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Molecular mechanisms and antigen receptor requirements
for lymphocyte adaptation to intestinal tissues

Mariya B. London, Ph.D.
The Rockefeller University 2020

The intestine plays a crucial role in food digestion, nutrient absorption, water retention,
and waste excretion. It contains the most populous immune cell reservoir in the body and
is continuously exposed to a large and diverse number of diet- and microbiota- derived
antigens. The highly stimulating luminal environment is separated from the core of the
body, the lamina propria (LP), by just a single layer of epithelial cells. The intestinal
immune system is thus tasked with being able to tolerate innocuous stimuli while
mounting an effective response against potential pathogens in a controlled manner. To
ensure appropriate balance between tolerance and resistance, T cells undergo tissue
adaptation upon migrating from the gut-draining mesenteric lymph nodes (mLN) to the
intestinal lamina propria and epithelium (IE). We sought to elucidate the transcriptional
mechanisms and T cell receptor (TCR) signaling requirements of CD4+ T cell plasticity
and adaptation in the intestinal tissues.

Within the intestine, peripherally induced Foxp3+* regulatory T cells (iTregs), which are
instrumental in limiting inflammatory responses to non-self antigen, are located primarily
in the lamina propria. However, CD8aa-expressing intraepithelial CD4+ T cells (CD4-
IELs), which also exhibit anti-inflammatory properties and depend on similar
environmental cues, reside in the epithelium. Using intravital microscopy, we find distinct
cell dynamics of intestinal Tregs and CD4-IELs. We addressed the molecular imprinting
of the gut epithelium on T cells by integrating mouse genetics with single-cell RNA-
sequencing analyses. Transcriptionally, CD4+ T cells from mLN, LP and IE segregate
based on the intestinal layer they occupy; trajectory analysis suggests a stepwise loss of
CD4-programming and acquisition of an intraepithelial profile as CD4+ T cells adapt to the
epithelium and convert to CD4-IELSs.

We found that upon migration to the epithelium, Tregs can lose Foxp3 expression and
convert to CD4-IELs in a microbiota-dependent fashion, an effect in part attributed to loss
of the CD4 lineage-defining transcription factor ThPOK. Treg fate-mapping coupled with
RNA- and ATAC-sequencing revealed that the Treg program shuts down before an
intraepithelial program becomes fully accessible at the epithelium. Ablation of Thpok
results in premature acquisition of an IEL profile by mLN Tregs, partially recapitulating
epithelium imprinting. Furthermore, we demonstrate that iTregs and CD4-IELs perform
complementary roles in the regulation of intestinal inflammation in response to dietary
antigen.

To uncover the specific role of the T cell receptor in the process of CD4-IEL development,
we combined in vivo fate-mapping and gene ablation models with single cell TCR-



sequencing. Single-cell TCR repertoire and transcriptomic analysis of intraepithelial CD4+
T cells revealed different extents of clonal expansion and TCR overlap between cell
states; fully differentiated CD4-IELs from regulatory or conventional CD4+ T cells were
the least diverse. Conditional deletion of TCR on differentiating CD4+ T cells or of MHC-
Il on intestinal epithelial cells prevented CD4-IEL differentiation. However, TCR ablation
on developed CD4-IELs did not affect their accumulation.

Overall, our results reveal an inter- and intra-tissue specialization of anti-inflammatory
CD4+ T cells shaped by discrete niches of the intestine. We uncovered the stepwise
molecular mechanisms and TCR-signaling requirements for T cells to adapt to the
intestinal epithelium. We found that the coordinated replacement of the circulating
lymphocyte program with site—specific transcriptional and chromatin changes is
necessary for tissue imprinting. Furthermore, our results indicate that local recognition of
possibly a limited set of antigens is an essential signal for the differentiation and
adaptation of T cells to the epithelium. Taken together, the work presented in this thesis
demonstrates that a combination of genetic, TCR, and environmental triggers is crucial in
driving T cell plasticity and adaptation to the tissues within the intestine.
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Chapter 1: Introduction

1.1 Lymphocytes and the immune response

The adaptive immune system must be able to mount an effective, yet controlled
response against potential pathogens while tolerating harmless stimuli.
Lymphocytes carry antigen receptors that allow for the recognition of virtually any
antigen, defined as a substance that can induce an immune response, they may
encounter during a lifetime of an individual. They should be able to distinguish and
tolerate self-antigens, yet actively respond to harmful or non-self antigens without
damaging the host. T lymphocytes are derived from hematopoietic stem cells in
the bone marrow and develop in the thymus, where they undergo a series of
selection steps. Although some T cells express the yo T cell receptor (TCR), this
work focuses on afTCR-bearing T cells.

