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Abstract

Invariant natural killer T (iNKT) cells are a subset of innate-like T lymphocytes
with a limited TCR repertoire that recognize glycolipid antigen presented on the MHC-I-
like molecule CD1d. iNKT cells produce a broad range of cytokines upon activation and
play an essential role in directing the cytokine response. In addition to guiding the
immune response, iNKT cells can mount strong antitumor responses via interferon y
production, underscoring the importance of understanding how iNKT cells develop and
mature into effector populations. Using a novel model for conditional deletion of
transcription factor ETS1 in iNKT1 cells, | show that ETS1 regulates the adhesion gene
program of iINKT1 cells, promoting a more epithelial transcriptome profile. This is
achieved, in part, by suppressing expression of the transcription factor T-bet. T-bet
promoted the expression of migration genes S1pr1 and S7pr5 and repressed classical
iNKT liver retention mediated by LFA-1 and ICAM-1. In the thymus, ETS1 promoted
optimal INKT1 cell numbers. Conditional knockout of TGF-8 signaling in iINKT1 cells
suggests that expression of adhesion receptors CD49a and CD103 are important in
thymic iINKT1 cell maturation. As a similar phenotype was observed in Ets722 thymic
iINKT1 cells, ETS1 may regulate CD49a and CD103 expression by promoting optimal
TGF-B signals. Together, | conclude that ETS1 has tissue-specific functions in iINKT1
cells; supporting proper maturation in the thymus and enforcing a more NKT-like

adhesome expression profile to support classical retention in the liver.



Chapter One

Introduction

Figure 1.1 adapted from Hosokawa and Rothenberg (2021)
Figure 1.3 adapted from Godfrey et al. (2010)
Figure 1.4 adapted from Kumar et al. (2017)

Innate vs. Adaptive Immunity: The In-Betweeners

The mammalian immune system is comprised of two distinct components, innate
and adaptive immunity, that facilitate the body’s response to foreign pathogens. Innate
immunity acts as the body’s first line of defense, after natural barriers like the skin and
mucosa, and is associated with a rapid, nonspecific response. Cells of the innate
immune system, comprised of macrophages, monocytes, dendritic cells (DCs),
basophils, eosinophils, neutrophils, mast cells, innate lymphoid cells (ILCs) and natural
killer (NK) cells achieve a fast response using pattern recognition receptors that
recognize conserved structures on surface of pathogens, called pathogen associated
molecular patterns (PAMPs), and facilitate their direct killing or initiate production of
proinflammatory cytokines (Mogensen, 2009). Additionally, certain antigen-presenting
cells (APCs) like DCs and macrophages can then process pathogen-derived peptides
and present them to the cells of the adaptive immune system. This antigen presentation
allows APCs, virally infected cells and tumorigenic cells to communicate their health to
adaptive immune cells. The adaptive immune response takes longer to activate
compared to innate immunity but is characterized by the establishment of highly specific

responses to pathogens, a result of V(D)J recombination of the T- and B-cell receptors,
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allowing for recognition of upwards of 10'" unique pathogens. Not only are T cells and B
cells capable of high pathogen specificity; they are also capable of establishing memory
of these pathogens, which allows for more rapid recognition and clearance of pathogens

upon subsequent encounters.

While the innate and adaptive immune systems have been well studied and
characterized, over the past 30 years we have come to appreciate a subset of cells
referred to as innate-like T lymphocytes, which includes yd T cells, mucosal-associated
invariant T (MAIT) cells and natural killer T (NKT) cells, that arise from traditional T cell
development pathways yet recognize antigens broadly in a manner similar to that of
innate immune cells. Innate-like T lymphocytes, through production of cytokines, play a
key role facilitating the activation of the adaptive immune response in addition to
facilitating tissue-specific immune responses and maintaining tissue homeostasis via
immune surveillance, making it critical to understand how innate-like lymphocytes
develop and the mechanisms that facilitate their selection compared to a conventional T
cell fate. While many innate-like T lymphocytes have been identified, the primary focus

of this work will be on NKT cells.
Development of Conventional T Cells

The hematopoietic progenitors that generate T cells originate in the fetal liver or bone
marrow. These progenitors migrate to the thymus where interactions between Notch1
and Delta-like 4 (DII4) promote the expansion of pro-T cells, T cells that have not

expressed TCR genes, and begin the process of T cell commitment. At this point,



development of T cells can be traced based on the expression of CD44, KIT and CD25
where early T cell progenitors (ETPs) are KIT** CD44* CD25" (Fig. 1). Expression of
CD25 in addition to upregulation of the IL-7 receptor and early signaling components of
the CD3 (CD3d, CD3g, CD3e) complex marks progression into the double-negative
(CD4- CD8") 2a (DN2a) stage of T cell development. However, DN2a cells can divert to
alternative cell fates if Notch signaling is not sustained (Hosokawa and Rothenberg
2021). Once DN2a cells are no longer responsive to the KIT ligand SCF, they have
entered the DN2b stage (KIT" CD44* CD25* CD4- CD8") and are now committed to the
T cell lineage. Then, during the transition from DN2b to DN3a (KIT- CD44- CD25%),
expression of CD3 subunits peaks and expression of Rag7 and RagZ2 are induced,
promoting V(D)J recombination at the Tcrb, Tcrd and Tcrg loci to create the TCRp,
TCR® and TCRYy chains of the T cell receptor (TCR). Rearrangement of these TCR
gene loci marks an important decision point in T cell development as DN3a cells will
either rearrange and express a functional TCR® and TCRy chain and undergo TCRyb-
selection to become TCRyd+ T cells (to be expanded on later) or rearrange the Tcrb
locus and undergo TCRp ()-selection to eventually become TCRap+ T cells (Fig. 1). In
DN3 cells TCRp pairs with a pre-TCR a-chain, forming a pre-TCR that can undergo a-
selection. At this stage, T cells are no longer reliant on Notch signaling for expansion
and instead express the T-cell costimulatory receptor CD28 (DN3b; KIT-CD44- CD25'°%
CD28"), utilizing signals from the pre-TCR for proliferation. DN3b cells then
downregulate expression of CD25 (DN4), cease recombination and begin to express
CD8 and enter what is referred to as the immature single positive stage (ISP; CD28*

CD4- CD8"). ISPs upregulate CD4 and become double-positive (DP; CD4* CD8") cells,
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where they undergo V(D)J recombination of the Tcra locus in order to form a mature
TCRaB+ T cell. T cells bearing a successfully rearranged TCRa-chain are subjected to
selection by cortical thymic epithelial cells (cCTECs) expressing self-peptides presented
on either Major Histocompatibility Complex (MHC) Class | or Il molecules to test for
adequate reactivity, called positive selection. Negative selection occurs when DPs react
to APC with too strong of an affinity, where these cells undergo clonal deletion and
apoptosis mediated by interactions through either CD28 and the TCR or APCs lead to
cell death (Punt et al., 1997). Fas-FasL signaling also is thought to contribute to clonal
deletion, although this remains highly controversial (Volpe et al., 2016; Chu et al.,
2020). Positively selected cells go on to mature, becoming CD4" helper T cells or
cytotoxic CD8* T cells based on MHC reactivity and circulate to survey peripheral

tissues.

Other Innate-Like T Cells

yo T Cells

As described previously, yd T cells can arise during rearrangement of the Tcrb,
Terg and Tcerd loci. yd T cells can be divided into IFNy- (CD27* CD45RB™) or IL-17
(CD27-)-producing subsets and develop at very specific points of ontogeny in mice,
highlighting the directed development of these cells. There have been two previously
described models for yd T cell development; the stochastic model, which suggests that
T cell fate is already determined early on and subsequent signals continue to facilitate

this commitment, and the more widely accepted signal strength model, which proposes
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Figure 1.1: Overview of T cell development. ETPs recently migrated from the bone
marrow are characterized by KIT, CD44, CD25, CD4 and CD8 expression. ETPs can
express CD25 to become DNZ2a cells,but are reliant on receiving Notch signals to be
committed to the T cell lineage. ETPs/DN2as that do not get Notch will develop into NK
cells, B cells, ILCs, DCs or granulocytes. Once committed, T cells downregulate KIT,
begin to express components of the CD3 complex, and begin to rearrange the 3 or yd
chains of the TCR. Successful rearrangement of the yd TCR commits cells to the yd T
cell lineage, while DN3a cells undergo B-selection with a pre-TCR a-chain. Following B-
selection, T cells express CD28, CD8 and CD4 as they rearrange a proper TCR a-chain
and become CD4+ CD8+ (DP). At the DP stage, conventional cells undergo selection
with cortical thymic epithelial cells to test for self-reactivity of the TCR. Non-self-reactive
T cells are positively selected and become naive CD4 or CD8 SP cells, while self-
reactive T cells are negatively selected. T cells bearing a NKT or MAIT cell TCR
rearrangement are selected into their respective lineages based on interactions with
other DP thymocytes.



that lineage choice is determined by the strength of TCR signaling (Mufioz-Ruiz et al.,
2017). In the signal strength model, T cells with high self-reactivity at the (3-selection
checkpoint may be directed to rearrange the Tcrd and Tcrg loci and commit to a yd fate
instead. However, yd T cells exhibit a high degree of functional and transcriptional

differences compared to conventional T cells.

yd T cells are unique in that they undergo “developmental preprogramming”,
meaning they acquire all effector functions prior to exiting the thymus. Furthermore, the
y- and &-chains rearrange in very specific ways depending on developmental stage. In
mice, IFNy-producing Vy5 cells emerge as early as embryonic day 12 (E12) and home
to the dermis. By E16, yd rearrangements are biased toward IL-17-producing Vy6 and
Vvy4 cells that home to tissues including the skin, mouth, lungs and liver, followed by a
short burst of Vy7 cells from E18 to birth that home to the intestines and produce IFNy
(Fig. 1.2A). Interestingly, these yd subsets do not engage the TCR for activation,
instead using IL-1B/IL-7/1L-23 and IL-18/IL-12 for IL-17 and IFNy stimulation,
respectively, drawing some parallels to ILCs. One theory behind this innate-like lack of
TCR engagement is that these yd subsets receive such strong TCR signals following
initial rearrangement that any subsequent signals are dampened in response (Mufioz-
Ruiz et al., 2017; Ribot et al., 2021). On the other hand, yd subsets that develop
following birth tend to be Vy1 (with some Vy4) and display a more adaptive phenotype
and utilize the TCR to elicit specific responses in the liver and lymphoid tissues (Fig

1.2A).
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Figure 1.2: Development of unconventional T cell subsets. (A) DN3 cells that
rearrange a yd TCR undergo selection and enter the yd T cell lineage. Specific types of
yo T cells develop depending on developmental age (E = embryonic day) that are more
innate in nature, being activated only through cytokines as their TCR signaling has been
suppressed. These cells target to specific tissues and produce either IFNy or IL-17.
Following birth, Vy1 and Vy4 are the primary yd subsets and are able to recognize
antigens through the TCR. (B) T cells that reach the DP stage can differentiate into NKT
or MAIT cells based on rearrangement of TCRs that recognize lipids presented on non-
canonical CD1d or MR1, respectively. MAIT cell development is charcterized by
expression of PLZF, CD24 and CD44, using transcription factors T-bet and RORyt to
identify MAIT1 and MAIT17 effectors. NKT effector subsets are characterized by varying
PLZF expression in addition to T-bet, GATA3 and RORYyt to denote NKT1, NKT2 and
NKT17 cells, respectively.



Indeed, within the Vy1 T cells, a subset expressing Vy1V56.3/6.4 has been named
“‘NKT-like yo T cells” based on their expression of the innate-like associated

transcription factor PLZF, NK1.1 and their ability to produce both IFNy and IL-17.

Similar to conventional CD4* Th subsets, yd T cells require the transcriptional
activity of T-bet and RORVyt for the production of IFNy and IL-17, respectively. E-protein
inhibitor 1d3, which is induced by Egr2/3 activity and strong TCR signaling, has been
shown to be indispensable for IFNy-producing y® populations while also inhibiting Rorc
(encoding RORVyt) expression via dimerizing with E47. As such, IL-17-producing
subsets must utilize a TCR-independent pathway for expression of Rorc. Current
evidence suggests that yd cells can induce expression of Rorc based on expression of
transcription factors Sox13 and Sox4 prior to TCR signaling (Mufioz-Ruiz et al., 2017).
Taken together, while yd T cells arise from the same DN precursor population, they
employ distinct regulatory mechanisms to control effector fate differentiation and

cytokine production.

MAIT Cells

Although MAIT cells were discovered nearly 30 years ago, there still remains
much to be elucidated regarding their functions in immunity. MAIT cells are semi-
invariant in that they possess a restricted TCR a-chain (Va19 Ja33 in mice, Va7.2 Ja33
in humans) paired with a limited V3 repertoire (V6 or VB8 in mice, VB2 or V13 in
humans). MAIT cells differ from conventional T cells in that they use this semi-invariant

TCR to recognize vitamin B2 metabolites (such as 5-OP-RU) presented by the non-



canonical MHC Class I-like protein MR1. The importance of MAIT cells in mammalian
immunity is underscored by the fact that MR1 and TRAV1 (encoding Va19/7.2) are
highly conserved in mammals and appear to have coevolved. Furthermore, MAIT cells
have been found to localize in the lungs, liver, blood and mucosal tissues and represent

a large subset of T cells in humans.

Positive selection diverges from convention in that cells bearing a TCR with
affinity for 5-OP-RU can adopt one of two fates based on the interacting cell. If
recognizing MR1 on TECs, these DP thymocytes will undergo selection into a naive
“‘conventional-like” CD4* T cell (Salou et al., 2021). If 5-OP-RU:MR1 is presented by
another DP thymocyte, TCR engagement is paired with a co-stimulatory signal from the
SLAM family of receptors (primarily driven by SLAMF1 and SLAMFG6). It is possible that
these divergent selection pathways exist as a means to regulate the MAIT cell niche as
only a fraction of cells bearing this TCR actually become MAIT cells (Rahimpour et al.,

2015; Martin et al., 2009).

Following positive selection, MAIT cells differentiate into either MAIT1 or MAIT17,
classified based on expression of T-bet and RORyt, respectively, as well as their
functional and transcriptional similarities to conventional CD4* Th subsets. Unlike CD4*
helper T cells and NKT cells, MAIT cells do not differentiate into a GATA3" IL-4-
producing effector state. This could likely be due to differences in strength of TCR
activation during positive selection as GATA3" NKTs have higher TCR signal strength
(Dashtsoodol et al., 2019). After differentiation MAIT1 and MAIT17 cells migrate to

peripheral and secondary lymphoid organs, where MAIT1 cells preferentially seed the
9



spleen and liver, while MAIT17 cells represent the majority of the MAIT cell population

in the lungs, skin and gut lamina propria (Hinks and Zhang, 2020).

MAIT cells are tissue-resident and respond rapidly upon recognition of microbial
metabolites to facilitate localized immune responses via secretion of IFNy, IL-17 and
TNFa. MAIT cells have been shown to be important for the clearance of infections
mediated by 5-AP-RU-producing bacteria including Francisella tularensis (Meierovics et
al., 2013) and Legionella beachae (Wang et al., 2018). MAIT cells are also capable of
activation through cytokine-dependent signaling pathways, allowing them to aid in
combating viral infections. Indeed, MAIT cells have been shown to activated by IL-12

and IL-18 produced in an in vitro model of influenza infection (Loh et al., 2016).

Natural Killer T Cells: Selection, Development and Function

iINKT cells differ from conventional T cells in that they possess a semi-invariant
TCR (Va14Ja18 paired with VB2, VB7 or VB8, Va24/VB11 in humans) which recognizes
glycolipid antigen presented on the non-canonical MHC I-like molecule CD1d. Upon
antigen recognition or exposure to stimulatory cytokines, iINKTs produce a broad range
of cytokines including IFNy, IL-4, TNFa, IL-13, IL-17, and IL-10. Due to their rapid
activation, iINKTs play an important role in facilitating the immune response by setting
up the cytokine milieu that guides the direction of the immune response towards a Th1,

Tn2 or Tu17 profile (Godfrey et al., 2004; Bendelac et al., 2007).

NKT cell development is similar to conventional T cell development up until the

DP stage. Rather than being selected by cTECs, thymic iNKTs are positively selected

10



via interactions with other DP thymocytes presenting glycolipid antigen (most commonly
isoglobotriosylceramide, or iGb3) on CD1d which leads them to signal for activation
through the TCR and signaling lymphocytic activation molecule (SLAM)-family receptors
(SFRs). Induction of SAP signaling by SLAM-TCR activation promotes expression of
promyelocytic leukemia zinc finger (PLZF, encoded by Zbtb16), a hallmark transcription
factor associated with the development of innate-like lymphocytes. Upregulation of
PLZF (via Egr2/3) promotes innate-like lymphocyte development through repression of
the transcription factor Bach2, which enforces a naive T cell fate, and activating the
effector gene program (Mao et al., 2016; Savage et al., 2008). After positive selection,
iINKT cells exist in a PLZF" CD24* (NKTO or NKTp) state as they begin to differentiate
into one of three primary effector lineages: NKT1 (PLZF" T-bet*), NKT2 (PLZF"
GATA3*) or NKT17 (PLZF"t RORyt*), based on similarities in cytokine and

transcriptional profile to their conventional helper T cell counterparts.

It has been shown that this divergence in the selection process is important in
establishing the NKT population via transgenic expression of MHC Il or MHC | in DP
thymocytes (Choi et al., 2005; Li et al., 2005; Li et al., 2010; Georgiev et al., 2021). Two
groups showed that expression of human class || MHC transactivator (CIITA) under
CD4/Lck promoters gave rise to CD4* PLZF* innate-like T cells phenotypically distinct
from CD4* NKT cells (Li et al., 2005; Choi et al., 2005). More recently, it was
demonstrated that ectopic expression of MHC | in DPs led to the expansion of a subset
of peptide-recognizing PLZF* innate-like (PIL) T cells that differentiated similarly to NKT

cells and were dependent on SLAM-associated protein, or SAP. NKT cells were present

11



in reduced frequency in this model, suggesting that PIL T cells were in competition with
NKTs for selection (Georgiev et al., 2021). Taken together, it is clear that NKTs emerge
as a developmentally distinct population of cells with unique roles within the immune

response.

NKT Cells in Disease and Infection

Bacterial and Viral Infection

NKT cells are typically located at the first interface between host and the
environment in tissues and have been shown to play a key role in protecting against
microbial and helminth infections (Vogt and Mattner, 2021). The liver has become an
important tissue to study NKT-mediated defense against microbes as NKT cells
represent nearly 12-30% of all lymphocytes in the population, the majority of which are
NKT1 (Slauenwhite and Johnston, 2015). Hepatic NKT cells have been shown to patrol
the liver by crawling along the surface of the sinusoidal space (Crosby and Kronenberg,
2018; Geissman et al., 2005). Upon recognition of antigen presented on CD1d by either
Kupffer cells or liver sinusoidal endothelial cells (LSECs), as in the case of Borrelia
burgdorferi infection, patrolling NKTs arrest and produce IFNy in addition to other
cytokines (Lee et al., 2010). Furthermore, NKTs have also been implicated in the
attenuation of side effects resulting from Borrelia infection after bacterial clearance
(Tupin et al., 2008; Olson et al., 2009). In a murine model of hepatitis B virus (HBV)
infection, in vivo injection of a-galactosylceramide (aGalCer) was found to eliminate

HBV replication in the liver in an IFNy-dependent manner. In addition to directly clearing

12



HBV, liver NKT cells also stimulated NK cells to secrete antiviral cytokines (Kakimi et
al., 2000). NKTs in the liver have also been found to clear HCV infection via IFNy in
mice transplanted with human HCV-infected hepatocytes as well (Miyaki et al., 2017;

Deignan et al., 2002; Lucas et al., 2003).
NKT-Mediated Inflammation in Hepatic Injury

While NKT cells play essential roles in defense against microbes, they have also
been implicated in pathogenesis driven by overactive inflammatory responses. In a
model of concanavalin A (ConA)-induced hepatitis, CD7d~- mice lacking NKT cells were
found to be resistant to liver injury. Adoptive transfer experiments demonstrated that
FasL on NKT cells plays an important role in the onset of hepatitis (Takeda et al.,
2000). During liver regeneration, activation of NKTs via IL-12 or aGalCer was also
found to exacerbate liver damage and impair regeneration in an IFNy- and TNFa-
dependent manner (lto et al., 2003). Thus, activation and expansion of NKT cells in
acute models of hepatitis leads to direct killing of hepatocytes by IFNy and Fas-FasL
mediated apoptosis in addition to recruitment and activation of other immune cells

producing pro-inflammatory cytokines.

