells rapidly export iron upon receiving a
stimulus. However, expression of the iron export protein Fpn decreases over the course of CD4 T

cell activation. These findings suggest that T cells may utilize a Fpn-independent mechanism of

71



iron export, and one possibility is that T cells rely more heavily on heme-bound iron export than
other cell types do. Published work has shown that deficiency in the heme-iron exporter feline
leukemia virus subgroup C receptor 1 (FLVCR1) impairs T cell development and peripheral
maintenance (85). Interestingly, B cell development is not affected by the loss of FLVCRI1 (85),
indicating that T cells have unique requirements for heme-bound iron. However, the mechanisms
by which heme-bound iron controls T cell development, function, and peripheral maintenance
remain unclear. Answering these questions will greatly enhance our knowledge of iron
homeostasis in the context of T cell biology.

We also showed that intracellular iron dynamics are critical for proper T cell-mediated
immune responses. Our findings are highly reproducible in both CD4 T and CD8 T cells.
Dysregulation of iron homeostasis has also been shown to impact the differentiation of
pathogenic T helper cell subsets (88), exacerbating T cell-mediated autoimmune diseases. The
different T helper cell subsets are known to rely on different metabolic programs for the
development of their effector functions (128). Additionally, we showed in Chapter 3 that effector
CDA4 T cells harbor higher levels of LIP than naive CD4 T cells, and this high level of LIP may
help them quickly respond to invading pathogens. Therefore, it is interesting to speculate that the
various T helper cell subsets may also have differential requirements for iron. However, this idea

remains to be tested.

Objectives, Major Findings, and Implications from Chapter 3

In Chapter 3, we showed that Cul3 restrains cell proliferation and inhibits cell death in
stage 3 iNKT cells in the thymus. Cul3 deficient NK1.1" iNKT cells fail to become quiescent as
they reach terminal maturation, having a hyperproliferative phenotype that coincides with
increased glucose metabolism and autophagy. Additionally, these cells exhibit iron overload in
comparison to WT cells. Feeding mice a low iron diet partially reversed aberrant LIP
accumulation in Cul3 deficient NK1.1" iNKT cells. However, an iron deficient diet did not fully
rescue iNKT cell development in Cul3 KO mice. Therefore, we examined whether Cul3
modulates iNKT cell development through PLZF. Although both Cul3 deficient and PLZF
deficient thymic iNKT cells proliferate more than WT cells, PLZF”~ iNKT cells differed from
Cul3 KO NK 1.1 iNKT cells in every other tested parameter, indicating that Cul3 and PLZF
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may influence iNKT cell development largely independently of one another. However, future
studies are warranted to fully test this hypothesis.

Based on the findings described in Chapter 3, I propose the following model (Fig. 5.1).
I believe that Cul3 has three distinct functions in developing iNKT cells. First, Cul3 prevents
iron overload in developing iNKT cells, protecting them from toxicity and subsequent cell death.
However, the steps of the iron homeostatic pathway that are targeted by Cul3 are still unknown.
Secondly, Cul3 appears to repress glycolytic metabolism in developing iNKT cells, allowing
terminally differentiated iNKT cells to become quiescent. Cul3 may control this process by
mediating the proteasomal degradation of Nrf2, preventing Nrf2 from entering the nucleus and
activating a variety of metabolic genes. Lastly, my data suggests that Cul3 and PLZF work in
concert to restrain iNKT cell proliferation during development, potentially targeting components
of the TCR signaling cascade for degradation. Additionally, PLZF may transport Cul3 into the
nucleus, where Cul3 can target genes involved in the cell cycle. Continued work is necessary to

interrogate the exact targets of Cul3 in developing iNKT cells.
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Figure 5.1 — Regulation of iNKT cell development by Cul3.