Approximately 1-2 % of thymocytes are selected to exit the thymus as mature T
cells?3, in part on the basis of the affinity and avidity of their T cell receptor complex
for the major histocompatibility (MHC)-self-peptide complex*. The strength with
which the TCR complex engages with the peptide-MHC complex influences
thymocyte fate®. Interactions that are too weak or too strong preclude survival,
while those that fall within the appropriate range are selected to mature.
Thymocytes with a permissibly stronger TCR signal strength further develop into
certain T cell subtypes, such as natural regulatory T cells (nTregs), natural killer T
cells and natural intraepithelial lymphocytes®.

The theoretical diversity of the TCR repertoire is 10'5-102° in humans” and 104 in
mice® ° | values estimated by the combinations of germline variable (V), diversity
(D), and joining (J) segments, along with random nucleotide insertions and
deletions at junction sites and the pairing of the two TCR chains, o and p”. The
complementarity-determining region 3 (CDR3) is encoded by the V(D)J regions of
each chain, has the highest variability, is in direct contact with the peptide loaded
on the MHC complex, and is what determines the T cell’s ability to recognize
antigen® 11, Although in general quite diverse, the TCR repertoire can be further
shaped by thymic selection, cell subtype and the extrathymic environment.

In addition to TCR signaling, developing thymocytes transition through several
stages marked by the absence of surface co-receptor molecules CD8 and CD4,
then their dual expression, and finally the presence of either CD8 or CD4'2: 13, The
successful interaction of thymocytes with MHC class | or Il determines their aTCR
T cell lineage, CD8 or CD4, respectively.'* Cells of the former express the CD8a.3
heterodimer on their surface and the CD8-lineage defining transcription factor (TF)
Runx3'® 6. 17 On the other hand, cells of the latter express the CD4-lineage
defining TF Zbtb7b (referred to as Thpok)'8 9. Expression of Runx3 and ThPOK
is mutually exclusive and this dichotomy is established in the thymus during T cell
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selection and development?0. Partially in response to regulation of its distal
enhancer, Runx3is upregulated in CD8-single positive thymocytes. Runx3 not only
silences Cd4 but also Thpok by binding to its silencer region?', precluding its
expression, and driving the upregulation of CD8-related genes, many of which are
considered to be cytotoxic. Thpok is progressively upregulated during MHC-II
induced selection as thymocytes down-regulate CD822. ThPOK binds to its own
silencer region in CD4* T cells, allowing for its continued expression?3, along with
the regulation of two enhancers. In turn, CD8 genes are repressed and the CD4
lineage is established and maintained throughout subsequent peripheral CD4+ T
cell activation and differentiation®% 2425,

1.2 Peripheral T cell differentiation and plasticity

Upon successful maturation in the thymus, known as a primary lymphoid organ,
conventional mature, yet naive T lymphocytes exit to the peripheral, or secondary
lymphoid organs (SLO)?6. Although a subset of T cells proceeds directly to tissues,
naive CD8 and CD4 T cells in the SLO can be activated and undergo further
differentiation upon encounter with and recognition of peptide antigen presented
on MHC-I or Il complexes, respectively?®. While all nucleated cells express MHC-
[, only a subset of cells express MHC-II. Professional antigen presenting cells
(APCs) specialize in internalizing and processing antigen and displaying their
processed peptides on the surface of MHC-class Il molecules to peripheral naive
CD4+ T cells?”. APCs, particularly dendritic cells (DCs), migrate after capturing
antigen in various tissues to their respective draining lymph nodes (LN). Upon
recognition of cognate peptide-MHC-II complexes in secondary lymphoid organs,
and influenced by specific environments, CD4+ T cells can develop into one of
several canonical subtypes?® 29 including Tu1, T2, Tu17, Ten, and induced
regulatory T cells (iTregs). In addition to activation, primed T cells also receive
initial migration cues from DCs in the draining LNs, resulting in their migration back
to the location of stimuli. For instance, CXsCRi-expressing®® CD103* DCs can
migrate to the intestine and capture luminal contents before returning to the gut
draining mesenteric lymph nodes (mLN) where they activate naive CD4* T cells®':
32,33,34, 35 resulting in their differentiation and migration to intestinal tissues, thus
completing the gut-LN axis.