Non-alcoholic fatty liver disease (NAFLD) is characterized by an accumulation of
excess lipids in the liver. While mild, rarely manifesting symptoms, NAFLD left
untreated can progress into non-alcoholic steatohepatitis (NASH) and increase the risk
factor for onset of cirrhosis and hepatocellular carcinomas (HCC, Manne et al., 2018;

Chen and Tian, 2020). Pathogenesis of NASH is a result of interplay between various
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immune cell subsets, but NKT cells have recently been implicated in disease
progression. In a diet-induced NASH model, expansion of NKT cells led to increased
differentiation of hematopoietic stem cells (HSCs) into myofibroblasts via production of
osteopontin and hedgehog ligands, promoting fibrosis of the liver (Syn et al., 2010; Syn
et al., 2012). Furthermore, expansion of hepatic NKT cells in human patients was

positively correlated with the severity of NAFLD (Adler et al., 2011).

Tumor Immunosurveillance and Immunity

As described, NKT cells have the potential to cause fibrosis in the liver, which
can lead to cirrhosis and HCC. However, given the ability of NKT cells to modulate the
immune response based on the types of cytokines they produce, they have largely
been considered essential mediators of tumor surveillance and anti-tumor immunity
(Robertson et al., 2014; Krijgsman et al., 2018). Early studies showed that
administration of aGalCer was effective in tumor suppression and limited tumor
formation in B16 melanoma models (Kobayashi et al., 1995; Morita et al., 1995; Motoki
et al., 1995). Subsequent studies directly linked aGalCer-mediated activation of NKTs
to anti-tumor immunity (Nakui et al., 2000; Smyth et al., 2002). Smyth et al. found that
aGalCer-mediated antitumor activity was a result of IFNy production by NKTs and
subsequent production of IFNy by NK cells (Smyth et al., 2002). This indicates that NK
and NKT cells may share similar functions in tumor suppression. Treatment with 3-
mannosylceramide glycolipid, which skewed the NKT response toward a more Tn2
cytokine profile, was not as effective in tumor suppression (O’Konek et al., 2011) while

treatment with a-C-GalCer, a C-glycoside analog of aGalCer which elicits a stronger
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TH1 response, was found to be more effective in protecting against metastasis
compared to aGalCer (Schmieg et al., 2003), consistent with the requirement of IFNy in

tumor clearance.

Within the context of the tumor microenvironment, the function of NKTs has been
found to shift during cancer progression. In the early stages, NKT cells work as potent
anti-tumor agents, producing TH1-associated cytokines, activating NK cells in addition to
facilitating the maturation of APCs and generation of tumor-specific CD8* cytotoxic T
cells. NKTs are also able to recognize tumor-derived glycolipids on tumor-associated
macrophages (TAM) and facilitate their direct killing (Krijgsman et al., 2018). As tumor
progression occurs, chronic stimulation may lead NKT cells to become exhausted and
adopt a more immunosuppressive TH2/Treg-like phenotype. Production of IL-10 by
exhausted NKTs can promote Treg activity, which in turn inhibits CD8" cytotoxic T cells

or promote the differentiation of TAMs (Levings et al., 2001).

NKT cells have recently garnered attention in the area of chimeric antigen
receptor (CAR)-based immunotherapy. As with NKTs, other cells of the immune system
are prone to exhaustion, senescence, and immunosuppression facilitating tumor
evasion of the immune system. By introducing tumor-specific NKTs, it may be possible
to restore a Tu1 response in the tumor microenvironment and anti-tumor function. As
such, Heczey et al were able to generate CAR-NKT cells against GD2 ganglioside, a
glycolipid commonly found in neuroblastoma. Injected CAR-NKTs were able to home to
the tumor site, mediated Tw1-like polarization and improved the overall survival of the

injected mice (Heczey et al., 2014). Additional studies have seen greater anti-tumor
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activity with co-administration of IL-15 (Xu et al., 2019) or use of aGalCer in conjunction
with CAR-NKTs bearing a tumor-specific TCR (Delfanti et al., 2022) and there has been
preliminary success in early-stage clinical trials using CAR-NKT cells (Heczey et al
2020). Thus, determining a strategy to prevent NKT exhaustion or stimulate exhausted
NKTs to produce TH1- associated cytokines in the tumor microenvironment may prove

to be a useful immunotherapeutic approach.

Molecular Regulation of NKT Development and Selection

T Cell Signaling

Upon recognition of peptide presented on MHC on cTEC, DP thymocytes signal
through the TCR in conjunction with other co-stimulatory receptors to promote survival
and differentiation. TCR engagement leads to the recruitment of Fyn, Lck and ZAP-70
(Zhang et al., 1998). Recruitment of these Src family kinases promotes positive
signaling of four distinct pathways: the Ras-ERK1/2-AP-1, IP3-Ca?*-NFAT, PKCB-NF-kB
and the mTOR pathways (Hwang et al., 2020). Activation of these signaling pathways,
in turn, leads to transport of key transcription factors into the nucleus that facilitate the
expression of genes associated with conventional T cell differentiation and activation. In
contrast to conventional T cell differentiation, NKT signaling is reliant on cooperative

signals from the TCR and SLAM-family receptors (SFR).

Initially, it was proposed that NKT cells are not reliant on Ras, Mek-1 or Lck for
selection; that SFR engagement promotes activation of Fyn and subsequently RasGAP,
which acts as an inhibitor of the Ras-MAPK pathway (Alberola-lla et al., 1996; Borowski
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and Bendelac, 2005). However, it was later revealed that loss of Ras activity via a
germline dominant-negative mutation resulted in near complete loss of NKT cells in the
thymus, highlighting an essential role for Ras-MAPK and TCR signaling in NKT cell
development. Interestingly, overexpression of apoptosis regulator Bcl-2 in Egr27- mice
resulted in recovery of conventional T, but not NKT, cell numbers in the thymus
suggesting that conventional and NKT cell survival is regulated by distinct factors (Hu et
al., 2011). The IP3-Ca?*-NFAT pathway has also been shown to be essential for
development of NKT cells. Calcium signaling promotes dephoshorylation of nuclear
factor of activated T cells (NFAT) via calcineurin, facilitating its entry into the nucleus
and activation of downstream targets, including Egr2 (Fig. 1.3, Rengarajan et al., 2000).
As such, Cre-mediated deletion of calcineurin B1 in thymocytes resulted in near loss of
NKT cells (Lazarevic et al., 2009). Inhibition of NF-kB activity appears to be important
for selection into the NKT lineage, but the role of NF-kB following selection remains

unclear (Schmidt-Supprian et al., 2004, Hu et al., 2011b).
SLAM-family Receptors

There are nine known members of SFRs. Slamf1 (SLAM/CD150), Slamf2
(CRACC/CDA48), Slamf3 (Ly9/CD229), Slamf4 (CD244/2B4), Slamf5 (CD84) and Slamf6
(Ly108/NTB-A) are believed to signal in a SAP-dependent manner while Slamf7, Slamf8
and Slamf9 are SAP-independent (De Calisto et al., 2014; Gerth and Mattner, 2019).
Homotypic interactions mediated by SFRs (CD244 prefers to recognize CD48) promote
recruitment and binding of SAP and subsequently Fyn (Chan et al., 2003; Latour et al.,

2003). SAP appears to have a greater effect compared to SFRs on NKT cells, in
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addition to other populations, as germline deletion of Sh2d7a, encoding SAP, results in
loss of NKT cells, NK cells and T cells and X-linked lymphoproliferative disease (XLP),
which is characterized by increased susceptibility to Epstein-Barr virus (EBV), B cell
lymphomas and impaired humoral immunity (Nichols et al., 2005; Pasquier et al., 2005;
Gerth and Mattner, 2019). Single-receptor mutations in SFRs have yielded mild or no
effect on NKT cells suggesting that they may play partially redundant roles in signaling
(Wang et al., 2004; Howie et al., 2005; Graham et al., 2006; Griewank et al., 2007).
Indeed, deletion of multiple SFRs, most notably Slamf1 and Slamf6, had a greater
impact on NKT cell numbers (De Calisto et al., 2014; Huang et al., 2016; Hu et al.,
2016; Chen et al., 2017; Lu et al., 2019). Interestingly, Lu et al. also showed that SFRs
are important for attenuating the strength of NKT TCR signaling and promote survival
via suppression of inhibitory immune checkpoint receptors such as PD-1 (Lu et al.,
2019). Taken together, TCR signaling and SFR signaling both play important roles in
NKT cell selection and development. Understanding how these pathways work in
concert to establish the NKT lineage will be essential to leveraging NKT cells in

therapeutic approaches.

E-proteins and Id-Proteins in Selection

A major distinction between innate-like lymphocytes (ILLs) and their adaptive
counterparts is the constitutive versus inducible expression of the E protein transcription
factor inhibitors ID2 and ID3 (Kee, 2009). During conventional TCR selection, ID

proteins are induced and promote differentiation while enforcing the cessation

18



\

CD1d

Homotypic
SLAMF
interactions
iNKTCR

SHIP
LAT ‘3 RasGAP

oo
l
RasGRP
—| <_ ZKCG P, —>» Ca® influx
*
Qw8
Con) o v
PR
Fos ¢
PLZF

Figure 1.3: Molecular signaling in iNKT development. iINKT development is driven
by the interplay between traditional TCR signaling pathways; comprised of the Ras-
MAPK pathway, the PKCO pathway and the IP3-Ca2+ pathway, in addition to signaling
driven by SLAM family receptors. Signaling through these pathways controls TCR
signaling while inducing expression of Egr2 and PLZF, the signature transcription factor
of the innate-like lineage of lymphocytes.
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of rearrangement at Tcra through repression of E proteins (Jones and Zhuang, 2007).
When /d2 and /d3 are deleted in DP thymocytes, conventional TCR-mediated selection
cannot occur and thymocytes continue to rearrange Tcra until they create a TCR that
can undergo unconventional selection, for example the iNKT cell receptor or the MAIT
cell receptor (Verykokakis et al., 2013). iINKT cell selection does not require ID2 or ID3;
rather, E proteins participate in the induction of Zbtb16 (D’Cruz et al., 2014). However,
ID2 and ID3 are required for proper iINKT cell differentiation. Failure to express both ID2
and ID3 results in an accumulation of Va14Ja18 TCR* cells with low PLZF and a
phenotype consistent with STO or ST1 cells, although they produce IL-4 (D’'Cruz et al.,

2014; Verykokakis el al., 2013; Verykokakis et al., 2010; Li et al., 2013).

Id2 is highly expressed in T-bet* INKT1 cells whereas /d3 is expressed at much
lower levels in these cells (D’Cruz et al., 2014). Despite this, deletion of /d2 did not
affect development of thymic iINKT1 cells (Monticelli et al., 2009). In contrast, deletion of
1d3 had a major impact on thymic iNKT1 cell numbers (Verykokakis et al., 2010).
Although not formally demonstrated, this observation of high /d2 without a requirement
for Id2 could be explained by induction of /d3 by E proteins and functional redundancy
between ID2 and ID3. Alternatively, ID3 may be critical for the emergence of INKT1
cells in ST1. Indeed, ID3 is highly expressed in ST1 cells and required for the
emergence of T-bet-expressing cells in this population (D’Cruz et al., 2014; Verykokakis
et al., 2013). /d2 promotes cytotoxic effector differentiation in NK and CD8* T cells by
binding to an intronic enhancer of Tcf7, encoding TCF1, and restricting E protein activity

(Zook et al., 2018; Cannarile et al., 2006; Masson et al., 2013; Delconte et al., 2016; Li
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et al., 2021). Whether ID2 and ID3 limit Tcf7 transcription early in iINKT cell
development remains to be determined, but they do play a similar role in yo T cells
(Fahl et al., 2021). Of note, TCF1 and LEF1 are both required for early iNKT cell
expansion and iINKT2 differentiation, and thus overexpression of TCF1 or LEF1, which
is also regulated by E proteins, might derail the iINKT1 cell program (Carr et al., 2015;
Berga-Bolafios et al., 2015). In mice lacking ID3, iINKT2 cells are expanded in number
and produce sufficient IL-4 to induce innate-like CD8 T cells, a phenotype that could be
consistent with increased TCF1 or LEF1 (Verykokakis et al., 2010; Li et al., 2013). Thus,
the differential regulation of the ID protein-E protein axis is a key feature of all ILLs and

is associated with their acquisition of a primed effector state.

Transcriptional Regulation of NKT Cell Development

Regulators of PLZF

Given the central role of PLZF in iNKT cells and MAIT cells, much focus has
been placed on how PLZF is regulated, but little is known about the genomic context
that drives PLZF expression. In an elegant study by Mao et al. (Mao et al., 2017), a
combination of ATAC-seq and CRISPR/Cas9-mediated deletion was used to interrogate
genomic requirements at the Zbtb16 gene, encoding PLZF, in ILCPs and iNKT cells.
This analysis revealed a region downstream of the transcriptional start site that was
important for PLZF expression and identified RUNX1 binding sites within the enhancer.

Conditional deletion of Runx1 in DP thymocytes resulted a loss of PLZF expression in
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STO and ST1 iNKT cells and arrested iINKT development; a phenotype partially rescued

via transgenic expression of PLZF confirming that Zbtb16 is a RUNX1 target.

The BTB-POZ transcription factor BCL6 plays a role in setting up the genomic
context for INKT cell development and for the initial expression of PLZF (Gioulbasani et
al., 2020). DP thymocytes express BCL6, but it is rapidly extinguished as a
consequence of conventional positive selection. In contrast, in INKT cells undergoing
positive selection, BCL6 increases and is not extinguished until PLZF is expressed.
Despite its restricted expression, deletion of Bcl6 in CD4* CD8* thymocytes dramatically
affects INKT cell numbers. Mechanistically, in the absence of BCL6 the boundary
between STO and ST1 iNKT cells is blurred and ST1 cells continue to express genes
that should only be expressed in STO and fail to express some genes associated with
ST1. Analysis of chromatin accessibility in STO and ST1 iNKT cells was consistent with
the mixed STO/ST1 phenotype. Notably, regions of accessibility near some genes that
are expressed in ST1 or later in iINKT cell development failed to become accessible in
the absence of BCLG, including Zbtb16. Indeed, PLZF target genes are a subset of the
genes that fail to be repressed in BCL6-deficient ST1 cells. Interestingly, PLZF
expression was reduced and delayed in CD4¢ Bcl6F iNKT cells, but some mature
iNKT cells emerge that express PLZF (Mao et al., 2017). Thus, BCL6 is required to
initiate accessibility at key iNKT cell genes, including Zbtb16, and for the repression of

PLZF target genes in ST1 iNKT cells.

In DP thymocytes, Zbtb16 has both H3K27me3 and H3K4me3 at its promoter,

indicating that it is in a repressed, but poised, chromatin state (Dobenecker et al., 2015).
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Deletion of EZH2, the histone methyltransferase component of the polycomb repressive
complex 2 (PRC2), in DP thymocytes leads to reduced H3K27me3 in iNKT cells and a
significant increase in PLZF* thymocytes (Dobenecker et al., 2015; Savage et al., 2011;
Kovalovsky et al., 2010). A similar phenotype is observed in mice lacking JARID2, a
component of PRC2 and other histone methyltransferase complexes (Pereira et al.,
2014). Many of the PLZF* cells arising in the absence of EZH2 fail to be detected by
CD1d tetramers, indicating that they have an altered TCR repertoire and suggesting
that PLZF induction occurs in cells undergoing conventional positive selection. Notably,
deletion of the histone lysine demethylases UTX and JMJD3 in DP thymocytes had a
negative impact on iNKT cell development and PLZF expression, suggesting that
demethylation of H3K27me3 is required (Beyaz et al., 2017, Northrup et al., 2017).
However, deletion of EED or SUZ12, two essential components of the PRC2 complex,
resulted in a loss of INKT cells and a more severe loss of H3K27me3 in iNKT cells than
observed with EZH2 deletion (Vasanthakumar et al., 2017). Thus, EZH2 may have a
function distinct from PRC2 in iINKT cells. EZHZ2 is capable of methylating non-histone
proteins and PLZF contains a functional degron that can be methylated by EZH2
(Vasanthakumar et al., 2017; Su et al., 2005). A role for EZH2 in PLZF degradation is
consistent with the increased DNA binding by PLZF observed after deletion of EZH2
(Koubi et al., 2018). Although degradation of PLZF may be an important role of EZH2 in
iINKT cells, it would not explain the use of alternative TCRs in PLZF* T cells after EZH2
deletion unless there are cells that initiate and then extinguish PLZF via this
mechanism. Taken together, the early and/or heightened expression of PLZF must be

regulated to ensure appropriate iNKT cell numbers.
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Downstream Targets of PLZF

PLZF is sufficient to induce the innate properties of INKT cells, as revealed in
mice with ectopic expression of PLZF starting in CD4* CD8* T cells (Savage et al.,
2011; Kovalovsky et al., 2010). In these mice, PLZF promotes a memory-like phenotype
on conventional CD4 T cells and the ability to coproduce IFNy and IL-4 rapidly after
activation. PLZF concentration could affect target site choice or its ability to interact with
cooperating factors. PLZF binding sites have been examined in PLZF transgenic mice
and revealed that PLZF binds DNA enriched for ETS, E protein, and RUNX family
binding motifs, implicating these transcription factors not only in induction of PLZF but
also in the recruitment of PLZF to DNA (Mao et al., 2016). RNA-seq analysis of wild-
type and PLZF-deficient iINKT cells, as well as wild-type and PLZF transgenic CD4 T
cells, revealed a small number of PLZF-dependent genes with approximately half being
direct targets based on chromatin immunoprecipitation sequencing (Mao et al., 2016,
Gleimer et al., 2012). These targets include genes that are downregulated early in INKT
cell development and encode proteins associated with migration such as Sell and Kif2,
as well as Bach2, which codes for a repressor of Th effector fates. Multiple chemokine
and cytokine receptors involved in iNKT cell activation are targets of PLZF, including
I112rb, 1118r1, ll4ra, 1121r, and Ifngr1, as are transcription factors involved in iNKT cell
effector fate with the exception of Thx271. PLZF also directly regulates c-Maf, which
encodes a transcription factor that is essential for IL-17 production in INKT17 cells and

directly regulates expression of //4 (Gleimer et al., 2012, Yu et al., 2017). Therefore,
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although PLZF has a limited number of targets in iNKT cells, these targets function in

the most fundamental aspects of the primed state and effector fate of iINKT cells.