Ub = ubiquitin; Fe = iron; TFR1 = transferrin receptor 1; DMT1 = divalent metal transporter 1; ZIP8/14
= ZRT/IRT-like proteins 8/14; LIP = labile iron pool; Glc = glucose; Glutl = glucose transporter 1;
HK2 = hexokinase II; G6P = glucose 6 phosphate; TCR =T cell receptor. Created with BioRender.com.
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Dysregulation of iron homeostasis leading to either iron overload or anemia has
detrimental effects on T cell responses in human patients. Iron overload in patients with
hereditary hemochromatosis (HH) and -thalassemia leads to abnormal CD4 and CD8 T cell
ratios in the peripheral tissues (76, 129-132). Frequencies and numbers of circulating iNKT cells
are also reduced in HH patients (133), lending further support to the idea that balanced iron
homeostasis is crucial for iNKT cell maintenance. Despite this, CD8 T cells from HH patients
produce more inflammatory cytokines than CD8 T cells from healthy controls (134). Therefore,
it is possible that increased susceptibility of HH and B-thalassemia patients to infection could be
due to decreased peripheral T cell numbers. However, iron deficient patients also exhibit defects
in T cell-mediated immune responses. Iron deficiency anemia leads to decreased T cell numbers
and thymic atrophy in human patients (135). Patients with a missense mutation in the transferrin
receptor gene also exhibit systemic iron deficiency, which results in decreased proliferative
capacity of peripheral T cells (136). The negative impacts of both iron overload and deficiency
on human T cell responses suggest that T cells exhibit a “Goldilocks effect” in terms of iron
need. Systemic and cellular iron levels must be carefully balanced to ensure proper T cell
function, as both too much and too little iron negatively impact T cell responses in a clinical
setting. However, the effects of iron overload and anemia on iNKT cells in human patients is
severely understudied. Addressing whether systemic iron levels impact iNKT cell trafficking and
function in vivo could lead to a better understanding of the role of iNKT cells in iron overloaded

and iron deficient patients.

Objectives, Major Findings, and Implications from Chapter 4

In Chapter 4, we showed that Cul3 is a critical regulator of peripheral naive CD4 T cell
maintenance but not thymic CD4 T cell development. Additionally, naive CD4 T cells lacking
Cul3 exhibit a pre-activated phenotype characterized by increased spontaneous proliferation and
cytokine production as well as high levels of TCR signaling molecules at baseline. Cul3 also
appears to restrain proliferation, cytokine production, and glycolytic metabolism in naive CD4 T
cells after activation. We also showed that Cul3 deficient naive CD4 T cells become effector-
like, losing the requirement for co-stimulation and harboring high levels of labile iron.
Interestingly, generation of a monoclonal T cell pool by crossing Cul3%1 CD4-Cre mice with
OT-II transgenic mice rescues peripheral naive CD4 T cell frequencies in the absence of Cul3,

indicating that polyclonal naive CD4 T cells are becoming activated by tonic signaling in the
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Figure 5.2 — Roles of Cul3 of iNKT cells and naive CD4 T cells.

absence of Cul3. However, mechanistic targets underlying the development of the observed
phenotypes are still under investigation.

The cumulation of my data has highlighted roles for Cul3 that are common across several
T cell types (Fig. 5.2). For example, Cul3 appears to inhibit proliferation and glycolytic
metabolism in both thymic iNKT cells and splenic naive CD4 T cells. Additionally, Cul3
regulates iron homeostasis in both cell types. However, my data has also revealed that Cul3
controls T cell development and homeostasis in a cell type specific manner (Fig. 5.2). Moreover,
Cul3 appears to inhibit cytokine production in naive CD4 T cells, but the effects of Cul3 on the
development of effector functions in peripheral iNKT cells is still unknown (Fig. 5.2). These

revelations have furthered our understanding of the role of Cul3 in T cell biology.

Final Thoughts

In all, my thesis has uncovered a novel role for Cul3 in modulating cellular iron
homeostasis in both developing iNKT cells in the thymus and naive CD4 T cells in the
periphery. However, Cul3 is critical for iNKT cell development but not for conventional T cell
development. Single positive CD4 and CD8 T cell frequencies in the thymus are unchanged by
the loss of Cul3, with phenotypic abnormalities arising only after these cells have migrated to the
periphery. Why is Cul3 so crucial for developing iNKT cells but not CD4 and CD8 T cells? One

possibility is that Cul3 could have different roles in naive and effector cells. iNKT cells egress
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from the thymus as effector cells, while CD4 and CD8 T cells leave as quiescent naive cells. In
Chapter 4, we showed that Cul3 helps maintain naive CD4 T cell populations in the periphery.
However, we did not study the roles of Cul3 in effector CD4 T cell responses. Effector CD4 T
cells in the periphery may show many of the same phenotypes as thymic iNKT cells lacking
Cul3, but this possibility will need to be tested further.