T cells retain a level of plasticity that allows them to adapt to different stimuli and
tissue environments. In this context, plasticity is defined as the ability of a single T
cell to undertake characteristics canonically ascribed to multiple distinct T cell
subsets, either simultaneously or sequentially throughout its life cycle®. Many
parallels can be extended between the plasticity of CD4+ T cells and that of stem
cells, to which this term was initially ascribed. Two important features of stem cells
are multipotency and asymmetric division, marked by their capability to both
generate daughter cells that retain the initial undifferentiated state and
developmental potential as well as the capability to generate a variety of more



differentiated daughter cells®’. Simultaneous multipotency and self-renewal has
been demonstrated in central memory CD8* T cells38 3° . Stem cell regulatory
features have also been noted in subsets of CD4* T cells. microRNAs that have
been found to tune key aspects of stem cells*® have also been linked to the
development of Tu1 and Tr17 subsets under inflammatory conditions*'. However,
it is not known if these stem cell characteristics, simultaneous multipotency and
self-renewal, can be extended to conventional non-memory CD4* T cells.
Furthermore, one key distinction is that unlike stem cells which further develop into
distinct, more differentiated cell subtypes, T cells can either progress towards a
more terminally differentiated state or obtain aspects from multiple cell types
simultaneously. For example, in some inflammatory contexts, differentiated Tn17
cells can produce the Tu1-associated cytokine IFNy along with IL-17A, in turn
undertaking a more pathogenic phenotype*?. Additionally, regulatory T cells can
co-express transcription factors associated with other helper subtypes, such as
Tu17 cells, upon specific bacterial stimuli43 44, QOverall, the plasticity of T cells,
which display some level of stem cell features, is important for their adaptation to
distinct environments.

1.3 Regulatory T cells in the periphery

While natural Tregs are thymically-derived with high affinity for self-antigen,
induced Tregs upregulate the Treg-defining transcription factor Foxp3, along with
a cohort of associated regulatory genes, in the periphery#®. Although they share a
core set of Treg genes, natural and induced Tregs can be distinguished by certain
markers such as Helios and Neuropilin-146 47, Distinct gene expression has been
observed in regulatory T cells in different tissues, including the small and large
intestines*8. In addition, the relative frequencies of the two types of Tregs, natural
and induced, differ depending on location. While induced Tregs are enriched in
intestinal tissues, natural Tregs are more frequent in intestinal draining lymph
nodes. Together, these observations suggest possible specialization or a division
of labor of regulatory cells within different tissues.

The main function of Tregs is to actively suppress immune response, thus
maintaining tolerance and homeostasis. Loss of function mutations in Foxp3, such
as scurfy in mice, lead to severe autoimmunity*®. Similar FOXP3 mutations in
humans result in the immunodysregulation polyendocrinopathy enteropathy, X-
linked syndrome (IPEX)0. Tregs are crucial for oral tolerance®', an active process
in which the immune system response to antigens to which it has had previous
oral exposure is highly controlled to prevent damage. This is particularly important
in the intestine due to the high local food-derived antigen-burden. In mouse
models, genetic ablation of Tregs results in inflammatory mucosal disease such as
colitis, further highlighting the role of Tregs in the intestine®2.



Although the functional importance of Tregs is well studied, their mechanisms of
action remain an active area of research. Nevertheless, Tregs have been
described to suppress effector T cells in multiple ways. For instance, Tregs
express inhibitory molecules like CTLA-45%3, which binds to CD80/CD86 on APCs
and blocks other T cells from receiving the co-stimulatory CD28 signaling.
Similarly, LAG-3 on Treg surfaces binds to MHC-II on APCs with high affinity,
precluding their ability to activate T cells®*. Tregs can also lead to the increase of
intracellular cyclic AMP in effector T cells, leading to their suppression®s.
Furthermore, Tregs produce anti-inflammatory cytokines, such as IL-35 and IL-10
to mitigate inflammation®®: 57. IL-10 ablation from Tregs results in a pro-
inflammatory effect primarily in the skin and mucosal tissues®®, suggesting that
Treg function can be tissue-dependent.