PLZF activity is also regulated by acetylation (Sadler et al., 2015; Guidez et al.,
2005). Both p300 and HAT1 acetylate lysine residues in the C-terminal zinc finger
domain of PLZF to promote DNA binding and gene repression. In myeloid cells, PLZF is
acetylated in response to Toll-like receptor or Tumor-necrosis factor receptor signaling,
resulting in recruitment of HDAC3 and NF-kB p50 to DNA-bound PLZF to repress the
NF-kB response (Sadler et al., 2015). Mutations that inhibit acetylation of these lysines
abrogate DNA binding by PLZF. The role of PLZF acetylation has recently been
investigated in iNKT cells using a mutant form of PLZF that mimics constitutive
acetylation (called PLZFON) (Klibi et al., 2021). In these mice, iINKT1 and iNKT17 cell
numbers are decreased and a novel TBET- RORyt immature cell emerges. These
immature cells show reduced proliferation, increased apoptosis, and a heightened
capacity to produce IL-4 and IL-13. At the transcriptome level, these immature cells
show reduced expression of transcription factors and cytokine receptors associated with
iINKT1 and iNKT17 cells and increased expression of known PLZF target genes,
including Sell, Bach2, and Bcl6. This gene signature suggests that acetylation of PLZF
in iINKT cells interferes with its repressive ability. However, PLZFON iNKT cells showed
greatly increased overall CpG methylation compared with controls, which was
postulated to be a mechanism to prevent premature differentiation (Klibi et al., 2021).
Acetylation is an important mechanism controlling transcription factor function and gene

regulation in INKT cell development beyond PLZF. The histone lysine acetyltransferase
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GCNS5 positively controls the function of EGR2 to promote expression of Zbtb16, Runx1,
and Tbx21 while limiting INKT17 cell differentiation (Wang et al., 2017). Further studies
are needed to clarify the role of acetylation on PLZF or other transcription factors in

iNKT cells and other ILLs.
Migration, Residency and Function
Mechanisms of Thymic Emigration

Once positive selection has occurred, T cells begin to express the surface
receptors CCR7 and CD69. CDG69 acts to enforce retention in lymphoid tissues while
CCRY facilitates the migration of newly selected cells from the cortex to the medulla
(Kwan and Kileen, 2004; Ueno et al., 2004). This migration is essential to T cell
development as it acts as a secondary checkpoint in central tolerance in the thymus.
Mice lacking CCR7 were found to have reduced accumulation of T cells in the medulla
and increased autoimmunity due to altered negative selection (Kurobe et al., 2006; Nitta
et al., 2009). Following additional tolerization via interactions with mTECs and DCs
presenting self-peptide, functionally mature T cells (HSA'° CD69- Qa2* S1PR1* CD62L*)
can migrate out of the thymus and seed peripheral tissues (McCaughtry et al., 2007;
Weinreich and Hogquist, 2008; James et al., 2018). However, CCR7-deficient

thymocytes are capable of migrating directly from the cortex (Kurobe et al., 2006).

Central to the process of thymocyte emigration are CD69 and sphingosine-1-
phosphate receptors (S1PR). The role of S1PRs in lymphocyte egress was first
identified using the immunosuppressant FTY720. Use of FTY720 in animal models was
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found to prevent graft rejection and deplete lymphocytes in the blood, due to retention of
T cells in the lymph nodes (Chiba et al., 1998). Similar blocks to egress were later
identified in the thymus (Yagi et al., 2000; Rosen et al., 2003; Alfonso et al., 2006).
FTY720 was found to be an agonist for several S1PRs. This, paired with the knowledge
that mature T cells in S1PR1-deficient mice failed to downregulate CD69, revealed that
CD69 and S1PR1 act as mutual antagonists to modulate migratory signals (Matloubian
et al., 2004). As T cells mature, they upregulate S1PR1, which leads to decreased
CD69 and the initiation of migratory signaling by S1P ligand. When S1PR signaling is at
its peak and thymocytes have entered the bloodstream, a negative feedback loop is
induced that promotes the internalization of S1PR as cells home to peripheral tissues
(Fig.1.4, Kumar et al., 2017). Similar retention of lymphocytes across multiple tissues
may suggest that this mechanism of egress is similar across peripheral tissues. The
transcription factors Forkhead box protein O1 (Foxo1) and Kripple-like factor 2 (KIf2)
have also been found to be upregulated during thymocyte maturation and identified as
direct activators of Sell, encoding the secondary lymphoid organ homing receptor
CD62L/L-selectin, and S1pr1, highlighting a central role for these transcription factors
as regulators of lymphocyte migration (Carlson et al., 2006; Bai et al., 2007; Fabre et al

2008).

While it is evident that thymic NKT cells also utilize S1PR1 for thymic egress
(Allende et al., 2008), the presence of CD1d Tet* NK1.1- cells, that encompass NKT2s
and NKT17s in addition to developing NKT1s, in peripheral tissues (Pellicci et al., 2002;

Benlagha et al., 2002) suggest that NKT cells are able to emigrate from the thymus
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Figure 1.4: Thymic egress of T cells. Migration in the thymus is tightly controlled by
the concentration of S1p ligand in the medulla. Expression of CD69 remains high to
enforce thymic residency until T cells have completed initial maturation while S1p
(produced by perivascular and endothelial cells) is either removed or irreversibly
degraded by dendritic cells and medullary thymic epithelial cells. As thymocytes mature,
they upregulate Kif2, which promotes the expression of S1pr1, and begin to migrate
toward higher concentrations of S1p ligand. This induces S1pr1 signaling via a positive
feedback loop and antagonizes CD69, leading to its repression. Once a thymocyte has
entered the blood, high concentration of S1p ligand promotes internalization and
degradation of S1pr1, completing egress and allowing for circulation through the blood.
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before maturation into their full effector states, similarly to how mature T cells can
migrate before expansion and differentiation. In fact, a study by Wang and Hogquist
identified a subset of NKT cell precursors based on a Rag2°F" reporter and expression
of CCR7 (Wang and Hogquist, 2018). These NKTps expressed high levels of PLZF,
CD24 and CD69 in addition to LEF1, which is important for NKT cell development (Carr
et al., 2015) and were able to differentiate into NKT1, NKT2 and NKT17 populations.
Using an intra-thymic labeling scheme, it was demonstrated that CCR7 defined a
significant portion of recent thymic emigrants (RTE) in the spleen. The authors also
observed that a small population of RTE T-bet* NKT1 cells existed in the spleen.
However, these RTE NKT1 cells were PLZF" Qa2-, implying that they were recently
differentiated and likely derived from RTE NKTps. Taken together, CCR7* NKTps
represent the primary NKT population emigrating from the thymus, a process dependent

on Klf2 (Wang and Hogquist, 2018).

Homing Signals from Chemokine and Chemokine Receptors.

Following selection, NKTps will either remain in the thymus and mature or
migrate out of the thymus and seed peripheral tissues where they will finish their
maturation. It is unclear what determines this decision, but induction of T-bet in NKT
cells promotes the expression of CCR5 and CXCR3 which could lead to the thymic
retention (Matsuda et al., 2006). Alteration of CXCR3 via germline deletion or
intravenous injection of a CXCR3 antagonist resulted in a decrease in the number of
NKTs in the thymus and a corresponding accumulation of RTE NKT cells in the blood,

with no observable effect on hepatic NKT cells, highlighting a role for CXCR3 in
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the retention of NKTs in the thymus (Drennan et al., 2009).

Emigrating NKTps home to tissues through a combination of chemokine and
adhesion receptors expressed on their cell surface and are directed toward cognate
ligands expressed by cells of the target tissues (Fig. 1.5). It is unknown what chemokine
signals direct NKTs to the spleen, but CXCRS5" splenic NKT cells have been identified
(Johnston et al., 2003). Unlike the localization of hepatic NKTs in the vasculature,
splenic NKTs are distributed more broadly, including the red and white pulp,
periarteriolar lymphoid sheath and the marginal zone (Slauenwhite and Johnston,
2015). However, stimulation of splenic NKT cells results in their localization to marginal
zone macrophages and DCs (Barral et al., 2012; King et al., 2013). As such, it may be
possible that CXCR5" NKTs are mobilized to the marginal zone by chemokine ligand
CXCL13, which mediates homing to B cell zones (Slauenwhite and Johnston, 2015).
Current evidence suggests that NKT17s, which are common to the lymph nodes and
skin, utilize CCR7-CCL21 for chemotaxis (Johnston et al., 2003). In the skin, NKT17s
are recruited in a CCR6-dependent manner and retained in the epithelium by CD103
and E-cadherin (Doisne et al., 2009). NKT cells expressing the chemokine receptor
CXCRG6 tend to home to the liver where NK cells expressing leukocyte function-
associated antigen-1 (LFA-1) are believed to facilitate entry of NKT cells into the liver
(Doherty, 2016, Emoto et al., 2000). At this point, they will reside in the liver sinusoids
via sustained interactions with LFA-1 and intracellular adhesion molecule 1 (ICAM-1)

(Thomas et al., 2011). CXCR6 may also play a role in liver retention as CXCR6”
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Figure 1.5: Migration of NKT precursors to the periphery. NKTps that continue to
mature in the thymus will upregulate CXCR3 and CD69. Once NKTps have migrated
out of the thymus, they will seed peripheral tissues based on expression of the
chemokine and adhesion receptors shown above. It has been suggested that NKTps
are imprinted with these expression profiles prior to egress rather than emigrating to
tissues at random. Once they have seeded a secondary organ, NKTps will develop into
mature effector states based on the microenvironment of the target tissue.
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hepatic NKTs were found to redistribute to the bone marrow (Germanov et al., 2008). In
addition to its roles in migration, CXCRG6 plays an important role in the development and
survival of NKT1s. CXCRG6-deficiency had no noticeable effect on thymic NKT cells or
NK1.1- RTEs, but NK1.1* NKTs failed to accumulate in the liver. CXCR6 splenic and
hepatic NKTs also had reduced cytokine production following stimulation with aGalCer

(Germanov et al., 2008).

A Universal Program for Tissue Residency

Once NKTps have migrated to their target tissues (or have chosen to remain in
the thymus), they will finish maturation into their effector states and typically remain
tissue resident. Composition of INKT effector subsets is largely dependent on the
microenvironment of the target tissue; for example, NKTs in the liver are almost entirely
NKT1 whereas thymic NKTs give rise to NKT1s, NKT2s and NKT17s and lymph nodes
are primarily NKT17 (Crosby and Kronenberg, 2018). This composition can also vary
across different strains of mice as well as between humans. A study from the Godfrey
lab (Berzins et al., 2006) first observed the tissue resident nature of mature NKTs in the
thymus using thymus transplantation with congenically marked host and donor mice.
They showed that donor-derived mature NK1.1* NKTs were able to be retained in
thymus over a period of weeks while donor-derived NK1.1- NKTs were more likely to
emigrate and seed peripheral tissues. Subsequent studies by Thomas et al (Thomas et
al., 2011) assessed the tissue residency of NKT cells across various lymphoid tissues
using a parabiosis model. When compared to B cells, T cells and NK cells, which tend

to circulate and have roughly 50/50 chimerism across tissues, NKT cells showed very
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little chimerism across all tissues observed, excluding blood, demonstrating that tissue

residency is a general characteristic of mature NKT cells.

However, tissue residency is not a characteristic unique to NKT cells. Numerous
studies have explored CD8" CD69* CD103* tissue-resident memory T cells (referred to
as CD8 Trw), including their circulation to sites of infection and differentiation into CD8
Trm cells in peripheral tissues and extra-lymphoid tissues (Mackay et al., 2013,
reviewed in Gebhardt et al., 2018). Tissue residency has also been observed in ILC1s
and a subset of liver cells with an NK cell signature also expressed CD49a and CD69,
both of which have been associated with residency (Sojka et al., 2014). Given the
functional similarities between these lymphoid populations, it was suggested that they
may also share a common transcriptional program for tissue residency. Indeed, Mackay
et al identified a tissue residency gene profile in CD8 Trm cells (Mackay et al., 2013)
and found that the transcription factors Hobit and/or Blimp1 were essential for proper
development of CD8 Trw cells in the skin and act in a synergistic manner (Mackay et al.,
2016). Deletion of Hobit had no impact on conventional NK cells (cNK) in the spleen or
liver, but tissue-resident NK cells (trNK) were markedly reduced in number compared to
wild-type. Interestingly, deletion of Hobit or Blimp1 did not affect splenic NKT cells, but
liver NKTs were significantly reduced in the double knockout. This may suggest that
splenic NKT cells utilize alternative genes to establish residency in the spleen. RNA
sequencing of CD8 Trmcells, CD8 T effector memory (CD8 Tewm) cells and circulating
memory T (Tcm) cells post-infection in addition to liver trNK and NKT cells revealed a

common gene program associated with circulating vs tissue-resident lymphoid cells
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driven by Hobit and Blimp1 (Mackay et al., 2016). In addition to their roles in tissue
residency, Blimp-1 and Hobit are important for the terminal differentiation and effector
function of lymphoid cells (Bikoff et al., 2009; Nutt et al., 2007) and NKT cells,

respectively (van Gisbergen et al., 2012).

These studies point to similar developmental and functional mechanisms
between lymphoid cells, particularly NKT cells and CD8 Trwm cells, that may be able to
inform one another. For example, after migration to the skin, gut and lungs CD8* T cells
downregulate expression of integrin a4B7 and induce expression of CD103 (integrin
aE), which promotes formation of integrin aER7 (Masopust et al., 2010). Interactions
between aER7 and E-cadherin on epithelial cells have been shown to contribute to CD8
Trm cell retention as defects in TGF-f signaling, which promotes expression of CD103,
result in a failure of CD8 Trwm cells to be retained in tissues (Casey et al., 2012; Zhang
and Bevan, 2013; Mackay et al., 2013). At the transcriptional level, Nath and colleagues
(Nath et al., 2019) identified a common residency signature among CD8 Trw cells in
different tissues and compared this signature to differentially expressed genes (DEGs)
between TGF-B-stimulated and unstimulated CD8 T cells. The authors found a
significant overlap between the DEGs and the Tru-associated residency signature,
demonstrating that TGF-B signaling plays an important role in the development and
maintenance of CD8 Trwm cells (Nath et al., 2019). Given that thymic iNKT cells also
express CD103 and share a residency signature with CD8 Trw cells, it is possible that

TGF-B signaling is important for the maintenance of iINKT cells in the thymus.
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Additionally, it has recently been shown that CD69, which is strongly associated
with tissue residency, is not consistently required for CD8 Trm cell residency across
different tissues. In fact, CD69 was only required for the generation of CD8 Trwm cells in
the kidney and had no effect on Trwm cells in other tissues (Walsh et al., 2019). In the
context of mature NKT cells, which also express CDG69, it is possible that their residency
is variably dependent on CD69 as well. While S1PR1 has an established role in
facilitating thymic emigration, a new role has been demonstrated for S1PRS5 in directing
trafficking of CD8 Trwm cells out of peripheral tissues (Evrard et al., 2021). Repression of
S1PRS was essential to Trv development as germline deletion of S1prb promoted Tru
formation and was also found to influence localization of NK cells and ILC1s (Evrard et
al., 2021). As such, repression of S1PR5 may play a role in facilitating residency of NKT

cells.

Ets1 in Immunity

Ets1 is the founding member of the Ets (E26 transformation-specific) family of
transcription factors. The Ets family is comprised of 27 genes in mice (28 in humans)
and share the characteristic winged-helix-turn-helix DNA binding domain that binds the
GGAA/T consensus motif (Fig. 1.6A, Hollenhorst et al., 2011). However, while all Ets
family members are capable of binding this motif (Fig. 1.6C), suggestive of redundant
function between factors, sequence variation and restriction in timing of gene
expression demonstrates that Ets transcription factors have distinct roles (Garrett-

Sinha, 2013). Ets1 bears an acidic transactivation domain and a Pointed domain
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Figure 1.6: Regulation and function of Ets1. Ets1 is the founding member of the Ets
family of transcription factors. (A) All Ets family members bind to DNA at the GGA(A/T)
motif. (B) Ets1 is comprised of four primary domains: the Ets domain used for DNA
binding, the Acidic transactivation domain, the Pointed domain which facilitates protein-
protein interactions and two autoinhibitory domains. Ets1 can be activated via Ras-
MAPK mediated phosphorylation of a threonine residue near the Pointed domain (red)
or inhibited by calcium-mediated phosphorylation of serine residues at the autoinhibitory
domain (blue). Inhibitory phosphorylation induces conformational changes in Ets1 that
prevents it from binding to DNA. (C) Ets1 can regulate transcriptional activity by binding
to DNA on its own (top) or via cooperative binding with other transcription factors such
as RUNX1. As Ets family members can bind the same DNA motif, their expression is
strictly regulated by cell type and developmental stages.
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which allows for protein-protein interactions. The Pointed domain allows docking of
ERK2 (induced through the Ras pathway described earlier), which phosphorylates a
highly conserved serine residue (T38) and enhances Ets1-mediatedtranscriptional
activation of Ets1 (Yang et al., 1996; Wasylyk et al., 1997). Phosphorylation of amino
acid residues at the auto-inhibitory domain, mediated by calcium-dependent kinases,

induce conformational changes in Ets1 that prevent its binding to DNA (Fig. 1.6B).

Ets1 is expressed in many tissues during embryonic development in mice (Kola et al.,
1993; Maroulakou et al., 1994). In adult mice, its expression is limited to lymphoid
tissues, where Ets1 continues to be expressed at high levels. In particular, Ets1 is highly
expressed in NK cells, B cells, T cells and NKT cells (Chen, 1985; Faust et al., 1993;
Barton et al., 1998; Anderson et al., 1999), suggesting that Ets1 may play an important

role in the development or differentiation of various immune cell subsets.

Ets1in T Cells, B Cells and NK Cells

Mice lacking Ets1 have many defects in the T cell compartment including altered
development in the thymus, skewing towards a more effector-memory-like phenotype
and a reduced capacity to produce Tn1- and TH2-associated cytokines (Garrett-Sinha,
2013). Differentiation and function of regulatory T cells is also impaired in these mice
(Mouly et al., 2010). Interestingly, despite defects in development Tu1 and TH2 cells,
Ets1/- mice were observed to have an increased number of TH17 cells, suggesting that
Ets1 represses TH17 development (Moisan et al., 2007). As Ets1 has been shown to

cooperatively bind with T-bet to induce expression of IFNy (Grenningloh et al., 2005), it
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could be possible that developing TH1 cells aren’t receiving strong enough signals. Ets1
may also be required for the repression of Th2-associated genes via recruitment of
HDAC (Lee et al., 2012). Defects have also been observed in CD8 T cells as Ets71
CD8 T cells have reduced expression of CD8 (Muthusamy et al., 1995). The presence
of mature DPs in the periphery may suggest that reduced CD8 expression is a result of
failure to properly induce Runx3 to silence CD4 expression, which is important for CD8

SP development (Clements et al., 2006, Zamisch et al., 2009).

Given the importance of T cells to B cell development, it is not immediately clear
whether defects in B cell development/function are due to intrinsic or extrinsic factors. In
early B cell development, Ets1-deficient B cells in the bone marrow had a reduced
capacity to transition from the pro-B to pre-B cell stage (Eyquem et al., 2004). A study
by Wang et al (Wang et al., 2005) showed that Ets7~ cultured splenic cells are hyper-
responsive to TLR9 signaling and preferentially differentiate into IgM plasma cells in a
B-cell-intrinsic manner. This enhanced plasma cell differentiation was also observed in
vivo in other studies (Barton et al., 1998; Bories et al., 1995). Ets1 may also act as a
regulator of T-bet expression in B cells as loss of Ets1 in B cells led to a defect in IgG2a
isotype switching due to a failed induction of T-bet expression in response to IFNy
(Nguyen et al., 2012). Recently, conditional deletion of Ets7 in B cells was generated to
parse some of these B cell phenotypes (Sunshine et al., 2019). The authors found that
Ets1 cKO B cells were more activated and that there was an increased number of

antibody-secreting cells present. Ultimately, Ets1 was found to be intrinsically required
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in B cells and that combined defects across multiple immune subsets results in a

greater autoimmune phenotype (Sunshine et al., 2019).

Ets1 has also been implicated in NK cell development. Ets1/- mice have reduced
numbers of both NK and NK progenitor cells (Barton et al., 1998; Ramirez et al., 2012).
In early NK cell development, Ets1 was shown to be important for the induction of T-bet,
ID2 and NK cell receptors NKp46, Ly49H and Ly49D. Reduced expression of these
receptors led to a failure to degranulate upon stimulation, a result which likely explains
the impaired cytolytic capacity of Ets1- NK cells observed by the Leiden lab (Barton et
al., 1998; Ramirez et al 2012). Furthermore, our lab showed that despite the impaired
activation phenotype, the remaining NK cells present in Ets1-deficient mice were hyper-
responsive to IL-15 and displayed a phenotype characteristic of chronically activated

cells (Ramirez et al., 2012).