Additionally, the Cul3-Keap1-Nrf2 trimeric complex may have differing levels of
importance in innate-like T cells compared to conventional T cells. We know that resting
peripheral iNKT cells harbor high levels of ROS, whereas resting peripheral CD4 T cells harbor
low levels of ROS (100). Thymic iNKT cells contain considerably lower levels of ROS than
peripheral iNKT cells (100), which may result from hyperactivity of the Cul3-Keap1-Nrf2
antioxidation system during iNKT cell development. Interestingly, Keap1 deficiency also results
in a block in iNKT cell development, with cells in stages 2 and 3 proliferating and dying more
than wild type cells (107). Additionally, thymic iNKT cells lacking Keap1 display increased
glucose metabolism and mitochondrial activity but decreased ROS levels compared to wild type
cells (107). All of these phenotypes were shown to be driven by increased Nrf2 levels in the
absence of Keapl (107). Therefore, developing iNKT cells may rely heavily on Cul3 and Keap1
to keep Nrf2 levels in check, as hypermetabolic activity mediated by Nrf2 target gene
transcription appears to be detrimental for these cells. The metabolic quiescence displayed by
mature thymic iNKT cells contrasts the metabolic phenotype of single-positive CD4 and CD8 T
cells in the thymus, which have been shown to have higher rates of ECAR and OCR compared to
double positive thymocytes (137). As such, a bump in glycolytic and oxidative activity induced
by Nrf2 may not be as detrimental for conventional T cells in the thymus. Instead, aberrant
metabolic activity may negatively influence CD4 and CDS8 T cell quiescence in the periphery,
leading to a break in peripheral tolerance as described in Chapter 4. Continued studies are
warranted to fully explore this hypothesis.

My data therefore begs the question of whether Cul3 is important for the development
and homeostasis of all innate-like T cells. To address this question, I examined yd T cell
frequencies in the thymi and spleens of wild type and Cul3%® CD4-Cre mice. Cul3 deficiency
did not affect y0 T cell percentages in the thymus (data not shown), suggesting that Cul3 does
not regulate yd T cell development. There are several possible explanations between the differing

requirements of developing yd T cells and iNKT cells for Cul3. For one, Yo T cells arise in the
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prenatal thymus and serve one of the first lines of defense in the fetal immune system (138). In
contrast, iINKT cells do not arise until after birth, accumulating as individuals age (138).
Additionally, y0 T cells arise from the double negative stage of T cell development, whereas
iINKT cells arise later in development from the double positive stage (138). Therefore, I
hypothesize that Cul3 may be important for the development of innate-like T cells that arise
during the double positive stage of thymic development, such as iNKT cells and MAIT cells.
Future work is necessary to examine the role of Cul3 in MAIT cell development. Additionally,
studying changes in Cul3 expression over the course of thymic development will help explain
why Cul3 is important for the development of some T cell subsets but not others.

Finally, I would like to end on a personal anecdote dedicated to all of my fellow graduate
students. When I started my PhD, I believed that I would easily solve my research questions. I
would find the mechanism by which Cul3 controlled iNKT cell development, and I would
publish in top tier journals. If you’ve read this far, you know that I did not achieve those goals.
However, that does not diminish the immense value of my thesis work. It opened my eyes to new
avenues of scientific investigation, allowed me to explore systems outside of immunology, and
molded me into the scientist I am today. My thesis work has uncovered many more questions
than answers, but these questions are the legacy I leave behind for the next generation of bright

minds. One of my favorite quotes is from Walt Disney, and it reads:
“Around here, however, we don’t look backwards for very long. We keep moving
forward, opening up new doors and doing new things, because we re curious...and curiosity

keeps leading us down new paths.”

Stay curious, friends. You never know where that new path may take you, and it might

just be the most exciting ride of your life.
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