In addition to Tregs modulating the environment, the environment in turn influences
Treg differentiation. For example, the presence of certain commensal bacteria in
the intestine, such as Helicobacter hepaticus and Clostridium species has been
linked to Treg differentiation%® 0, Furthermore, single cell TCR sequencing has
revealed that colonic Tregs use TCRs that are both distinct from other CD4+ T cells
in the colon and from Tregs in other organs such as skin®'. In fact, this study found
that colonic-derived bacterial antigens are able to stimulate colonic Treg TCRs in
vitro, suggesting that the local antigen milieu shapes the Treg TCR repertoire. A
sufficiently diverse TCR repertoire is suggested to be important to be able to
respond to a vast array of antigen and maintain homeostasis. In the presence of a
diverse microbiota, “limited mice” harboring T cells which only utilize a fixed TCRa
and TCRp chain develop spontaneous colitis, induced by an increased IL-17+
IFNy* producing Tu17 population®?. This study suggested that if TCR diversity is
limited, Tregs are unable to induce tolerance to commensal microbiota stimuli in
part by failure to suppress local DC activation and priming of pro-inflammatory T
cells. Another model with a fixed TCRVp chain revealed that while the TCR
repertoire of a colonic Foxp3*RORyt* Treg population is mostly unique when
compared to other colonic T cell subsets, it was in part shared with local RORyt*
TH17 cells®3. This unique sharing suggests that Tregs with a similar TCR repertoire
and co-expression of effector TF’s with corresponding effector T cell subtypes
functions to specifically suppress those cells.

1.4 Intraepithelial lymphocytes

T cell adaptation to tissues within the intestine, which plays a crucial role in food
digestion, nutrient absorption, water retention, and waste excretion is important for
its homeostasis. Two adjacent tissues, the intestinal epithelium (IE) and underlying
lamina propria (LP) contain more immune cells than any other organ. Although
only a basement membrane separates the single layer of intestinal epithelial cells
(IECs) and the IE environment from the LP, the two compartments are populated
by very different immune cell populations. While a heterogenous population of
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conventional CD4* and CD8* T cells as well as the majority of intestinal APCs
reside in the lamina propria, the predominant lymphocyte populations within the
intestinal epithelium consist of CD8aa-expressing intraepithelial lymphocytes
(IELs)%4. The four types of IELs are thought to be terminally differentiated and have
an activated yet resting phenotype®s. IEL subsets seed the intestine at different
times and in response to different stimuli, but all establish permanent residency.
The two types of natural IELs, afTCR CD8aa* and ydTCR CD8aat (both CD4-
CD8p-), acquire gut homing molecules and the IEL profile directly in the thymus
and populate the intestine shortly after birth in a largely microbiota-independent
way. On the other hand, the two peripherally induced ofTCR IEL types;
CD8aufp*CD8aat (CD8-IELs) and CD4+*CD8aa* (CD4-IELs) develop in situ over
time, in a microbiota-dependent manner. Of note, CD4-IELs are derived from
conventional CD4+ T cells, which display a unique level of lineage-defying T cell
plasticity within the epithelium. Upon migrating to the IE, CD4-IEL precursors
downregulate ThPOK and upregulate the surface CD8a.o. homodimer and a cohort
of CD8 and cytotoxic genes including Runx366 67,

In addition to cytotoxic CD8-related genes such as granzymes, IELs express
effector cytokines, activating and inhibitory natural killer cell receptors, and anti-
inflammatory receptors®d. IELs also express tissue resident markers such as CD69
and CD1036% 68, This profile, in combination with the longevity of IELs resembles
that of tissue resident memory (Trwm) cells. Despite their similarities, IELs have not
been definitively classified as Trwm cells.