Ets1 in NKT Cell Development

An early study by Walunas et al (Walunas et al., 2000) demonstrated that Ets1 is
required for the development of CD4* NK1.1* NKT cells in the thymus, spleen and liver.
Ets1- liver lymphocytes also had reduced Va14 cDNA compared to wild-type mice, as
measured by semi-quantitative PCR. Furthermore, this loss of NKT cells was not due to
reduced expression of CD1d on DP thymocytes (Walunas et al., 2000). Similarly to NK
cells, yet unlike T cells, NKT cells are unable to develop in the absence of Ets1. Given
the plethora of defects observed in T cell development of germline-deficient mice, it

could be possible that dysfunction prior to the DP stage could be affecting the
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development and/or selection of NKT cells. The selection of Ets77- conventional T cells
paired with normal levels of Va8 cDNA might suggest that DP thymocytes lack the
proper survival signals required to rearrange a more distal TCR a-chain. Indeed,
introduction of a Va14Ja18 transgenic TCR in Ets717- mice restored NKT numbers,
although many of these NKTs were blocked at STO, implicating a role for Ets1 after
positive selection (Tai et al., 2020). Conditional deletion of the Pointed domain of Ets1 in
T cells revealed that protein-protein interactions mediated by this domain are important
for proper cytokine production of NKT cells in the and may act to repress a more Th17-
like effector fate (Tai et al., 2020). Subsequent studies from this group showed that
Ets1-deficient NKTs have impaired TCR signaling and differentiation capacity using
gene-set enrichment analysis. Notably, Ets7- NKTs had reduced expression of PLZF
and introduction of a GFP-PLZF retrovirus partially restored the differentiation of Va14
TG/KO NKTs into CD44- and NK1.1-expressing subsets (Chuang et al., 2021). While
Ets1 is critical for NKT development, these experiments demonstrate that Ets1
continues to play a role in their differentiation and homeostasis following positive

selection.

Here, | continue to explore the functions of Ets1 using a conditional deletion
model in INKT1 cells. | demonstrate distinct roles for Ets1 in INKT1 development
independent of selection-associated defects in the thymus and liver. Overall, Ets1
regulates the adhesion gene profile of INKT1 cells and acts to suppress the expression
of lymphocyte migration genes by modulating the activity of the transcription factor T-

bet. Similar to observations in CD8 Trwm cells, | show that TGF signaling is important for
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the expression of CD103 and maturation of thymic iNKT1 cells, which may contribute to
the phenotype of Ets7-deficient mice. The work presented in this dissertation
contributes to our knowledge of tissue-resident lymphocytes, further corroborating
downregulation of common lymphocyte migration genes while also highlighting unique

functions of residency-associated genes across different tissue-resident immune cells.
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Chapter Two

Materials and Methods

Mice

Ets17f mice were generated as previously described (Zook et al., 2016). The mice were
crossed to Thet-Cre (B6;CBA-Tg(Tbx21-cre)1Dlc/J, JAX#024507) and Rosa26-eYFP
mice generated by Madisen et al. (Haddad et al., 2013; Madisen et al., 2010; Srinivas et
al., 2001). B6;129-Tgfbr2imiKarlJ (Tgfbr2fF) mice were purchased from Jackson Labs
(Leveen et al., 2002). For rescue experiments, a single Tbx21" allele (B6.129-
Tbx21tm2Smr/J - JAX#022741) was crossed into ROSA26-YFP+/- Ets1" Tbx21Cre+ mice.
These and other control mice were housed at the University of Chicago under the
guidelines of the University of Chicago Institutional Animal Care and Use Committee. All

mice used were on the C57BL/6 background.

Antibodies and Flow Cytometry

Mice were sacrificed using CO2 and thymus, spleen and liver were dissociated into
single-cell suspensions using frosted glass microscope slides and passed through a
mesh filter to remove debris. Liver lymphocytes were enriched using a Lympholyte-M
(Cedar Labs, CL#5035) density gradient. Thymic NKT cells were isolated using
magnetic enrichment, staining for PE- or APC-conjugated CD1d tetramer followed by
incubation with anti-PE or anti-APC MicroBeads (Miltenyi Biotech). Labeled cells were
enriched using the AutoMACS Pro Separator. Suspensions were incubated with

fluorochrome-conjugated (PE, APC, PECy7, APCCy7, BV421, BV605, BV650, BV711)
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antibodies against CD4, CD8a, TCR[3, CD45.1, CD45.2, CD24, CD44, NK1.1, CD69,
LFA-1a, ICAM-1, CD49a, CD103, T-bet, IL-4, Gmzb, and IFNy. Antibodies were
purchased from Biolegend, eBioscience or Invitrogen. CD1d tetramer (PE/APC),
unloaded or with PBS-57, was obtained from the NIH Tetramer Core Facility. For
intracellular antibodes, cells were fixed following surface staining using either the BD
Cytofix/Cytoperm Fixation Kit (Thermo Fisher, Cat#: BDB555028) for cytokines or the
FoxP3 Permeablization Kit for transcription factors. Data was analyzed using FlowJo

(TreeStar).
Mixed Bone Marrow Chimeras

CD45.2* Ets1** or Ets142 bone marrow (BM) was mixed with CD45.1* WT bone
marrow at a 1:1 ratio. 2 x 108 cells from the Ets1** or Ets144 mixed BM was injected
retro-orbitally into lethally irradiated CD45.1* host mice. At 8 weeks post-reconstitution,
mice were analyzed for the reconstitution efficiency of total and YFP-expressing Ets 144

NKT cells.
Cytokine Production Assays

For the in vitro cytokine assay, 2 x 108 cells from thymus and liver were transferred to
12-well cell culture plates and incubated with PMA (20ng/mL), ionomycin (1ug/mL) and
GolgiPlug (1:1000) for 5 hours. Following incubation, cells were washed with FACS
Buffer and stained as described for IL-4 and IFNy. For in vivo assays, mice were

injected with either 2.5ug aGalCer intravenously (KRN7000, Avanti Polar Lipids) or
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MCMV Smith strain intraperitoneally at 5 x 10* PFU (colony-forming units) for 2 hours

and 36 hours, respectively, before analysis.
RNA-seq Preparation and Analysis

Ets1** and Ets144 NKT1 cells were sorted from the thymus or liver and RNA was
isolated using the RNeasy Micro Kit (Qiagen) according to manufacturer’s instructions.
Libraries were constructed using Nugen’s Ovation Ultralow Library Systems and were
subsequently subjected to 76 cycles of NextSeq500 sequencing. Raw sequence reads
were trimmed using Trimmomatic v 0.33 (TRAILING:30 MINLEN:20) (Bolger et al.,
2014) and then aligned to mouse genome assembly mm10 with Tophat v 2.1.0
(Trapnell et al., 2009). Reads were assigned to genes using the high throughput
sequencing count tool from HTSeq v 0.6.1 (Anders et al., 2015) and gene annotations
from Ensembl release 78 (Kinsella et al., 2011). The R package EdgeR (Robinson et
al., 2010) was used to normalize the gene counts and to calculate differential
expression statistics for each gene for each pairwise comparison of sample groups.
Genes were considered differentially expressed if the |fold change| = 2 and the false-
discovery rate (FDR), < 0.01. Gene set enrichment analysis was performed using gene
sets from the Hallmark and ImmuneAll Pathways of MSigDB (Subramanian et al.,
2005). RNA-sequencing data can be accessed in the Gene Expression Omnibus (for

TGF-B, GSEXXXX).

Parabiosis
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6-week-old CD45.1* WT and CD45.2* Ets14A female mice were anesthetized and had
their circulatory systems surgically combined via a linear incision made from the
scapulae to the lower abdomen on opposite sides of each pair. Mice were analyzed 4

weeks post-operation.

In Vivo Antibody Treatment

8-9 week Ets1**, Ets1¥4, and Ets14A T-bet*- were co-housed for 3-4 days and injected
retro-orbitally with 150ug of anti-mouse LFA-1a/CD11a (BioXCell, Cat#BE0006, Clone
M17/4) or anti-mouse ICAM-1/CD54 (Cat#B0020-1, Clone YN1/1.7.4). Control mice
were injected with either 150ug mouse IgG2a (Cat#BE0085, Clone C1.18.4) or 50ug of
recombinant mouse 1gG2a Fc (Cat#BE0097). Mice were analyzed one hour after

injection.

S1PR Migration Inhibition Assay

Mice ranging from 6-8 weeks were co-housed and either Glucose (10g/L) or a
combination of Glucose + 4-deoxypyridoxine (DOP, 30mg/L, Sigma-Aldrich,
Cat#D0501) was administered via drinking water for 10 days. On day 11, mice were

sacrificed and analyzed as described.

ATAC-seq Preparation and Analysis

Samples for ATAC-seq were prepared as described in Corces et al (Corces et al., 2017)
with minor changes. 50,000 Ets1** and Ets142 NKT1 cells were sorted from the liver

and washed in cold ATAC-RSB. After lysis, the cells were centrifuged at 500xg, the
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supernantant was aspirated and the remaining nuclei were resuspended in 50pl of
transposition mix (25ul 2x Tagment Buffer, 2.5ul Tagment DNA Enzyme, 22.5ul
Nuclease-free Hz20, lllumina Cat#FC-121-1030) and incubated at 37°C for 30 minutes.
All subsequent steps were performed as described. Samples were submitted for single-
end sequencing on the lllumina NovaSeq 6000 system. Indexing primers were dual

(10/10) from the lllumina DNA/RNA UD Indexes Set A (Ref#20026121).

Read alignment positions were adjusted according to their strand: +4 bp for + strand
alignments, and -5 bp for — strand alignments. We called open chromatin regions using
Macs2 with the “—nomodel” option set (Zhang et al., 2008). Motif enrichment analysis
was performed using HOMER (Hypergeometric Optimization of Motif EnRichment)
(Heinz et al., 2010). Both positively and negatively enriched peaks identified as
significant (FDR adjusted p-value<0.05) were converted into BED files and analyzed
using the findMotifsGenome program in HOMER (size restricted to 200bp). Peaks were

visualized using the Integrative Genomics Viewer software (Robinson et al., 2011).

Quantitative real-time PCR

RNA was isolated from sorted cells using the RNeasy Micro Kit (Qiagen) and reverse
transcribed with Superscript Il (Invitrogen). Quantitative RT-PCR was performed in an
iCycler (Bio-Rad Laboratories) with SYBR Green Supermix (Bio-Rad Laboratories).
Expression values were normalized to Hprt and were calculated by the AACt method.

Primer sequences used are shown in Table 2.1.

Statistical Analysis
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Unless otherwise noted a Student’s f test was used to establish significant differences
for in vitro and in vivo phenotypes. Statistical tests were calculated with GraphPad

Prism software, where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Forward Reverse
KIf2 ACCAACTGCGGCAAGACCTA CATCCTTCCCAGTTGCAATGA
S1pr1 GTGTAGACCCAGAGTCCTGCG AGCTTTTCCTTGGCTGGAGAG
S1pr5 GCCTGGTGCCTACTGCTACAG CCTCCGTCGCTGGCTATTTCC
Zeb2 CATGAACCCATTTAGTGCCA AGCAAGTCTCCCTGAAATCC

Table 2.1: List of primers used for qPCR analysis. All primers listed are in the 5" to 3’

direction.
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Chapter Three

Ets1 represses a T-bet dependent migration program and

stabilizes the INKT1 adhesome

Figure 3.2 data generated with Rosie Morman

Figure 3.3 data generated with Micke Sigvardsson and Elizabeth Bartom
Figure 3.5 data generated with Mun Chowdhury

Figure 3.6 data generated with Mark Maienschein-Cline

Introduction

Invariant natural killer T (iNKT) cells are a subgroup of tissue-resident, innate-like
lymphocytes bearing a semi-invariant TCR (Va14Ja18 paired with VB2, V37 or V(8)
that recognize glycolipid antigen presented on non-canonical MHCI-like protein CD1d.
NKT cells in the liver are predominantly NKT1 and have the capacity to mount a strong
local Th1 response. This response can be beneficial as hepatic NKT cells have been
shown to play important roles in response to Borrelia burgdorferi and hepatitis C virus,
combating infection through IFNy production (Crosby and Kronenberg, 2018). However,
in the context of chronic hepatitis B infection, persistently activated NKTs are also
known to hinder regeneration and promote hepatic injury (Dong et al., 2007; Ito et al.,
2003). Additionally, NKT cells play dual roles in non-alcoholic fatty liver disease
(NAFLD) progression, combating excess lipid accumulation in early disease stages
while contributing to the onset of non-alcoholic steatohepatitis (NASH) and NASH
hepatocellular carcinoma (NASH-HCC) in advanced cases (Chen and Tien, 2020).

Given the promising applications for INKT cells in new therapeutic models (Heczey et
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al., 2014; Xu et al., 2019), it is important to understand iNKT function in the liver and

how they can be harnessed to combat disease.

Upon positive selection, iINKT cells exist in a PLZF" CD24* (NKTO or NKTp) state
as they begin to differentiate into one of three primary effector lineages: NKT1 (PLZF"
T-bet*), NKT2 (PLZFM GATA3") or NKT17 (PLZF" RORyt. At this stage, NKTps will
either remain in the thymus and mature or emigrate and seed peripheral tissues where
they will finish their maturation. For example, NKT cells expressing the chemokine
receptor CXCR6 home to the liver where NK cells expressing leukocyte function-
associated antigen-1 (LFA-1) facilitate entry of NKT cells into the liver (Doherty et al.,
2016; Emoto et al., 1999; Emoto et al., 2000), at which point they will reside in the liver
sinusoids via sustained interactions with LFA-1 and intracellular adhesion molecule 1

(ICAM-1).

The transcription factor Ets1 has been implicated to influence the development of
lymphocytes based on restriction of its expression to immune cells in adult mice
(Garrett-Sinha, 2013). Alongside its roles in development and survival, Ets1 is known to
be involved with cell migration as it has been shown to be overexpressed in
metastasizing cancers and plays a role in facilitating epithelial-mesenchymal transition
(EMT) in these cells (Yalim-Camci et al., 2019). Ets1 has also been shown to be
required early in INKT (CD4* NK1.1%) cell development (Walunas et al., 2000) and the
Pointed domain of Ets1 was recently shown to repress a Th17-like program (Tai et al.,

2020). Ets1 is expressed at high levels in T and NKT cells throughout their lifetime
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(Garrett-Sinha, 2013), however the functions of Ets1 following positive selection in NKT

cells are not well characterized.

To investigate the role of Ets1 in INKT1 cells, we examined the requirements for
Ets1 in thymic and hepatic iINKT1 cells by creating a conditional knockout of Ets1
specifically in the NKT1 effector lineage. Using this novel mouse model, found that Ets1
regulates expression of a broad range of genes involved EMT, migration and adhesion
including the liver retention receptor ICAM-1. Mechanistically, we demonstrate that at
least a subset of this program is maintained by Ets1-dependent restraint of the
transcription factor T-bet. Indeed, dysregulation of T-bet supported LFA-1/ICAM1-
independent residency of liver INKT1 cells. Here, we provide additional insight into the
roles of Ets1 in postselection NKT cells and set the stage for further analysis of how

Ets1 regulates the adhesome of NKT1 cells.

Results
Ets1 is required for proper maintenance of thymic NKT1 numbers and IFNy

production in the liver

Ets1 is required for the development of CD4* NK1.1* NKT cells (Walunas et al.,
2000) and protein interactions via the Pointed domain of Ets1 contribute to optimal
cytokine production (Tai et al., 2020). However, the role of Ets1 in NKT cells
independent of selection-associated defects has not been explored. To determine
whether Ets1 is required for NKT cell maturation and homeostasis following positive

selection, we generated a novel mouse model using a conditional deletion of Ets1
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driven by Tbx21-Cre, allowing for targeted deletion in NKT1 cells. In the Rosa26-YFP+/-
Ets1" Tbx21Cre+ (referred to as Ets1 cKO) mouse thymus, we observed a significant
reduction in the number of NKT1 (CD1d-Tet* CD24/TCRB* YFP™) cells compared to
Rosa26-YFP+/- Ets1 WT Tbx21Cre+ (Ets1 WT) mice. However, there was no change in
the number of NKT1 cells present in the liver of Ets7 cKO mice (Fig. 3.1A, 3.1B). To
investigate whether Ets7 cKO NKT cells were competent to generate mature NKT1
cells, we created mixed bone marrow chimeras in which Ets7 cKO NKTs compete with
wild-type NKT1 cells. We measured the reconstitution efficiency of NKT cells in the
thymus and liver as a ratio of the frequency of CD45.2* cells in the NKT cell
compartment to that of the CD4* CD8* (DP) thymocytes, which do not yet express
Tbx21-Cre. In the thymus, we observed a ~30% reduction in the reconstitution efficiency
of NKT1 cells derived from the Ets71 cKO bone marrow (Fig. 3.1C). In the liver, we found
no difference in the ability of Ets7 cKO NKT1s to reconstitute compared to CD45.1"-

derived WT NKT cells (Fig. 3.1D).

We questioned whether Ets1 was required for iNKT1 function, in particular,
cytokine production. We examined IL-4 and interferon-gamma (IFNy) production in NKT
cells utilizing different pathways of activation: in vitro with PMA and ionomycin and in
vivo via intravenous injection of a-galactosylceramide (aGalCer) or viral infection with
MCMV. Following stimulation with PMA and ionomycin, we observed that a similar

frequency of Ets1 cKO and Ets1 WT thymic iNKT cells produced IL-4 and IFNy
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Figure 3.1: Ets1 plays a role in iINKT1 cells following positive selection. (A) Flow
cytometry of 6-week old NKT1 (CD1d-Tet+ CD24- YFP+) cells in the liver. Expression of
CD44 and NK1.1 were also examined in these mice. (B) Quantification of NKT1 cells in
the liver at 6 weeks of age. (C-D) Mixed bone marrow chimeras in 8-10 week Ets1 WT
and cKO mice and reconstitution efficiency of NKT cells compared to DP thymocytes in
(C) thymus and (D) liver.
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and that the MFI for these cytokines was unchanged (Figure 3.2A). In contrast, there
was an increase in the frequency of IFNy-producing NKTs in liver of Ets7 cKO mice
after injection of aGalCer (Figure 3.2A). These activated liver NKTs also produced more

IFNy compared to Ets1 WT NKTs (Fig. 3.2A).

A key characteristic of NKT cells is that they can be activated through TCR-
mediated antigen presentation, cytokines produced by other immune cells or a
combination of both. The differences in manner of activation allow for regulation of both
response type and amount of cytokines produced in NKT cells (Brennan et al., 2013).
Administration of the glycolipid agonist aGalCer resulted in a lower frequency of Ets1
cKO NKT1s producing IFNy in vivo and of those IFNy-producing cells, there was a
reduced MFI for IFNy compared to Ets7 WT NKTs (Fig. 3.2B). In a model of MCMV
infection, NKT cell activation is dependent on production of IL-12 by FIt3L-dependent
dendritic cells (Tyznik et al., 2014). Secreted IL-12 can stimulate IFNy production in
NKTs through a variety of pathways such as the JAK-STAT signaling pathway (Nan et
al., 2017). Ets1 WT and Ets1 cKO mice were analyzed 36 hours post-MCMV infection
and we found that a higher frequency of NKT cells produced IFNy in Ets1 cKO mice
(Fig. 3.2C). These results demonstrate that Ets1 continues to play a role in NKT1 cells
following positive selection in a cell-intrinsic manner, potentially influencing proper

maturation in the thymus and cytokine production in the liver.
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Figure 3.2: Ets1 regulates cytokine production of stimulated iNKT cells.
Representative flow cytometry data from thymic and hepatic NKT cells activated via
TCR-dependent and -independent approaches. (A) Total lymphocytes were isolated
from thymus or liver and cultured in PMA and ionomycin for 5h prior to staining and
analysis. (B) Mice were injected i.v. with 2.5ug of aGalCer and analyzed 2h post-
injection. (C) Mice were injected with MCMV (Smith strain) i.p. and analyzed 36h post-
infection
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Ets1 Regulates the Adhesion Profile of NKT1 Cells

To rigorously determine the requirements for Ets1 in iNKT1 cells, we compared
the transcriptome of Ets7 cKO NKT1s to control iINKT1 cells by RNA-sequencing. In the
thymus, we identified 34 differentially expressed genes (DEG) (FDR, p<0.01), where 5
genes were upregulated and 29 were downregulated. For the liver, we found 309
differentially expressed genes, of which 170 genes were upregulated and 139 genes
were downregulated (Fig. 3.3A). Given the greater number of DEGs in the liver
compared to the thymus, we chose to focus analysis on the liver. Gene ontology
analysis in the liver revealed that many of the DEGs were associated with cell migration,
adhesion and NK cell activation (Fig. 3.3B). Gene set enrichment analysis also showed
a high correlation between upregulated genes in Ets7-deficient liver NKTs and gene
sets associated with CD8* T cell effector signatures, fatty acid metabolism and EMT
(Fig. 3.3C). Of these genes, we observed that expression of S1pr1, S1pr5 and Sell, key
genes associated with lymphocyte migration, were increased in Ets7-deficient NKT1s.
KIf2, a known activator of S1pr1 expression, had increased expression in Ets1 cKO
liver, but decreased expression in the thymus (Carlson et al., 2006, Fig. 3.3D). While T
lymphocytes are developing in the thymus, expression of S1PR1 is carefully regulated
by the presence of CD69. In regions of high CD69 concentration, CD69 will readily bind
to S1PR1 on the cell surface, facilitating the internalization of S1PR1. In addition to
repressing egress by S1PR1 internalization, an abundance of S1P lyase is present in
the medulla to irreversibly degrade S1P ligand, inhibiting S1P binding to S1PR1. As T

lymphocytes prepare to exit the thymus they express KiIf2, promoting S7pr1 expression
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Figure 3.3: Ets1 regulates the adhesion profile of iINKT1 cells. RNA-seq analysis of
6-week Ets1** and Ets144 NKT1 cells. (A) Volcano plot of differentially expressed
genes. 170 genes were upregulated and 139 were downregulated (FDR<0.01). (B)
Gene ontology analysis of DEG in the liver. (C) Gene set enrichment analysis (GSEA)
of DEGs in WT and KO liver using Hallmark and ImmuneAll pathways from MSigDB. (D)
Gene expression changes in Ets1** and Ets142 iNKT1 cells across three replicates
(left) and logFC of a list of select genes associated with migration/adhesion in NKTs

(right).
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and initiating their movement towards high concentrations of S1P ligand where S1PR
signaling activates and emigration proceeds (Kumar et al., 2017). We found that a
number of adhesion receptors were differentially expressed in Ets7 cKO NKT1s. Among
the downregulated genes was Icam1, which is known to be important for retention of

NKT cells in the liver (Thomas et al., 2011, Figure 3.3D).

To confirm whether these changes in gene expression resulted in changes at the
protein level, we did flow cytometry analysis on thymus and liver NKT1 cells for multiple
integrins and adhesion receptors. While CD69 was not differentially expressed by RNA-
seq, we hypothesized that increased S1PR expression might negatively impact CD69
expression. Indeed, flow analysis showed reduced expression of CD69 as well as LFA-
1a, ICAM-1 and CD44 compared to Ets1 WT NKT1s (Figure 3.4A). Surprisingly, we also
identified a population of NKT1s in the liver that had increased expression of CD69
(Figure 3.4A). CD11b, CD11c and CD49b, integrins more commonly associated with NK
cells, were found to have increased in expression on Ets7 cKO NKT1s (Fig. 3.4B),
although some changes in expression were only observed in a subset of liver NKT1
cells. Based on the results from the RNA-seq, Ets1 acts as a regulator of multiple

adhesion receptors on NKT1 cells and suppresses expression of migratory genes.
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Figure 3.4: Ets1 regulates the adhesion profile of INKT1 cells. Flow cytometry
analysis of (A) adhesion receptors associated with NKT cell adhesion and retention in
the liver (LFA-1, ICAM-1, CD69 and CD44) and (B) integrins associated with NK cell
adhesion (CD11c, CD11b, DX5) in Ets1 WT and cKO liver NKTs with summary data
included below.
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Ets1 enforces reliance on LFA-1 and ICAM-1 for liver retention

Our data indicate that Ets1 regulates the adhesome of INKT1 cells and limits migration
associated genes raising the question of whether these cells have altered retention or
migration properties. However, Ets7 cKO NKT1s in the liver are present at numbers
similar to Ets1 WT mice. These observations raised the question of whether Ets7 cKO
iINKT1 cells continue to be tissue resident or whether they are migratory with a balanced
input and output rate in the liver, for example, akin to T cells or NK cells (Thomas et al.,
2011). To address this question, we performed a parabiosis experiment in which the
circulatory system of Ets7 cKO mice was connected to that of a WT CD45.1" mouse to
allow for equilibration of cells that can migrate through the blood. Consistent with
efficient parabiosis, CD45.1* and CD45.2" T cells were equally represented in the liver
of both the CD45.2* Ets1 cKO mouse and the CD45.1" WT mouse (Fig. 3.5A/B). In
contrast, in the liver of both the CD45.1* WT and CD45.2* Ets1 cKO mice, the maijority
of INKT1 cells were host-derived. In Ets7 cKO mice, on average, 88.8% of liver iNKT1
cells were CD45.2* and in the CD45.1" WT mouse 88.3% of liver iNKT1 cells were
CD45.1+ (Fig. 3.5B). These results suggest that despite the dramatic changes in

adhesion receptor expression, Ets1 cKO liver NKT1 cells remain tissue resident.

A previous study by Thomas et al. demonstrated that that LFA-1a is important for
the retention of NKT cells in the liver (Thomas et al., 2011). Given the decrease in LFA-
1 and ICAM-1, an LFA-1 interacting adhesion molecule, we tested the requirement for

these receptors for liver residency of Ets1 cKO iNKT1 cells. To do this, we injected
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Figure 3.5: Ets1 enforces LFA-1/ICAM-1 mediated retention of liver iNKT1 cells.
(A) Parabiosis of CD45.1 WT and CD45.2 Ets1 cKO mice. Representative frequencies
of CD45.1+ and CD45.2+ populations for iNKT (center) and T (right) cells are shown.
(B) Bar graph representation of CD45.1 and CD45.2 T cells (top) and iNKT cells
(bottom) across three parabiotic replicates. (C) Mice were injected i.v. with 150ug of
either anti-LFA-1 (left) or anti-ICAM-1 (right) and analyzed 1h later. Data represents the
frequency of liver NKTs in treated mice relative to PBS/IgG2a isotype control mice. (D)
Mean expression of LFA-1 and ICAM-1 in Ets1 WT and KO thymic iNKT1 cells. (E)
Mean expression of thymic residency receptors CD69 and CXCR3 in Ets1 WT and KO
thymic NKT1 cells. (F) Number of iNKT1 cells present in the thymus and liver of Ets1
WT and KO mice administered either glucose (Glu) or glucose with 5-deoxypyridoxine
(DOP) via drinking water for 11 days.
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Ets1 WT and Ets1 cKO mice intravenously with anti-LFA-1a, anti-ICAM-1 or IgG2a
isotype control antibody to determine whether Ets1 cKO NKT1s still relied on this
interaction for retention. We found that both LFA-1a and ICAM-1 were required for
retention of NKT1 cells in Ets1 WT mice (Figure 3.5C). In contrast, neutralizing LFA-1 or
ICAM-1 did not impact the number of INKT1 cells in the liver of Ets1 cKO mice (Fig.
3.5C), indicating that Ets7 cKO NKT1 cells do not require LFA-1 or ICAM-1 interactions
for retention. While NKT1 cells express both LFA-1 and ICAM-1, it may be likely that the
interacting receptor expressed on each cell type is important. Data from Emoto et al.,
suggest that LFA-1a on NKTs is more important for retention than LFA-1a on
endothelial cells (Emoto et al., 2000), which may corroborate our observations that anti-

LFA-1a has a greater impact on NKT cell numbers than anti-ICAM-1.

Ets1-deficient thymic NKT1 cells do not show altered migration

The loss of NKT1 cells in thymus paired with the increased RNA of migratory genes led
us to hypothesize that Ets1-deficient NKT1 cells emigrate from the thymus at an
increased frequency. However, CD69 was highly expressed in thymic Ets7 cKO NKT1s
and we also observed that these cells had increased expression of CXCR3, a
chemokine receptor associated with thymic retention of NKTs (Fig. 3.5E) (Drennan et
al., 2009). To determine if NKT1s lacking Ets1 were more migratory, we utilized 4-
deoxypyridoxine (DOP), an inhibitor of S1P lyase and S1PR signaling. DOP treatment
resulted in an excess of S1P ligand, which promotes a negative feedback loop in
S1PRs and leads to their subsequent degradation (Kumar et al., 2017). Following

administration of DOP, we observed no difference in the number of NKT1 cells retained
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in the thymus or liver compared to glucose-treated controls (Fig. 3.5F). Thus, like liver
iINKT1 cells, Ets1 cKO thymic NKT1s appear to remain tissue resident. As NKT1
numbers were significantly reduced in the thymi of Ets7 cKO mice, Ets1 may have

distinct roles in NKT1 function across different tissues.

Ets1 Restricts the Chromatin Access of T-bet Targets

The gene encoding the transcription factor T-bet, Tbx21, was upregulated in Ets1
cKO liver and thymus NKT1 cells. T-bet expression was also increased in these cells
when assessed by flow cytometry (Fig. 3.6A). We also found that the mRNA levels of
adhesion and migration receptors that are known to be targets of T-bet were increased--
including Cxcr3 (Dhume et al., 2019), and S7pr5 (Evrard et al., Fig. 3.6B). These data
suggest that Ets1 may regulate expression of T-bet or targets of T-bet. To this end, we
isolated nuclei from roughly 50,000 Ets1 WT and Ets7 cKO liver NKT1s and performed
ATAC-seq to understand how Ets1 influences chromatin accessibility in NKT1 cells. Out
of 63,599 identified peaks, 1,326 peaks were more accessible in Ets1 WT iNKT cells
and 2,334 peaks were more accessible in Ets7 cKO NKT1s (Figure 3.6C). S1pr5 was
found to be more accessible across large regions of the locus in Ets1 cKO liver (Fig.
3.6E). We also saw increased accessibility at the Tox2 locus. Tox2 has been implicated
as a direct activator of Tbx21 in human NK cells (Vong et al., 2014). Motif analysis of
these peaks using HOMER revealed that regions of increased accessibility in Ets1 WT

NKT1s were associated with Ets1 and Ets-family (Etv2) DNA binding motifs (Fig. 3.6D).
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Figure 3.6: Ets1 restricts the chromatin access of T-bet targets. (A) Summary data
showing mean expression of T-bet in thymus and liver relative to WT iNKTs. (B) RNA-
seq analysis of T-bet and genes known to regulate T-bet or are direct targets of T-bet.
(C) Differential chromatin accessibility in Ets1 cKO liver INKT1 cells by ATAC-seq. The
red circle represents the number of gene regions that saw increased accessibility in the
KO, while the blue circle represents regions with reduced accessibility in KO NKTs

(N=2). (D) Motif enrichment analysis of differentially accessible peaks using HOMER.
Each rank shown represents the first unique transcription factor motif identified in the
analysis. (E) Visualization of changes in chromatin accessibility at selected loci using

the Integrated Genomics Viewer.
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In regions that had increased accessibility in the Ets7 cKO NKT1 cells, there was an
enrichment for Fra1 (bZIP), RUNX1 (Runt) and T-bet (T-box) motifs (Figure 3.6D). As T-
bet is the signature transcription factor of the NKT1 cell lineage, our data suggests that

regulation of T-bet is an important component of Ets1 function in NKT cells.

T-bet represses LFA-1 and ICAM-1 dependence of tissue-resident liver iNKT1

cells

To determine whether the increased expression of T-bet contributed to gene
dysregulation in Ets1 cKO NKT1s, we generated Ets1 cKO mice with one floxed allele
of Thx21 that could be deleted by Tbx21Cre (ROSA26-YFP+/- Ets1 Thx217+ Tbx21°*,
referred to as Ets1 cKO/Het). We found that Ets1 cKO/Het iNKT1 cells had restored
expression of ICAM-1 to wild-type levels. CD44 expression also increased on Ets1 cKO
iINKT1 cells. Interestingly, Ets1 cKO/Het iINKT1 cells had increased CD69 expression
beyond that of Ets1 WT NKT1s (Fig. 3.7A). These data demonstrate that the increased
expression of T-bet caused by deletion of Ets1 was contributing to the altered

expression of ICAM-1, CD44 and CDG9 on these cells.

Restored expression of CD69 and ICAM-1 led us to hypothesize that reduced T-
bet in liver Ets1 cKO/Het NKT1 cells may impact the requirement for LFA-1/CAM-1 for
retention. To address this, we injected Ets1 cKO/Het mice with anti-ICAM-1 neutralizing
antibodies. Treatment of Ets7 cKO/Het mice with anti-ICAM-1 antibody results in a

decreased frequency of NKT cells in the liver compared to treated Ets71 cKO liver (Fig.
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Figure 3.7: Reduced expression of T-bet restores the adhesive profile of iNKT1
cells. (A) Representative histograms of CD44, ICAM-1 and CD69 expression in iNKT1
cells from Ets1 WT, Ets1 cKO and Ets1 cKO/Het mice (top) with summary data
(bottom). (B) Ets1 WT, Ets1 cKO and Ets1 cKO/Het mice were injected with 150ug of
anti-ICAM-1 antibody and analyzed 1h post-injection. Data represented as the
frequency of liver NKTs in anti-ICAM-1-treated mice to PBS/anti-lgG2a-treated control
mice. (C) gPCR analysis of Zeb2, S1pr5, S1pr1 and Kif2 expression in sorted YFP-
expressing WT, cKO and cKO/Het liver iNKTs.
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3.7B). This observation suggests that reduced expression of T-bet restored the reliance

of NKT1 cells on LFA-1/ICAM-1 interactions for retention in the liver.

To further explore the role of T-bet in the altered gene program of Ets7 cKO iNKT
cells, we performed gPCR analysis of Ets7 cKO and Ets1 cKO Tbx214* NKT1s. We first
examined Zeb2 mRNA, as Zeb2 is a direct target of T-bet and is involved in EMT
(Yalim-Camci et al., 2019). In the liver, Ets1 cKO NKT1 cells had increased Zeb2 mRNA
levels compared to wild-type, consistent with RNA-seq results (Fig. 3.7C). There was a
partial reduction of Zeb2 mRNA observed in Ets1 cKO/Het NKT1 cells, suggesting that
other factors may contribute to its transcription. We also analyzed S7prb asitis a
known target of T-bet in CD8* Trm cells (Evrard et al., 2021) and the increased
expression of CD69 in Ets1 cKO/Het NKT1 cells could likely be a result of reduced
S1PR expression. As predicted, Ets1 cKO Tbx214* NKT1s had a significant reduction in

S1pr5 mRNA, resembling wild-type mRNA levels (Fig. 3.7C).

Conclusions

Using a novel mouse model for Cre-mediated deletion of Ets7 in NKT1 cells, we
show that Ets1 regulates the adhesome of postselection NKT1 cells in the thymus and
liver. Furthermore, we find that this regulation is due, in part, to modulation of T-bet, the
signature transcription factor of the NKT1 lineage. This suggests that while T-bet is
important for the development of NKT1 cells, its expression must be controlled to
ensure proper development and maturation. Indeed, increased T-bet expression in Ets1
cKO mice resulted in increased expression of migratory genes including S71pr1, S1pr5,

Sell and KIf2. Loss of Ets1 resulted in a reduction in the number of NKT1 cells in the
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thymus. However, this reduction in NKT1 cells was not due to increased thymic
emigration as DOP experiments blocking S1PR-mediated migration had no change in
the number of NKT1 cells retained in the Ets1 cKO thymus. These results may be
indicative of a developmental defect. As we see significant changes in the adhesion
genes expressed in Ets7 cKO NKT1 cells, it is possible that NKT1 cells are localizing to
different regions within the thymus, effectively altering their access to key cytokines
required for development. To follow up on these initial results, it would be beneficial to
do immunofluorescence staining of the thymus for NKT1 cells to assess potential
changes in localization within the tissue. While we see an overall increase in the amount
of T-bet expression in Ets7 cKO NKT1 cells in the thymus, early data suggests that T-
bet expression in highest in the most mature subset of NKT1 cells. This could indicate

that thymic NKT1 cells are impaired at this developmental stage.

In the liver, we observed expression changes in multiple adhesion receptors.
LFA-1 and ICAM-1, whose interactions are important for liver retention, had reduced
expression in Ets1 cKO NKT1 cells. We also found that NKT1 cell no longer had
homogenous expression of CD69. Rather, two distinct populations of CD69'° and
CD69" cells emerged in the liver. Moreover, when analyzing expression of NK cell-
associated integrins, we found that DX5, CD11b and CD11c had slightly higher
expression in Ets1 cKO NKT1s. Interestingly, there was a small population of NKT1
cells that had much higher expression of CD11c. While CD11c has not been studied
extensively in T cells or NKT cells, it has been associated with more activated, cytotoxic

T cells in a murine RSV model (Beyer et al., 2005) and increased migratory potential in
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humans (Qualai et al., 2016). This data suggests that there is increased heterogeneity
of NKT1 cells in Ets1 cKO liver. In order to better characterize this heterogeneity, we
could create a flow cytometry staining panel encompassing as many of our receptors of
interest to identify a molecular signature associated with this heterogeneous population.
This, in turn, could allow for a more direct correlation between expression of certain
surface receptors and any altered localization within the tissue. Parabiosis experiments
demonstrated that while Ets1 cKO NKT1 cells have a more migration-associated
transcriptional profile, they do not appear to be more migratory. However, Ets1 cKO
NKT1 cells no longer required LFA-1 or ICAM-1 to be retained in the liver following
injection of anti-LFA-1/ICAM-1 antibodies. How these cells retain themselves in the liver

in the absence of these signals remains to be determined.

ATAC-seq analysis of Ets1 cKO NKT1 cells in the liver revealed an enrichment of
bZIP, Runx and T-bet DNA binding motifs in accessible regions of chromatin. In
conjunction with RNA-seq data highlighting a number of genes that are direct or indirect
targets of T-bet, we hypothesized that Ets1 may act to regulate migration and adhesion
genes through T-bet. Indeed, flow cytometry analysis of Ets1 cKO/Tbx21 Het mice
showed restored expression of ICAM-1, CD69 and CD44. Additionally, reduced
expression of T-bet restored the reliance of hepatic NKT1 cells on LFA-1/ICAM-1 for
retention. To further explore this, it may be possible to determine whether this restored
interaction is a result of increased LFA-1 and ICAM-1 expression or another T-bet
dependent mechanism. One of the most outstanding questions regarding this work

pertains to this data: if Ets7 cKO NKT1 cells no longer need LFA-1/ICAM-1 interactions
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to be retained in the liver, what do they use? While modulation of T-bet represents a
subset of the overall Ets1 phenotype, we propose leveraging cKO RNA-seq analysis
with RNA-seq of cKO/Het to identify a list of putative targets of T-bet. Genes of interest
could be further studied to elucidate how T-bet regulates its downstream targets in
NKT1 cells. gPCR analysis showed that cKO/Het NKT1 cells had S7pr6 mRNA level
resembling that of WT. While not achieving statistical significance, early data suggests
that S7pr1 and KIf2 mRNA in cKO/Het NKT1 cells is also back down to WT levels. RNA-

seq of cKO/Het NKT1 cells would also confirm these results.
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Chapter Four

Transforming growth factor beta receptor controls the postselection
thymic differentiation and peripheral function of interferon-y-

producing invariant natural killer T cells

This manuscript has been published on bioRxiv, posted October 23, 2022.
DOI: https://doi.org/10.1101/2022.10.23.513409

Roxroy C. Morgan, Cameron Frank, Munmun Greger, Mikael Sigvardsson, Elizabeth T.
Bartom, and Barbara L. Kee

Introduction

Invariant natural killer T (iINKT) cells are a subset of innate like T lymphocytes
that express an invariant T cell receptor that recognizes glycolipid antigens in the
context of the non-classical major histocompatibility complex protein CD1d (Shissler
and Webb, 2019). These cells comprise a large portion of T lymphocytes in peripheral
tissues. As much as 40% and 5% of liver T cells are iINKT cells in mice and humans
(Crosby and Kronenberg, 2018; Syn et al., 2010), respectively, the majority of which are
tissue resident, interferon (IFN)-y and interleukin (IL)-4 — producing, iNKT1 cells (Crosby
and Kronenberg, 2018; Lee et al., 2015). These cells patrol the sinusoidal space to
protect against invading pathogens such as the spirochete Borrelia burgdorferi, the
causative agent of Lyme’s Disease, and viral infection such as Hepatitis C Virus.
(Crosby and Kronenberg, 2018; Thomas et al.,, 2011; Umeshappa et al.,, 2022)

However, chronic activation of iINKT cells is associated with disease severity in
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nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH)
(Crosby and Kronenberg, 2018; Syn et al., 2012; Syn et al., 2010). iNKT cells have also
been implicated in protection from pathogens in the lung and other tissues but can lead

to inflammatory disease such as asthma and atherosclerosis.

iINKT cells develop in the thymus from CD4*CD8* thymocytes after
rearrangement of the iINKT cell receptor (Bendelac et al., 2007; Benlagha et al., 2002).
During their selection, iNKT cells are recruited to the thymic medulla by CCL21 and a
subset of these immature postselection iINKT cells emigrate from the thymus to seed
peripheral tissues (Baranek et al., 2020; Harsha Krovi et al., 2020; Wang and Hogquist,
2018). However, some of these cells remain in the thymus medulla where they
differentiate into thymic resident IFN-y producing iNKT1 cells, IL-4 producing iNKT2 or
IL-17 producing iNKT17 cells, although some iNKT cells can make both IFN-y and IL-4
(Engel et al., 2016; Lee et al.,, 2016). Cytokines produced by thymic iNKT cells, in
particular IL-4, have the potential to impact multiple cell types including CD8 T cell and
dendritic cells (Breed et al., 2022; Verykokakis et al., 2010; Weinreich et al., 2010).
While much research has gone in to understanding the mechanisms of INKT cell
selection we know much less about the functions of postselection INKT cells in the
thymus, the mechanisms that promote their thymic residency or how tissue specific

factors impact iINKT cell differentiation and function.