Much of Tru knowledge stems from bona fide CD8* T cells, with only slight
parallels drawn to CD4+ T cells. Trm cells are antigen-experienced T cells which
reside in tissue, do not recirculate, and do not require the presence of antigen for
maintenance®® 70. 71. 72 They are thought to derive from a stimulus, such as an
infection, and function as an antigen-specific first responder cell poised to rapidly
and effectively alarm the neighborhood upon re-infection. Trm cells are effector-
like, terminally differentiated, and retain proliferative capacity upon re-
stimulation”!. These cells are highly adapted to their tissue niche, displaying
environment-dependent distinct gene expression profiles. Trwm cells in different
tissues detect and respond to recurring pathogens with different speeds and
morphologies. For instance, CD8* Trm cells in the skin epidermis adopt a dendritic
cell-like morphology to be able to scan more host cells for pathogens”®: 74 and CD8*
Trm cells increase their speed upon intestinal infection”®. Similarly, ydTCR-IELs
change the movement and speed of their homeostatic surveillance behavior upon
Salmonella infection, suggesting a Tru-like behavior for these cells in the gut’®.
Although a core Trwm signature has been ascribed to CD8* Trwm cells, such as Hobit
and Blimp177 being their master TF regulators, they differ based on their tissue
environments’®. For instance, some Trm cells require CD103 expression for
maintenance, but not those found in the gut’. It is postulated that CD103
expression by CD4-IELs physically retains them in the intestinal epithelium (by
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binding to E-cadherin on IECs) but is not required for a Tru state.”! Likewise, while
the CD69 expression by IELs resembles Trw, they still make Granzyme B (GzmB),
suggesting that they are recently stimulated, and not memory cells. CD69 can be
transiently expressed through TCR stimulation or inflammatory cytokines (such as
IFNy and TNFa,) to prevent tissue egress and allow for proper programing within
the tissue, but it lasts for a few days®. However, IELs constitutively express CD69,
suggesting they are always sensing stimuli. Re-activated Trwm cells produce IFNy,
TNFa, and IL-2, enabling them to recruit leukocytes and trigger interferon-
stimulated genes in neighboring cells to resist re-infection in the local area. The
IFNy and GzmB secretion by CD4-IELs, in combination with their IE-residency,
further suggests that they may be Trwm cells. However, as it is still unknown what
CD4-IELs respond to, one cannot truly classify them as Trw cells as their response
to re-occurring antigen cannot yet be measured. Furthermore, most studies
regarding CD4* Trum cells have been limited to polyclonal cells without accessing
antigen-specificity. While such specificity of CD4-IELs is unknown, they display a
limited TCR repertoire, particularly in older animals, suggesting they may have
memory to specific antigens.

Despite a potential for recognition of certain antigens, |ELs are thought to have a
dampened perception of TCR signaling due to their expression of the CD8aa
homodimer®s. When it is paired with CD8pB, the CD8a co-receptor functions to
enhance intracellular TCR activation signaling events by associating with Src
kinase p56'°* and LAT to allow for proper phosphorylation, and thus a cascade of
downstream signaling®!. However, when CD8a. is paired in a homodimer, as is the
case on |ELs, it sequesters this downstream signaling due to associating with a
separate lipid raft from that of the TCR complex, therefore dampening TCR
signaling®. Instead, CD8a.a interacts with thymic leukemia antigen (TL)33 84 a
non-classical MHC-1 molecule that is expressed on IECs as well as in the thymus.
It is thought that TL does not present antigen as it lacks the helical domains that
define the antigen-binding grove for MHC-1 molecules. It is hypothesized that the
TCR-dampening role of CD8aa on IELs functions to either attenuate ongoing
stimulation or increase the minimal signal strength required for re-stimulation of
antigen-experienced IELs in the antigen-rich environment of the intestine®® .

The function of IELs as a whole is poorly characterized. ydTCR IELs have been
shown to function in surveillance of the |IE at steady state, defense against enteric
pathogens, and repair of the epithelial barrier’® 86 87, Their absence has been
linked to increased susceptibility to infections by Toxoplasma gondii, Salmonella
Typhimurium, and Listeria monocytogenes”® 7. 88 Similarly, CD8-IELs have been
described to protect against LCMV, rotavirus, and Toxoplasma gondii infection®®.
Both CD8- and CD4-IELs have been implicated in contributing to pro-inflammatory
damage in celiac disease?®, and inflammatory bowel disease®'. These detrimental
roles are in part mediated by NKG2D-mediated targeting of IECs by CD8-IELs,
leading to villous atrophy, as well as the production of pro-inflammatory cytokines
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by CD4-IELs®! 92, However, CD4-IELs have also been implicated in anti-
inflammatory roles®? % such as mediating immune responses to dietary antigens’.
Overall, IELs may sense their environment and accordingly adapt in both their
expression programs and functional responses.