Here, using a novel model for gene deletion in postselection iINKT1 cells, we
demonstrate that thymic iNKT1 cells differ from liver and spleen iNKT1 cells by

expression of a transforming growth factor (TGF)-B gene signature and reduced
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expression of cytokine signaling-associated gene signatures. While TGF-f is known to
regulate iNKT cell selection (Doisne et al., 2009), we demonstrated that TGF-
signaling in postselection thymic iINKT1 cells enforced a classic TGF-B-associated gene
signature, including repression of migratory genes and induction of multiple residency-
associated adhesion receptors, and repressed a cytokine signaling-associated gene
signature. Moreover, postselection iINKT1 cells that cannot respond to TGF-$ due to
deletion of Tgfbr2 remained thymic resident but failed to differentiate into cells that
expressed the residency-associated adhesion receptors CD49a and CD103. In contrast
to studies in which Tgfbr2 was deleted in other IFN-y producing cell types, including
preselection iNKT cells (Doisne et al., 2009), NK cells (Viel et al., 2016), or CD8 cells
differentiated into tissue resident memory cells (Trm) (Crowl et al., 2022; Mackay et al.,
2013; Mackay et al., 2015), we found no role for TGF-B signaling in the control of the
transcription factor T-BET or T-BET target genes. Despite the lack of a TGF-B gene
signature in liver INKT1 cells, TGF-f signaling was required for their optimal expression
of CD49a and impacted their production of IFN-y and IL-4 in response to antigen
stimulation. Our data reveal a selective requirement for TGF-B signaling in the
postselection generation of thymic CD49a*CD103" iINKT1 cells and optimal liver iNKT1

function.
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Results

Thymic iNKT1 cells express genes associated with TGF-p signaling.

To create a system in which genes could be deleted postselection in INKT1 cells we
crossed a Tbx21C bacterial artificial chromosome transgenic mouse to Rosa26-Stop-
floxed-YFP transgenic mice (Haddad et al., 2013; Srinivas et al., 2001). This mouse
model allowed us to isolate iINKT cells with a history of Tbx21 expression (iNKT1 cells)
in the thymus, liver, and spleen and compare their gene programs by RNA-sequencing
(Fig. 4.S1). A prior study demonstrated that INKT1 cells isolated from different tissues,
using a different selection strategy, had essentially identical gene programs (Murray et
al., 2021). Consistent with this observation, we found that the transcriptome of liver and
spleen iNKT1 cells were nearly identical with < 20 differentially expressed genes
(DEGs) (Fig. 4.1A). However, the transcriptome of thymus and liver iNKT1 cells differed
by 124 genes (adj.p < 0.01) whereas thymus and spleen differed by 107 genes (Fig.
4.1A). While these are relatively small differences, there were some notable genes that
were differentially expressed. Using Gene Set Enrichment Analysis (GSEA), we
observed a significant enrichment (FDR < 25%) of multiple Hallmark pathways in the
liver as compared to the thymus including in the IL6-JAK-STAT3 signaling, mTORC1
signaling and fatty acid metabolism (Fig. 4.1B, 4.S1). As expected, the enriched

pathways were similar but not identical in the liver and the spleen (Fig. 4.51).

The GSEA algorithm tests for the enrichment of genes from an a priori specified
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Figure 4.1: Thymic iNKT1 cells are enriched for genes associated with TGF-B8
signaling compared to liver and spleen iNKT1 cells. RNA was sequenced from WT
r and spleen and normalized read counts were
compared. (A) Number of genes that were differentially expressed between WT thymus,
liver and spleen iNKT1 cells. (B) Hallmark Pathways identified by GSEA as enriched in
liver compared to thymus iINKT1 gene sets (C) Reads for 3 replicate RNA-seq samples
and spleen (S, green) for Socs3, Dhfr, Cpt1a
and Decr, which are representative genes from the pathways identified in (B). (D)
Hallmark Pathways identified as enriched in thymus as compared to liver iINKT1 gene
sets. (E) Reads from replicate RNA-seq samples showing genes representative the
pathways identified in (D). (F) RNA-seq reads for Tgfbr2 and Tbx21. *P<0.05, **<P0.01,

iINKT1 cells isolated from the thymus, live

from WT thymus (T, blue), liver (L, red)

***P<0.005 by ANOVA with multiple comparisons.
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gene set at the extreme ends of a differential gene expression analysis; however, DEGs
in the leading edge of this analysis may not reach statistical significance on their own
based on different statistical methods. Therefore, we examined some of the DEGs in
our RNA-seq analysis using EdgeR or Anova. In the IL6-JAK-STAT3 pathways, Socs3
MRNA, encoding a suppressor of cytokine signaling that binds STAT3, was increased in
liver and spleen compared to the thymus (Fig. 4.1C). In the mTORC1 pathway, which
was not an enriched pathway in the thymus to spleen comparison, Dhfr mMRNA was
increased in the liver but not the spleen (Fig. 4.1C, 4.S2). Fatty acid metabolism is
required for survival of CD8 Trm cells in the skin (Pan et al., 2017), and CD8 Trm cells
in different tissues utilize distinct fatty acid binding proteins to uptake fatty acids (Frizzell
et al., 2020). We did not observe any differences in mRNA encoding fatty acid binding
proteins, however, mRNA encoding enzymes in this pathway, including Cpt1a and
Decr1 mRNAs, encoding carnitine palmitoyltransferase 1A and 2,4 dienoyl-CoA
reductase respectively, were higher in both the liver and spleen compared to the thymus
even though GSEA identified this pathway as enriched only in the liver (Fig. 4.1C, 4.S1).
These data suggest that liver and spleen iINKT1 cells have active IL6-JAK-STAT3
signaling and at least the liver may utilize fatty acid metabolism but that these pathways
are less active in thymic iNKT1 cells. Interestingly, by GSEA, thymic iNKT1 cells were
significantly enriched for only the hallmark MYC-Targets pathway but this gene set
included only 10 genes, of which only Rabepk, encoding a mannose 6-phosphate

receptor transport protein, reached statistical significance by Anova (Fig. 4.1D, E).
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Validation of the Tbx21Cre mouse. Flow cytometry analysis of

Tbx21Cre mice by analysis Rosa26-flox-stop-flox-YFP in iNKT cells from the thymus,
liver and spleen. iINKT cells were identified as CD1d-Tet+ and TCRb+. YFP+ iNKT cells
were then examined for expression of NK1.1 and CD44. Mature iNKT1 cells express
NK1.1 and progenitors that are T-BET+ can be found among CD44+NK1.1- cells.
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In contrast, the TGF-§ signaling pathway did not quite reach statistical significance by
GSEA but multiple genes in this pathway were significantly differentially expressed by
RNA-seq (Fig. 4.1D, E). These genes include Cdh1, encoding Cadherin 1, ltgae,
encoding the alpha chain of the integrin CD103, /tga1, encoding the alpha chain of
CD49a, and Vim, encoding vimentin (Fig. 4.1D). Tgfbr2, encoding a component of the
TGF-B receptor, was expressed similarly in thymus, liver, and spleen iINKT1 cells
suggesting that this difference in TGF-B signaling-associated genes is not a
consequence of differences in TGF-B receptor expression. Tbx21, encoding the
transcription factor T-BET, which is required for development of iINKT1 cells and CD8
Trm cells but is dampened by TGF- signaling in many cell types, was not differentially
expressed (Crowl et al., 2022; Li et al., 2006b; Mackay et al., 2015; Nath et al., 2019).
Taken together, these data indicate that while the transcriptome of iINKT1 cells is very
similar in the thymus, liver and spleen, there are DEGs associated with cytokine

signaling, metabolism, and TGF- signaling.

Differential expression of adhesion receptors on thymic and liver iNKT1 cells.

The enrichment of TGF-B signaling associated receptors was of interest given
that INKT1 cells are tissue resident cells with hybrid NK cell, ILC1, and CD4 and CD8
Trm cell characteristics (Verykokakis et al., 2014). Response to TGF- was recently
shown to depend on Runx3, which is expressed in CD8 Trm but not CD4 Trm,
explaining their differential response to TGF-B (Fonseca et al., 2022). Our RNA-seq

data revealed a modest increase in Runx7 mRNA in liver and spleen as compared to
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thymus iINKT1 cells and broad expression of Runx3 mRNA in all iINKT1 cells, consistent
with their ability to respond to TGF-B (Fig. 4.S1). ltgae and ltga1 encode the alpha
chains of the integrins CD103 and CD49a, respectively, both of which are induced on
subsets of CD8 Trm cells by TGF- 3 produced from epithelial cells (Fonseca et al.,
2022; Hadley et al., 1999; Mokrani et al., 2014; Zhang and Bevan, 2013). By flow
cytometry we confirmed that CD103 was expressed on a subset of INKT1 cells in the
thymus but not in the liver (Fig. 4.2A, B). CD49a was expressed on both thymic and
liver INKT1 cells although at a lower frequency and lower MFI on liver iINKT1 cells (Fig.
4.2A, B). In contrast, CD69, a protein expressed on tissue resident cells that functions
as an inhibitor of the S1P receptor S1P1 (Shiow et al., 2006; Stein et al., 2021), was
highly expressed on both thymic and liver iNKT1 cells with a subtle increase on liver
iINKT1 cells (Fig. 4.2A, B). A substantial population of thymic iNKT1 cells expressed
CD49a along with CD103 and CD69 although there were populations that expressed
only one or none of these receptors (Fig. 4.2A). These receptors are associated with
tissue residency of CD8 T cells; however, liver INKT1 cells are known to require LFA-1
and ICAM-1 to maintain tissue residency (Thomas et al., 2011). Notably, the MFI for
ICAM-1 and LFA-1 on liver iNKT1 cells was higher than on thymic iINKT1 cells (Fig.
4.2C). CD44, another adhesion receptor associated with mature iNKT cells (Benlagha
et al., 2005), was also expressed at slightly higher levels on liver as compared to thymic
iINKT1 cells (Fig. 4.2C). These data reveal striking differences in the tissue residency-
associated adhesion programs of thymic and liver iNKT1 cells and are consistent with a

TGF-B induced program in the thymus.
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TGF-f signaling is required for development of CD49a*CD103* thymic iNKT1 cells.

Previous studies demonstrated a requirement for TGF-p during selection of iINKT cells
and a possible role for TGF-f in promoting iINKT17 differentiation while limiting iNKT1
differentiation (Doisne et al., 2009; Havenar-Daughton et al., 2012; Li et al., 2006a).
However, in those studies, Tgfbr2 was inactivated prior to T cell receptor-mediated
selection making it difficult to dissociate effects on selection from effects on
differentiation. To address the role of TGFBRIl on iINKT1 cell development
postselection, we crossed Tbx21¢* Rosa26-StopFlox-YFP mice to mice with floxed
alleles of Tgfbr2 to create Tgfbr2fF Tbx21¢e Rosa26-StopFlox-YFP (cKO) mice
(Srinivas et al., 2001). In these mice, the total number of YFP* iINKT cells (iNKT1) in the
thymus was decreased by approximately 30% compared to Thx27¢¢ Rosa26-StopFlox-
YFP (Ctrl) mice (Fig. 4.3A. B). The iNKT1 cells that were present in the cKO thymus
lacked expression of CD103 but the number of CD49a*CD103- cells was not affected
suggesting that CD49a*CD103* iNKT1 cells failed to develop. The MFI of CD49a on
CD49a*CD103 iNKT1 cells was reduced indicating that TGFBRIl was also required for
proper expression of CD49a (Fig. 4.3C, D). Interestingly, CD69 continued to be
expressed on the majority of cKO iNKT1 cells but the number of CD49a"CD69 cells was

increased, consistent with the loss of some CD49a*CD69* iINKT1 cells (Fig. 4.3C, D).

In CD8 Trm cells, CD4 Th1 cells and NK cells, TGF-$ signaling dampens the
expression of the transcription factor T-BET, despite T-BET being required for the

development of these cells (Crowl et al., 2022; Li et al., 2006b; Mackay et al., 2015;
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Figure 4.2: Thymic iNKT1 cells uniquely express TGF-B-associated adhesion
proteins. (A) Flow cytometry for CD49a versus CD103 (top) or CD69 (bottom) on
iINKT1 cells from the thymus (blue) or liver (red). n = 4 (B) Summary of multiple flow
cytometry experiments showing the percent of INKT1 cells that are positive for CD103,
CD49a or CD69 in the thymus (blue) or liver (red). Each data point is an independent
mouse. *P<0.05, **<P0.01, ***P<0.005 by Student’s t-test. (C) Representative flow
cytometry histograms for ICAM-1, LFA-1 or CD44 on thymus (blue) or liver (red) iNKT1
cells. Data are representative of 3 experiments.
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Viel et al.,, 2016). T-BET is also a central regulator of iNKT1 cell development and
therefore we examined its expression in INKT cells from Ctrl and cKO mice (Matsuda et
al., 2006; Townsend et al., 2004). We examined total thymic iNKT cells for expression
of the signature transcription factor PLZF and T-BET, which allowed for resolution of
iNKT1 (T-BET*PLZF'"), iNKT2 (T- BET-PLZF"9"), and iNKT17 (T-BET-PLZF") cells
(Kovalovsky et al., 2008; Lee et al.,, 2013; Savage et al., 2008). The frequency of T-
BET*PLZF'"° iNKT1 cells was lower among cKO iNKT cells than in Ctrl iNKT cells, as
expected given that there are fewer iINKT1 cells in cKO mice (Fig. 4.3E, F). However,
regardless of whether we gated on all INKT cells or CD122* T cells, which should enrich
for INKT1 cells, the MFI of T-BET in T-BET expressing cells was not altered indicating
that TGF-p was not impacting T-BET expression (Fig. 4.3E, F). Taken together, these
data demonstrate that TGFBRII is required for proper development of thymic iINKT1
cells and for their expression of CD103 and CD49a but, unlike other T-BET+

lymphocytes, TGF-B signaling does not affect expression of T-BET.

TGFBRII promotes a gene program associated with tissue residency in thymic

iNKT1 cells.

To gain a global view of the gene program promoted by TGF-§ signaling in thymic
iINKT1 cells we performed RNA-sequencing. We found 110 DEGs (adj. p < 0.01)
between Ctrl and cKO thymic iINKT1 cells, 68 that were more highly expressed in Ctrl

and 42 that were more highly expressed in cKO iNKT1 cells (Fig 4.4A). GSEA revealed
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Figure 4.3: TGF-B regulates the development of thymic CD49a+CD103+ iNKT1
cells. (A) Flow cytometry analysis for thymic CD1d-tet*TCRb*YFP* iINKT1 cells in Ctrl
and cKO mice. (B) Summary of thymic iNKT1 cell numbers in Ctrl (blue) and cKO
(black) mice. (C) Expression of CD49a versus CD103 (top) or CD69 (bottom) on Citrl
(blue) or cKO (black) iNKT1 cells. (D) Number of thymic CD49a+CD103+ iNKT1 cells,
CD49a MFI and the percent of CD49a-CD69- iINKT1 cells. (E) Top panels: Intracellular
flow cytometry for PLZF and T-BET identifying iNKT1, iNKT2 and iNKT17 cells among
total INKT cells in the thymus of Ctrl (blue) and cKO (black) mice. Bottom panels: PLZF
and T-BET on gated CD122+ iNKT cells. (F) Summary of the % of iNKT cells that are
iNKT1 and the MFI for T-BET. *P<0.05, **<P0.01, ***P<0.005 by Student’s t-test.
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that Ctrl cells were enriched for only one pathway (FDR < 25%), the Hallmark TGF-3
signaling pathway, whereas cKO cells were enriched multiple pathways, most
significantly, the IL-6-JAK-STAT3 pathway genes (Fig. 4.4B, 4.S2). The IL6-JAK-STAT3
pathway included Socs3 and ltgh3 mRNAs, which were both significantly higher in cKO
as compared to Ctrl cells (Fig. 4.4C). Tgfbr2 was confirmed to be down in the cKO cells
as was Smad7, encoding an inhibitor of TGF-p signaling that is induced by TGF-§
signaling (Fig. 4.4D). Classic TGF-B signaling associated genes such as Cdh1, Itgae,
Ski, Vim, and ltga1 were reduced in cKO iNKT1 cells (Fig. 4.4E). Inpp4b, encoding
inositol polyphospate-4-phospatase type I, which was recently implicated in TGF-3
receptor endocytosis (Aki et al., 2020), was also decreased in cKO cells (Fig. 4.S2).
Multiple genes associated with migration were increased in cKO cells including Mmp9,
S1pr5, Sell and Hif1a (Fig. 4.4F, 4.S2). Interestingly, the gene encoding Hobit, Zfp683,
a transcription factor that functions redundantly with Blimp1 to enforce tissue residency
gene programs, was also decreased (Fig. 4.4F) (Mackay et al., 2016). However, Prdm1
mRNA, encoding Blimp1, was not decreased. Tbx21 mRNA was not impacted by
deletion of Tgfbr2, consistent with our observation that T- BET is expressed
appropriately in Tgfbr2 cKO iNKT1 cells (Fig. 4.S2, 4.3E, F). Eomes mRNA was also
very low in both Ctrl and cKO thymic iNKT1 cells (Fig. 4.S2). Moreover, in thymic iNKT1
cells, TGF-p signaling was dissociated from regulation of Zeb2, a known T-BET target
gene, that targets S7pr5 to antagonize tissue residency (Dominguez et al., 2015; Evrard
et al., 2022), despite that TGF-p repressed S7pr5 (Fig. 4.4, 4.52). These data implicate
TGFBR2 in the regulation of classic TGF-f target genes involved in adhesion and
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Figure 4.4: TGFBRIl promotes a classic TGF-§ gene signature and represses an
IL6-STAT3 signaling signature in thymic iNKT1 cells. (A) Heat map for differentially
expressed genes between Ctrl and cKO thymic iNKT1 by RNA-seq. (B) Top enriched
Hallmark Pathway by GSEA in Ctrl and cKO. (C) Normalized reads for replicate RNA-
seq samples for representative IL6-STAT3 signaling genes, (D) Tgfbr2 and Smad7, (E)
classic TGF-b signaling targets and (F) genes associated with migration. *P<0.05,
**<P0.01, ***P<0.005 by Student’s t-test.
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migration in INKT1 cells and in the repression of IL6-JAK-STAT3 signaling but not in the

regulation of the lineage defining transcription factor T-BET.