1.5 Immune crosstalk in the intestinal environment

The intestine is considered to be in a chronically, yet physiological, inflamed state,
in part due to the high abundance of microbial and dietary antigens®. In addition
to food, the human intestine harbors 10’3 commensal bacteria®, paralleling the
number of host cells that make up an average human. The intestinal immune
system is thus tasked with tolerating the harmless stimuli, in order to reap their
benefits, while still being able to mount an effective response against potential
pathogens in a controlled manner®!.

Within the intestinal environments, the interplay of immune cells, intestinal
epithelial cells, food and the microbiota is crucial for T cell adaptation and a healthy
homeostasis. Both direct and indirect interactions of the commensal microbiota
and food metabolites with IECs impact their differentiation and secretion of factors
which further influence the local environment. For instance, IEC production of
antimicrobial peptides®”- %8, mucous and tight junction proteins, all of which can be
modulated by the microbiota, in turn restructure the intestinal bacterial
communities®®: 100,101 gand contribute to barrier protection’®. Some bacteria can be
directly sensed by pattern recognition receptors (such as toll-like'°® and nucleotide-
binding oligomerization domain-like receptors’®) on IECs, while others, such as
Segmented filamentous bacteria (SFB) can directly attach to the epithelium,
leading to changes in their gene expression profiles'0 106, 107 Moreover, certain
members of the microbiota, such as Bifidobacteria, specialize in fermenting dietary
fibers, a process that results in the release of short chain fatty acids'8, which are
then sensed by IECs. In turn, the proliferative'®® and secretory capacities of IECs
are modulated, which can further influence the differentiation of local immune cells,
displaying the interplay of diet, microbiota, IECs and lymphocytes.

Pathogens also contribute to the intestinal environment crosstalk. For example,
helminths and Salmonella Typhimurium drive the development of Tuft cells''° and
microfold cells''" (M cells), respectively, which then facilitate an immune response
against these pathogens. In response to helminths, Tuft cells act in an auto-
regulatory loop by inducing a type 2 immunity response, which leads to further Tuft
cell development until pathogen clearance''?. M cells contribute to the connection
between the microbiota and immune system by transporting bacterial antigens
from the lumen to the lymphoid follicle, where APCs can sense them via toll like
receptors, uptake and subsequently present antigen to T cells’'3,



Secretion of factors such as transforming growth factor B (TGFp), cytokines and
the expression of gut homing ligands by IECs, can all be promoted by the bacterial
and diet components and impact the local T cell population''4. 115,116,117, 118 " Fgr
instance, while TGFp directs CD4+ T cells to differentiate towards inflammatory
Tu17 cells in the presence of IL-6, the additional presence of diet-derived
metabolite retinoic acid (RA) inhibits the added contribution of the latter, and
instead re-directs differentiation towards induced Tregs''®. Moreover, TGFp and
RA can induce the upregulation of the gut homing integrin aef7, which binds to E-
cadherin on IECs and allows for T cell homing and retention in the gut'?°. RA can
also promote CCR9 expression, which binds to IEC-expressed CCL25, although
this effect is more important to homing to the small, rather than the large
intestine™!. Overall, the crosstalk between multiple components within the
intestine is crucial for pathogen clearance and also for the maintenance of
homeostasis.

1.8 Overall goal of the thesis

The local immune system not only contributes to, but also adapts to the chronically
inflamed state of the gut. It must be able to tolerate harmless stimuli while
maintaining the ability to respond to pathogens in a controlled manner. As an
imbalance in this dual function of the intestinal immune system may lead to
disease, it is important to understand the underlying functional mechanisms.