The gene program regulated by TGF-B in iINKT1 cells shares significant overlap
with that of skin and salivary gland CD8 Trm cells (Christo et al., 2021). However, there
were also some notable differences including Runx3, S1pr1, Junb, Cxcr4, and Lef1,
which were identified as TGF-p regulated in skin CD8 Trm but were not observed in our

dataset (Fig. 4.S2).

Tgfbr2 is required for differentiation but not thymic retention of iINKT1 cells

Thymic iINKT1 cells are tissue resident cells (Berzins et al., 2006); however, the
mechanisms controlling tissue residency are not well understood. A previous study
identified CD103 on thymic iNKT cells but injection of neutralizing anti-CD103
antibodies did not impact thymic retention (Wang and Hogquist, 2018). Nonetheless, we
considered the hypothesis that multiple TGF-p induced genes may contribute to thymic
iINKT1 residency. To test whether the decrease in thymic iNKT1 cell numbers in Tgfbr2
cKO mice was a consequence of increased thymic emigration, we analyzed iNKT1 cell
numbers after 10 days of continuous feeding of mice with the S1p lyase inhibitor 4-
deoxypyridoxine (DOP) (Schwab et al., 2005). S1P lyase is essential for setting up the
gradient of S1P that promotes the chemotaxis of thymocytes into the blood (Schwab et
al., 2005). Disrupting this gradient results in thymic retention of cells that would

otherwise emigrate including mature CD4 and CD8 T cells. Indeed, treatment of Ctrl or
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iINKT1 cells.
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cKO mice with DOP for 10 days resulted in an accumulation of TCRB* T cells in the
thymus (Fig. 4.S3A-C). However, thymic iINKT1 cell numbers increased only in the Ctrl
mice and not in cKO mice after treatment with DOP (Fig. 4.S3A, B, D). Total iNKT
numbers did increase in the thymus of cKO mice but, in contrast to Ctrl mice, in the cKO
mice this increase was contributed almost exclusively by Rosa26-YFP negative cells
(Fig. 4.S3D). CD49a*CD103* iNKT1 cells remained low among cKO thymic iNKT1 cells
and CD49a MFI continued to be lower in cKO iNKT1 cells but CD69 continued to be
expressed on the majority of cells (Fig. 4.S3E, F). In contrast, CD49a-CD103- (DN)
iINKT1 cells accumulated in both Ctrl and cKO mice (Fig. 4.S3G). These data are
consistent with the hypothesis that CD49a-CD103" iNKT1 cells are the most immature
iINKT1 cells that either retain the potential to emigrate from the thymus or are the
immediate progeny of cells that had emigration potential. However, CD49a* and
CD49a*CD103" iNKT1 cells in Ctrl or Tgfbr2 cKO mice do not accumulate after
treatment with DOP and therefore iINKT1 cells are not reduced in number due to

increased S1p-dependent emigration.

Tgfbr2 is required for optimal expression of CD49a and liver iNKT1 cell function.

CD8 Trm cells in the liver are not dependent on TGF-3 but TGF-f signaling does
have a subtle impact on their gene expression program suggesting that there is a
source of TGF-pB in the liver or that these cells are imprinted prior to reaching the liver
(Christo et al., 2021). While liver iNKT1 cells do not express many of the genes
associated with TGF-§ signaling, they do express CD49a and other genes associated

with the TGF-b signature such as Inpp4a, and low but detectable levels of Vim and Skil
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(Fig. 4.S1). Therefore, we examined the consequence of deleting Tgfbr2 with Thx21¢
on liver INKT1 cells. In contrast to the thymus, the frequency of INKT1 cells among liver
lymphocytes was not affected in Tgfbr2 cKO mice (Fig. 4.5A, B); however, the
frequency of CD49a" cells and the MFI of CD49a was decreased (Fig. 4.5C, D). CD69
continued to be expressed and the frequency of CD49aCD69 iNKT1 cells did not
increase significantly in the liver of cKO mice (Fig. 4.5C, E), suggesting that CD49a is
down regulated but is not completely lost. The observation that TGFBRII-deficiency
impacted CD49a expression on liver iNKT1 cells prompted us to test the functional
capacity of these cells. TGF-p was shown to impair the functionality of CD8 Trm cells in
the skin and salivary gland (Christo et al., 2021). In contrast to this, we found that liver
iINKT1 cells from Tgfbr2 cKO mice were somewhat less capable of producing both IFN-y
and IL-4 in response to an in vivo injection of aGalCer than liver iINKT1 cells from Cirl
mice (Fig. 4.5F, G, H). Taken together, these data demonstrate that despite the
absence of a strong TGF-B gene signature in liver iINKT1 cells, TGF-f optimizes their

ability to make cytokines in response to antigen stimulation.

Conclusions

These data are consistent with the possibility that TGF-B in the liver directly impacts
iINKT1 cells. However, it is possible that TGF-p impacts iINKT1 cell precursors in the
thymus that subsequently migrate to the liver after having been imprinted by TGF-f for
optimal function. In this regard, it is noteworthy that while the INKT1 cells that leave the
thymus have been proposed to be upstream of effector fate differentiation, when iNKT

recent thymic emigrants were examined in the periphery they already express
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Figure 4.5: TGFBRII regulates CD49a and cytokine production from liver iNKT1
cells. (A) Flow cytometry analysis for liver CD1d-tet"TCRb*YFP* iNKT1 cells in Ctrl and
cKO mice. (B) Summary of the percent of INKT1 cells among liver lymphoid cells in Ctrl
(blue) and cKO (black) mice. (C) Expression of CD49a versus CD103 (top) or CD69
(bottom) on Ctrl (red) or cKO (black) liver iINKT1 cells. (D) Summary of the percent of
iINKT1 cells that are CD49a", the MFI of CD49, and the percent that are CD49aCD69-.
(E) Intracellular staining for IL-4 and IFN-y (top) or GZMB and IFN-y (bottom) and (F)
summary of the percent of liver iINKT1 cells that are IFN-y* or IL-4" two hours after
injection of aGalCer.
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detectable T-BET (Wang and Hogquist, 2018). Moreover, recent scRNA-seq studies
revealed multiple iNKT cells subsets that may have the potential to emigrate from the
thymus, some of which already express Tbx21 (Harsha Krovi et al., 2020). Our DOP
experiments suggest that emigrating thymic iNKT1 cells are CD49a- CD103" and raise
the possibility that these cells may already express Tbx21, since some of these cells are
YFP* in cKO mice. Therefore, it is feasible that emigrating iINKT or iNKT1 progenitors

may be imprinted by TGF-f signaling prior to leaving the thymus.

In summary, our study revealed that iINKT1 cells in the thymus differ from those
in the liver and spleen in being enriched for a TGF-B signaling gene signature while
lacking a signature of IL6-STAT3 signaling and fatty acid metabolism. We demonstrated
a role for TGF-B in supporting the development of a subset of thymic iINKT1 cells that
express CD49a, CD103 and CDG69 while being largely dispensable for development of
CD49a*CD103 iNKT1 cells, although TGF-p does impact the MFI of CD49a. The loss
of TGF- B signaling did not lead to thymic iINKT1 cell emigration despite the loss of
these adhesion receptors and up regulation of genes associated with emigration such
as S1pr5. However, immature thymic iNKT cells downstream of those with the potential
to emigrate fail to differentiate effectively into CD49a*CD103" cells in the absence of
TGFBR2. Our data suggest that a subset of iINKT1 cells are in contact with TGF-p
producing cells in the thymus, possibly medullary thymic epithelial cells (mTEC).
Indeed, it is known that LTBR-dependent CCL21* CD104* MHCII® mTECs impact

iINKT1 cells through provision of IL-15Ra-IL-15 (Lucas et al., 2020; White et al.,
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2014). Moreover, Aire+ mTEC numbers are dependent on CD1d, suggesting a direct
role for iINKT cells, likely through provision of RANKL (White et al., 2018; White and
Anderson, 2014). Therefore, while the CD49a*CD103" subset of thymic iINKT1 cells
may depend on mTECs it is also possible that they impact mTEC survival or function.
Taken together, our data reveal a role for TGF- 3 signaling in guiding the development

of a subset of thymic iINKT1 cells and for optimal peripheral INKT1 cell function.
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Chapter Five

Discussion

Natural killer T cells represent part of a subset of innate-like lymphocytes,
lymphocytes that are able to mature into effector subsets, with striking similarity to
conventional TH cells, without requiring direct activation. Rapid activation by broad
recognition of glycolipid paired with the ability to produce a broad range of cytokines
puts NKT cells (and other ILLs) in a unique position to direct the type of immune
response within a tissue. Furthermore, these cells are able to be activated via cytokine
receptors, strength of the TCR signal or a combination of the two, allowing for additional
modulation of their cytokine production (Brennan et al., 2013; Kumar et al., 2017). As
such, extensive efforts have been made to understand how NKT cells develop, circulate
and localize to target tissues, and help guide the immune response in a tissue-specific

manner.

In this thesis, | have investigated the roles of the transcription factor Ets1 and
TGF-B signaling in the maturation and function of NKT cells within the thymus and liver.
Using a conditional deletion model driven by Thx21¢r, we were able to specifically
delete Ets1 in NKT cells that have committed to maturation into NKT1 effector cells. As
germline deletion of Ets1 results in perinatal mortality and an aberrant T cell phenotype
in mice, it has been difficult to characterize the role of Ets1 in post-selection NKT cells.

However, some studies have been able to circumvent this by targeting protein
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interaction domains of Ets1 (Tai et al., 2020) or introduction of a Va14 transgene
(Chuang et al., 2021). We have shown that Ets1 has distinct functions in the thymus
and liver. In the thymus, Ets1 is important for the development of NKT1 cells while in the
liver, Ets1 acts to regulate an NKT-like adhesion program and enforce tissue retention.
A previous study demonstrated that T-cell specific deletion of TGF-§ signaling resulted
in a failure of NKT cells to develop properly (Marie et al., 2006). We also show that
NKT1 cells in the thymus, but not spleen or liver, bear a TGF-f3 signaling associated
gene signature. This signaling was required for the suppression of migratory genes and
expression of adhesion receptors typically associated with tissue retention. Our data
highlights a role for TGF-f signaling in facilitating the maturation of NKT1 cells that
remain in the thymus while also contributing to proper activation-induced production of

cytokines in peripheral NKT1 subsets.

Ets1 in INKT cell effector maturation

In later stages of development, expression of Ets1 is primarily restricted to
lymphoid cells (Chen, 1995). Moreover, Ets1 remains highly expressed in NKT cells
(Anderson et al., 1999), highlighting a poorly understood role for Ets1 following V(D)J
recombination and selection. My analysis of Ets1 represents the first characterization of
Ets1 deletion specifically in post-selected NKT cells. Focusing on the liver, we report
that Ets1 acts as a regulator of a broad range of adhesion-associated genes in NKT1
cells. Indeed, Ets7-deficient NKT1 cells in the liver had reduced expression of LFA-1
and ICAM-1; which are essential for liver retention, CD44; an adhesion and activation

receptor, and CD69; typically associated with negative regulation of S1PR1-mediated
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migration in Trm cells. When treating Ets1 cKO mice with antibodies against LFA-1 and
ICAM-1, these adhesion receptors were suddenly dispensable for retention in the liver.
In the wild-type context, LFA-1 and ICAM-1 are necessary and sufficient for liver
retention. It is unlikely that CD69 is compensating for reduced LFA-1 and ICAM-1
expression as we see the emergence of both a CD69'° and CD69"9" population of NKT
cells in the liver. Despite this, parabiosis and S1PR blocking studies in the liver revealed
that Ets1 cKO NKTs are still tissue resident. We conclude that Ets1 is essential to
enforcing LFA-1/ICAM-1-mediated retention of NKT1 cells in the liver. In the absence of
Ets1, hepatic NKT cells establish new adhesion contacts to facilitate their retention. The
presence of two distinct CD69 populations could indicate that localization of NKT1 cells
within the liver has been altered, exposing them to new cell contacts within the tissue
microenvironment, but this remains to be determined. If re-localization is occurring, it
would be pertinent to determine which alternative adhesion receptors are being utilized
by cKO NKT cells. One potential area of focus could be alternative receptor formation
using the integrin beta chain CD18, which is a component of the LFA-1 receptor. By
introducing a heterozygous deletion of Thx21, encoding T-bet, we found that expression
of ICAM-1 and CD44 were restored to WT levels, with CD69 being expressed at higher
levels than in WT. Additionally, reduced expression of T-bet restored LFA-1/ICAM-1
reliance in cKO/Het hepatic NKT1 cells. Taken together, we demonstrate a previously
unknown role for Ets1 in enforcing LFA-1/ICAM-1-mediated retention of NKT1 cells in
the liver by way of modulating expression of T-bet, a signature Tn1-associated

transcription factor (Fig. 5.1).
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Figure 5.1: Ets1 regulates expression of migration and adhesion genes in NKT1
cells via regulation of T-bet. One mechanism by which Ets1 regulates the
development and function of NKT1 cells is via modulation of T-bet expression. T-bet
regulates the expression of Icam1 and supresses the requirement for classic liver
retention interactions. Additionally, T-bet drives the expression of S1prb, S1pr1, and
KIf2, which are essential to the lymphocyte migratory program.
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In addition to regulating adhesion genes, we also see an upregulation of many migration
genes including S1pr1, S1pr5, Kif2 and Sell. Through RT-gPCR analysis of the liver, we
were able to determine that S71pr5 mRNA in cKO/Het NKT1 cells returned to WT levels.
S1pr1 and KIf2 mRNA also appear to return to WT expression levels, though this result
did not reach significance. Reduced expression of T-bet only partially reduced mRNA of
Zeb2, a direct target of T-bet, suggesting that Ets1 or other DEGs also contribute to
Zeb?2 activity, consistent with previous reports (Bar Yaacov et al., 2019). KIf2 has been
shown to be a regulator of STPR1 (Carlson et al., 2006), both of which are important for
migration of conventional T cells and NKT cells (Allende et al., 2008; Wang and
Hogquist, 2018). Current knowledge of tissue egress mechanisms suggests that Kif2
drives the expression of S71pr1. Our preliminary data supports the conclusion that in
NKT1 cells, T-bet acts as a regulator of KIf2 and, consequently, S1PR1 expression (Fig.
5.1). Our findings are also consistent with studies in Trm cells showing that T-bet and
Zeb2 promote the expression of S1PRS (Evrard et al., 2021). Additionally, T-bet-
dependent expression of S1PRS5 is required for migration of NK cells (Walzer et al.,
2007; Jenne et al., 2009). We hypothesize that T-bet promotes the expression of S1pr1
in a KIf2-dependent manner while promoting expression of S1pr5 via Zeb2. Whether
NKT1 cells also utilize S7pr5 for migration, similarly to CD8* Trwm cells or NK cells,
remains to be determined. In summary, this data highlights an important role for T-bet in

driving the migratory gene program in NKT1 cells.

A recent study (Zhong et al., 2022) did ATAC-seq analysis of naive and LCMV-

activated CD4 and CD8 T cells in the spleen to gain a better understanding of the major
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epigenomic changes that during T cell activation. Zhong and colleagues report that the
broadest changes in accessibility in T cells were associated with Ets, Runx and
bZIP/IRF motifs while some motifs, including T-box, were more accessible in activated T
cells. Subsequent analysis revealed that Ets1, Runx1 and Tcf1 were bound to a majority
of regions. Interestingly the authors conclude that as chromatin regions bound by Ets1
undergo little change following activation of CD4 and CD8 T cells that Ets1 primarily
acts as a regulator of housekeeping genes. However, there were a small set of Ets1
binding regions that had increased accessibility in activated T cells (Zhong et al., 2022).
Compared to our ATAC-seq in NKT1 cells, we find notable similarities. ATAC-seq
analysis of WT and cKO liver NKT1 cells revealed 3,660 differentially accessible
chromatin regions. Motif enrichment analysis of these regions showed a strong
enrichment of bZIP, Runx and T-bet binding motifs in regions of increased accessibility
in cKO NKT1 cells, consistent with our findings that T-bet regulates the migration gene
program and essential adhesion genes in NKT cells. Regions of reduced accessibility
were enriched for multiple Ets binding motifs. The broad association with Ets motifs in
differentially accessible regions could suggest that Ets1 regulates the accessibility of
many chromatin regions in NKT1 cells. Given that NKT cells have already differentiated
into their effector states, it is likely that more activation-associated motifs like T-box
would be enriched in NKT1s at steady state. Moreover, as T-bet is critical for the
development and function of NKT1 cells, this enrichment of T-box motifs in cKO NKT1

cells could be characteristic of other TH1-associated ILLs.
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In the thymus, Ets1 contributes to proper development of NKT1 cells. Initially,
increased expression of migratory genes paired with the decrease in NKT1 cells present
in cKO mice led us to consider that thymic NKT1 cells were migrating earlier than
intended. However, DOP assays revealed that the decrease in NKT1 cell number was a
consequence of defects in maturation. It is possible that maturation defects observed in
the thymus are a result of changes in the adhesion profile of NKT1 cells. As the thymus
is the primary site of T cell development, any alterations in localization could also
influence the types of signals received. For example, cKO thymic NKT1 cells have
impaired expression of Tgfbr2, a component of the TGF-f3 receptor. TGF-3 signaling is
important for the expression of the residency-associated adhesion receptors CD49a and

CD103 and will be addressed in the following section.

TGF-B signaling in iNKT1 maturation and function

Unique phenotypes in Ets1 cKO thymic and hepatic NKT1 cells support the idea
that while core commonalities exist between all NKT1 cells, Ets1 controls NKT1 effector
maturation and function in a tissue-specific manner. Consistent with this, wild-type
thymic NKT1 cells were found to share fewer transcriptional similarities compared to
splenic and hepatic NKT1 cells in the periphery. GSEA of all three WT tissues revealed
that only thymic NKT1 cells were enriched for the TGF-B signaling pathway. Outside of
its roles in immune suppression, TGF- signaling plays a key role in activation of NK
cells (Viel et al., 2016), NKT cell selection (Marie et al., 2006) and initiating the tissue
residency gene program of CD8* Trm cells after infection (Mackay et at., 2013; Zhang

and Bevan, 2013; Nath et al., 2019). Given that thymic NKT1 cells are tissue-resident
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and express CD49a and CD103, we investigated the role of TGF-f3 signaling in NKT1
cells using a conditional deletion of the Tgfbr2 gene (Tgfbr2 cKO). Our data revealed
that TGF-B signaling is required for development of CD49* CD103* NKT1 cells in the
thymus. RNA-seq analysis of Tgbr2 WT and cKO thymi showed that cKO NKT1 cells
had increased expression of a number of genes associated with migration including
S1pr5. However, TGF-f3 signaling did not block thymic egress of NKT1 cells. We also
observed a reduction in the expression of Zfp683, encoding Hobit. Hobit, alongside
Blimp-1, are consistently expressed across multiple tissue-resident cell types and are
believed to act as universal regulators of tissue residency in lymphocytes (Mackay et
al., 2016). Consistent with observations in other cell types, TGF-B signaling promotes
the expression of a common residency-associated gene program in thymic NKT1 cells.
Despite TGF-( signaling repressing S7pr5, we did not observe changes in expression of
either T-bet or Zeb2, suggesting that S71pr5 can be suppressed by TGF-B signaling

independently of the T-bet-Zeb2 axis in NKT1 cells.

While NKT1 cells in the periphery do not possess the same TGF-3 gene
signature as thymic NKT1 cells, they still produce CD49a. As such, we sought to
investigate a role for TGF-[3 signaling in hepatic NKT1 cells. Tgfbr2 cKO hepatic NKT1s
had reduced expression compared to WT and were impaired in their ability to produce
cytokines upon aGalCer-mediated activation, most notably the IFNy* IL-4* double-
producing population of NKT1 cells saw the greatest reduction in frequency. Together,
the data indicates that TGF-[3 signaling is important for the development of NKT1 cells

in thymus, by promoting expression of CD49a and CD103, while contributing to proper
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cytokine production in liver NKT1 cells. While the transcriptional similarities between
thymic NKT1 cells and Trwm cells are apparent, our analysis highlights the need for
continued investigation into the different ways that tissue-resident cells uniquely utilize

common residency gene programs.

The Ets1-TGF-8 axis in thymic iNKT1 cell development

Based on RNA-seq data from thymic NKT1 cells in both the Ets1 cKO and Tgfbr2
cKO models, we observed that Ets1 and TGF-f signaling both work to enforce
expression of key adhesion receptors and repress expression of migratory genes.
Among the DEGs analyzed in Ets7 cKO thymic NKT1 cells, we found that Tgfbr2 was
among the list of downregulated genes. Furthermore, when characterizing the Ets71 cKO
phenotype, we found that CD49* CD103* NKT1 cells were nearly absent, a phenotype
resembling our findings in the Tgfbr2 cKO thymus (Fig. 5.2A). We also identified a
subset of adhesion genes with similar changes in expression between the Ets7 cKO
and Tgfbr2 cKO RNA-seq datasets (Fig. 5.2B) Based on preliminary data, it is possible
that loss of TGF-[ signaling is contributing to the Ets7 cKO phenotype. In turn, Ets1
could act to regulate the development of thymic NKT1 cells, in part, by positively
regulating expression of Tgfbr2 and facilitating TGF- signaling (Fig. 5.3). If true, it
would then be interesting to tease out the contributions of T-bet/Zeb2 and TGF-( in
coordination of S1pr5 expression. However, it is important to note that we have only

uncovered a part of the Ets7 cKO phenotype.
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Figure 5.2: Similar phenotypes and gene expression changes in Ets1 and Tgfbr2
cKO NKT1 cells. (A) Normalized read counts of Tgfbr2 mRNA in Ets1 WT and cKO
NKT1 cells. (B) Representative flow cytometry analysis of CD49a and CD103
expression in Ets1 cKO NKT cells (N = 3). (C) Comparison of DEGs from RNA-seq
analysis of thymic NKT1 cells in either Ets1 cKO (left) or Tgfbr2 cKO (right) mice.
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Moving towards a greater understanding of iNKT cell development

Since their discovery, NKT cells (and other ILLs) have been highly interesting immune
cells to study; not only to interrogate the transcriptional and epigenetic mechanisms that
underlie their development and maturation but also due to their central role in directing
cytokine profile of the immune response and regulation of other immune cells (Matsuda
et al., 2008). In fact, NKT cells play an important role in the attenuation of graft-versus-
host disease (Kuwatani et al., 2006; Yang et al., 2010; Kuns et al., 2009; Coman et al.,
2018). NKT cells also have potent antitumor capabilities (Krijgsman et al., 2018) and
have been shown to be a strong candidate for immunotherapeutic approaches using
CAR NKT cells (Heczey et al., 2014; Heczey et al., 2020, Karadimitris et al., 2019). As
such, expanding our understanding of how NKT cells develop, mature into effector
subsets and retain themselves in secondary lymphoid organs represents an important

step in optimizing their therapeutic efficiency.

With the development of single-cell next-generation sequencing approaches, we
have been able to gain valuable insight into the development of NKT cells across
various tissues in mice and humans (Baranek et al., 2020; Shen et al., 2020; Zhou et
al., 2020). In the thymus, Baranek and colleagues report a previously unrecognized
degree of heterogeneity in developing NKT cells. Pseudo-time analysis of scRNA-seq
data in wild-type mice suggests that after selection, NKTO cells transition into a
multipotent NKT2 state. These multipotent NKT2 cells are then able to continue
differentiation into NKT1 cells, NKT17 cells or remain in a plastic NKT2 state (Baranek

et al., 2020). Interestingly, in contrast with studies showing that CCR7* NKTp cells are
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Figure 5.3: Model for Ets1 regulation of iNKT1 cell development and function. Ets1
regulates development using multiple potential mechanisms: (1) modulation of T-bet
expression to suppress migration-associated gene programs and promote retention in
the liver, (2) enforcing optimal thymic iINKT1 cell maturation by promoting TGF-p
signaling, and subsequently CD49a and CD103 and (3) possibly maintaing an adhesion
gene program that facilitates proper localization of NKT1 cells in the thymus and liver.
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the primary emigrating NKT population in the thymus (Wang and Hogquist, 2018), the
authors report that almost every NKT effector is capable of thymic egress (Baranek et
al., 2020). In the liver, NKT1 cells are the predominant subset but other effector subsets
also exist. scRNA-seq analysis by Shen et al (Shen et al., 2020) identified four clusters
of NK1.1* CD3e* NKT cells in the liver; two CD1d-dependent clusters representing 88%
of total hepatic NKT cells (type | and type Il NKT cells) and two distinct clusters that
were CD1d-independent. These CD1d-independent clusters were able to be further
differentiated by expression on Sca-1 and CD62L. Functional analysis of CD1d-
dependent NKT cells revealed that Sca-1- CD62L* NKT cells were able to produce IFNy
following cytokine-mediated stimulation (Shen et al., 2020). Owing to their increased
frequency in mice, the molecular phenotype of NKT cells has not been as well
characterized in humans. To this end, Zhou et al (Zhou et al., 2020) were able to
leverage single-cell sequencing to characterize the molecular identities of human
peripheral blood NKT cells, opening up the possibility of more refined analysis of human

NKTs in the future.

Concluding Remarks

As advancements in immunological technologies and techniques continue to be
made, we will be able to gain a more refined understanding of how cells of the immune
system develop and function. Within an already complex developmental system lies
innate-like lymphocytes, immune cells bearing characteristics of multiple cell types,

adding another layer of intricacy and raising a multitude of question regarding their
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origins. My analysis of Ets1 has provided insight into the some of the mechanisms
guiding development of retention of thymus and liver NKT1 cells, respectively. As Ets1
is capable of binding many genomic regions, either on its own or paired with
transcriptional co-activator, extensive analysis will be required to dissect all of its roles
in NKT1 cells. These results also contribute to an ever-growing knowledge base of
tissue-resident immune cells and the nuances in their transcriptional profiles. Indeed,
understanding tissue residency will require continued analysis across multiple cell
types. Knowing what signals facilitate homing of NKT cells and their retention in a given

tissue will be important in the development of NKT cell-based immunotherapies.
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Appendix

Distinct functional requirements for Ets1 across peripheral INKT1 cells

Introduction

NKT cells represent a subset of innate-like T lymphocytes that are able to
differentiate into their effector states without antigen activation. Given their phenotypic
similarity to NK cells, helper T cells, ILCs and yd T cells, several studies have
interrogated the transcriptome and epigenetic landscape of these subsets to better
characterize the nuances between their development and function. Bulk RNA-seq of
NKT effectors, ILCs, NK cells, Tucells and yd T cells revealed that despite their
differences in antigen recognition, NKT1 cells were transcriptionally similar to other Tn1-
like cells including TH1 cells, NK cells, ILC1s, and intraepithelial yd T cells. These
similarities also extended to NKT2/NKT17, ILC2/3 and yd T cells, but not TH2/THu17 cells
(YJ Lee et al., 2016), implicating a conserved effector gene program across these
immune cells. Within NKT cells specifically, single-cell RNA-seq analysis of thymic NKT
precursors and effector cells demonstrated that developing NKT cells undergo
significant alterations in the transcriptome as they differentiate into mature effector
subsets. Furthermore, these transcriptional shifts may work to imprint NKT cells in the
thymus so they can express the necessary adhesion and chemokine receptors required
for homing to target tissues (Engel et al., 2016; Salou et al., 2019). Transcriptomic
analysis of MAIT cells and NKT cells in the periphery revealed that MAIT and NKT cells

expressed highly similar residency gene programs in the spleen, liver and lungs and
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that MAIT and NKT cells in the spleen and liver shared a similar reliance on LFA-1 and

ICAM-1 for tissue retention (Salou et al., 2019).

Recently, RNA- and ATAC-seq analysis of NKT effector subsets revealed that
the transcriptome and epigenetic landscape of NKT1s, NKT2s and NKT17s are nearly
identical in the thymus, spleen and liver, with some divergence observed in the lungs
(Murray et al., 2021). During the course of our investigation into the role of Ets1 in NKT1
cells, we found unique requirements for Ets1 between the thymus and liver; where Ets1
facilitates the proper development and maturation of NKTs in the thymus and represses
T-bet to enforce the expression of LFA-1 and ICAM-1 and suppress the migratory gene
program in the liver. In addition to our analysis of NKT1s in the thymus and liver, we
also investigated the role of Ets1 in splenic NKT1s, as the spleen is predominantly
NKT1 cells. Here, we show that while Ets1 WT and cKO NKT1s in the spleen and liver
are highly similar transcriptionally, Ets1 acts to modulate the proliferation of NKT1s in
the spleen. Flow cytometry analysis revealed that splenic and hepatic NKT1 cells have
variable expression of adhesion receptors essential for liver retention and that splenic
NKT1 cells do not require LFA-1 or ICAM-1 for retention. Taken together, our data
suggests that despite transcriptional similarities between NKT1s across different
tissues, they exhibit distinct developmental and phenotypic characteristics dependent

on the organs they reside in.
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Results

Transcriptional and phenotypic divergence between peripheral NKT1 cells

Alongside the RNA-seq analysis in the liver described earlier (see Chapter 3), we
also sequenced Ets1 WT and cKO NKT1s sorted from the spleen. Analysis of splenic
NKT1s revealed 295 DEGs (FDR<0.05), 164 of which were upregulated and 131 were
downregulated in Ets1 cKO mice (Fig A.1A). Principal component analysis (PCA) of the
transcriptome of NKT1s in the thymus, spleen and liver showed strong clustering of
splenic and hepatic NKT1s, consistent with previous data (Murray et al., 2021) and
indicative of highly similar transcriptomes. However, we did observe distinct clustering
of thymic NKT1s, which may be indicative of heterogeneity in developmental
progression (Fig. A.1B). Gene ontology analysis of all DEGs in the spleen showed
similarities to the liver, being enriched for genes associated withmigration, locomotion
and adhesion. Interestingly, splenic NKT1s were enriched for genes associated with NK
cell mediated cytotoxicity while liver NKT1s were enriched for inflammatory response
genes (Fig. A.1C). GSEA of the spleen and liver for hallmark pathways showed that
cKO NKT1 cells in both the spleen and liver were enriched for many of the same gene
sets including EMT, fatty acid metabolism and targets of the E2F family of cell cycle
regulators (Fig. A.1D). When comparing the adhesion, migration and inflammatory
genes of interest in the spleen, we found that splenic NKTs had similar upregulation of
migration and adhesion genes including S7pr1, S1pr5, Kif2, Sell and various NK cell

associated integrins (Fig. A.1D). We then performed flow cytometry analysis of
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Figure A.1: Transcriptional divergence between peripheral iNKT1 cells. (A) Venn
diagram representation of the number of differentially expressed genes (DEG) in sorted
Ets1 cKO splenic NKT1 cells (FDR<0.05). (B) Multidimensional scaling analysis of gene
expression data from RNA-seq of WT and cKO iNKT1 cells from the thymus, spleen
and liver. Similarity is measured by the distance between samples. (C) Gene ontology
analysis of all DEG in the WT and cKO spleen. (D) Unscaled heatmap of the log fold-
change of selected genes associated with the inflammatory response or adhesion in
cKO splenic iINKT1 cells. (E) GSEA hallmark pathway analysis of RNA-seq data from
WT and cKO iNKT1 cells in the spleen and liver. Enrichment score correlates with the

number of genes found to be upregulated in the described gene sets.
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adhesion receptors typically associated with tissue-residency of liver NKTs. Similarly to
the liver, splenic NKT1s were found to express high levels of LFA-1. However, in
contrast to liver NKT1 cells, there was no significant change in LFA-1 expression in
splenic NKT1 cells. We also observed an increase in the percentage of cKO NKT1s in
the spleen with low expression of the adhesion marker ICAM-1 (Fig. A.2C). Ets1-
deficient splenic NKTs also had reduced expression of CD69 and CD44, receptors
associated with activation and adhesion/retention, as there was a ~40% increase in the

frequency of cKO NKTs that had little to no expression of both receptors (Fig. A.2C).

Studies from the Bendelac and Lantz labs (Thomas et al., 2011; Salou et al.,
2019), in addition to data presented earlier, have shown that NKT cells in the liver
require LFA-1 and ICAM-1 interactions to be retained in the liver. To assess reliance of
splenic NKTs on LFA-1 and ICAM-1, we intravenously injected WT and cKO mice with
neutralizing antibodies and analyzed the spleen one hour post-injection. Treatment with
anti-LFA-1 had no significant effect on the frequency of total NKTs in the spleen
compared to control in either the WT or cKO mice. Interestingly, anti-ICAM-1
administration led to a ~1.5x increase in the frequency of NKTs present in the spleen of
WT mice. In contrast, in cKO mice NKTs were present at a slightly lower percentage
compared to control (Fig. A.2D). This result directly contrasts observations in the liver,
where Ets1 promotes LFA-1/ICAM-1-independent retention of NKTs (Chapter 3, Fig.
3C). Our data suggests distinct requirements for LFA-1 and ICAM-1 in the spleen and

liver despite similarities in their transcriptional programs. Furthermore in the wild-type
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Figure A.2: Ets1 restricts the number of NKT1 cells in the spleen. (A) Number of
NKT1 cells present in Ets1 WT and cKO mice at 6 weeks and 16+ weeks of age. (B) 6-8
week old WT and cKO mice were administered Glu or Glu + 4-deoxypyridoxine (DOP)
via drinking water for 10 days. Mice we analyzed on day 11. (C) Flow cytometry
analysis of adhesion receptors LFA-1, ICAM-1, CD69 and CD44 in 6-8 week old WT
and cKO spleen. (D) WT and cKO mice ranging from 8-10 weeks were injected
intravenously with 150ug of either anti-LFA-1 or anti-ICAM-1 antibodies. Spleens were
analyzed 1 hour post-injection. Data is represented as the percentage of total NKTs in
the spleen of anti-LFA-1/ICAM-1 treated mice compared to PBS/IgGZ2a isotype controls.
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context, we report that LFA-1 and ICAM-1 interactions are not required for retention in
the spleen, although how ICAM-1 restricts NKT cell access to the spleen remains to be

determined.

Ets1 restricts the number of NKT1s in the spleen

During the characterization of the Ets1 cKO phenotype in splenic NKT cells, we
found that 6-week-old cKO mice had an increased number of NKT1 cells in the spleen
(Fig. A.2A). Initially, we hypothesized that the increase of NKT1s in the spleen could be
a result of increased egress of NKTs from the thymus. However, treatment of Ets1 WT
and cKO mice with DOP revealed that there were no significant changes in the number
of NKT cells being retained in the thymus of DOP-treated cKO mice (Chapter 3, Fig.
3F), suggesting that the loss of NKT1s in the thymus is the result of a tissue-specific
developmental defect. Indeed, DOP treatment had no significant impact on the number
of NKT1s in the spleen in WT or cKO mice (Fig. A.2B). To see whether this increased
number of NKTs was consistent over time, we looked at the number of NKT1 cells
present in the thymus and spleen of WT and cKO mice between 16 and 20 weeks.
While we did not observe a difference in the number of NKT1s in the cKO thymus at 6
or 16+ weeks of age, we observed a reduction in the number of NKT1s in the spleen on
cKO mice at 16+ weeks compared to 6-week-old mice (Fig. A.2A). This data could
suggest that in the spleen, Ets1 acts to restrict the proliferation of NKT1 cells and that
over time, hyperproliferation of these effector cells could lead to their exhaustion and an

eventual crash of the population.
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Ets1 regulates expression of adhesion receptors uniquely across peripheral

tissues

We found that Ets1 regulated the expression of CD44, ICAM-1 and CD69 in
hepatic NKT1 cells by limiting expression of the transcription factor T-bet. Given that we
saw changes in the expression of these adhesion receptors in Ets7-deficient splenic
NKT1s as well, we sought to investigate whether T-bet negatively regulated their
expression in the spleen. Analysis of cKO/Het mice showed no change in the frequency
of CD44'°© NKT1 cells compared to cKO. While we observed a slight reduction in the
frequency of ICAM-1'° splenic NKT1s, this result was not significant (Fig. A.3A).
However, we did find that reduced T-bet expression restored the percentage of CD69"°
NKT1s in the spleen back to that observed in WT. Restored expression of CD69 could
likely be a result of reduced expression of the antagonist S1pr1, consistent with our
findings in the liver. We also sought to determine whether reduced expression of T-bet
altered the loss of NKTs in cKO spleen treated with anti-ICAM antibodies. Ultimately, we
saw no change in the frequency of splenic NKTs in anti-ICAM-1 cKO/Het mice
compared to isotype control treated mice, indicating that T-bet is not responsible for the

altered retention of anti-ICAM-treated cKO NKTs in the spleen (Fig. A.3B).

Conclusions
Taken together, we provide data highlighting tissue-specific roles for the
transcription factor Ets1 in the development and maintenance of NKT1 cells in the

spleen. Initial characterization of the phenotype revealed an increase in the number of
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Figure A.3: Ets1 regulates expression of adhesion receptors across peripheral
tissues. Representative flow cytometry analysis of Ets1 WT, cKO and Ets1 cKO
Tbx217+ (cKO/Het) spleens for expression of adhesion markers CD44, ICAM-1 and
CD69. Summary data for all experiments is included below. (B) Ets7 WT, cKO and
cKO/Het mice were injected i.v. with 150ug anti-ICAM-1. Mice were sacrificed and

spleens were analyzed onehour post-injection.

115



NKT1 cells present in the spleen of Ets cKO mice. This was not due to increased
emigration from the thymus as demonstrated by experiments blocking S1P receptor-
mediated migration in the thymus and spleen. This suggests that Ets1-deficient splenic
NKTs may be hyperproliferative, which could explain the decreased number of NKT1s
in the spleen as the mice age. To properly assess this observation, it will be important to
stain for Ki67, a marker of cell cycling, or BrdU, which acts as a proxy for DNA
replication, to determine whether cKO NKT1s in the spleen are proliferative paired with
FLICA/Annexin V assays to identify apoptotic and dying cells in older NKT subsets.
Previous reports identified a role for adhesion receptors LFA-1 and ICAM-1 in retention
of splenic NKT cells (Salou et al 2019). We find that there was no change in NKT cell
frequency when we treated WT or cKO mice with LFA-1 neutralizing antibodies.
Interestingly, anti-ICAM-1 treatment resulted in an increased frequency of NKT cell in
the spleen compared to isotype control. The differences in our data could be attributed
to a number of factors including the duration of the antibody treatment (1h vs 24h) and
the injection of LFA-1 and ICAM-1 antibodies independently (our study) or
simultaneously (Salou et al., 2019). Considering that anti-ICAM treatment results in a
loss of NKT cells in the liver, it may be possible that NKTs escaping the liver may take
up residence in the spleen, or merely pass through the spleen early after treatment,
thereby raising splenic NKT1 cell numbers. As for Ets1 cKO mice, anti-ICAM-1
treatment may have the opposite effect in the spleen compared to liver, with splenic
NKTs gaining a mild reliance on ICAM-1 for retention. Overall, even though LFA-1,
ICAM-1 and CD69 are highly expressed in the spleen, regulation of their expression

may vary in the spleen and liver. This is supported by our cKO/Het analysis in the two
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tissues. While reduced T-bet expression restored expression of the aforementioned
receptors in the liver, NKT1 cells in the cKO/Het spleen only saw restored expression of

CDo9, likely as a result of decreased S1PR1 expression.

RNA-seq analysis of Ets1 WT and cKO NKT1s in the spleen and liver revealed a
similar number of DEGs in Ets1-deficient NKT1s. Furthermore, PCA showed that WT
and cKO NKT1s from both tissues had nearly identical transcriptomes. However, the
spleen and liver do possess unique DEGs and these genes represent an important next
step in dissecting the differences between splenic and hepatic NKT1 cells. As most of
the preliminary analysis was focused on adhesion markers typically associated with liver
NKT cells, it will be relevant to investigate surface receptors such as CXCRS5, which has
been associated with mobilization of splenic NKT cells to B cell zones. By obtaining a
broader characterization of adhesion receptors on NKT1 we may be able to learn more
about what facilitates their localization within tissues, most notably how hepatic NKTs
cells are primarily located in the sinusoids while splenic NKTs are more broadly

distributed under steady-state conditions.
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