The overall goal of this thesis work is to understand the mechanisms of intestinal
T cell plasticity and tissue adaptation. We sought to investigate inter-and intra-
environmental differences in CD4+* T cells in order to understand how they adapt
to different intestinal tissues. We focused on the environment-driven
destabilization of CD4+* T cells and their subsequent development into
intraepithelial lymphocytes. To this end, we aimed to identify the transcriptional
and chromatin changes that CD4+ T cells undergo during CD4-IEL development
and elucidate the functional consequences of this plasticity. Furthermore, we
coupled our studies of T cell plasticity with that of T cell receptor stimulation and
repertoire to uncover the functional role of the TCR in tissue adaptation. Overall,
this work provides mechanistic insight into CD4+ T cell adaptation to intestinal
tissues in a microbial-derived antigen dependent manner.
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Figure 1.1 Schematic representation of T lymphocytes. (a-c) Cells include
conventional CD4 or CD8 (green), natural or induced regulatory T cells (nTreg;
red, iTreg; pink), natural intraepithelial lymphocytes (TCRaf* nlEL, TCRyd*nlEL;
blue) and induced intraepithelial lymphocytes (CD8-IEL, CD4-IEL; green). Letter
inside cell represents expressed transcription factor (T; ThPOK, F; Foxp3, R;
Runx3). Cells within the thymus (a), peripheral lymph node (b), and intestine (c),
including lamina propria (LP), intestinal epithelium (IE), and lumen.
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Chapter 2: Tissue adaptation of regulatory and
intraepithelial CD4* T cells controls gut inflammation

2.1 Reciprocal localization between Tregs and CD4-IELs in intestinal tissues
correlates with ThPOK levels

The gut mucosa is exposed to large amounts of both harmless and potentially
pathogenic stimuli on a daily basis, hence diverse immune regulatory mechanisms
must operate to avoid inflammatory diseases '?2. Peripherally induced Foxp3-
expressing regulatory T cells (iTregs) mediate suppression of a variety of immune
cells and actively prevent inflammatory bowel diseases and food allergies 45 51 123,
124,125,126 Similar to iTregs, Foxp3-CD8a.a*CD4+* intraepithelial lymphocytes (CD4-
IELs) depend on retinoic acid (RA) and transforming growth factor (TGF)-p
signaling for their development and also have anti-inflammatory properties 51 6. 67,
127,128,129, 130 However, while CD4-IELs accumulate at the intestinal epithelium
(IE), very few total Tregs (including iTregs and thymically-derived natural Tregs)
can be found at this site (Figure 2.1a, b). We asked whether and how the intestinal
environment segregates iTregs and CD4-IELs, the transcriptional control involved
in this regulation and how this balance affects gut inflammation.

b
spleen mLN
Mo020.42 0.055| ]0.19 0.073 ~ % = spl
< mm mLN
104 0 201 = small IE
o == small LP
- £ 154 m large IE
X mm |arge LP
10
™
Q
o @0 @ <o g 5
187, 128 1874, 123 oo
0 10° 10* 10
small IE small LP large LP
107241 0.12{ ]6.09 0.19] |8. 14.01 0.33
104
& @ J
5 523l lg 744 1 213

0° 10° 10°
Foxp3 >

Figure 2.1 Few Tregs reside in the intestinal epithelium. (a-b) Flow cytometry
analysis of surface CD8a and intracellular Foxp3 expression among
TCRB*CD4+CD8p~ cells from from spleen (spl), mesenteric lymph node (mLN),
small intestine epithelium (IE) and lamina propria (LP) or large intestine IE and LP
in WT mice. (a) Representative flow cytometry contour plots. (b) Frequency of
CD8a* cells (left) or Foxp3* cells (right). Data are expressed as mean + SD of
individual mice (n=6).
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We used intravital multi-photon microscopy (IVM) to investigate whether Tregs are
actively excluded from the gut epithelium. For tracking in vivo Treg dynamics, we
utilized tamoxifen-inducible Foxp3CreER-eGFP: Rosg2@isitdTomato (j Foxp3Tomato) mice
131 which allow Treg fate mapping and the distinction between cells that currently
express (Tomato*Foxp3+*) and cells that once expressed Foxp3 (Tomato*Foxp3-).
We compared Treg movement patterns in these mice shortly (24 hours) after
tamoxifen administration, allowing for the visualization of bona fide Tregs
(Tomato*) and thymically-derived y3IEL cell movement patterns, which in the gut,
reside exclusively in the epithelium 132, We found that more than 80% of TCRy8GFP
cells preferentially remained in the epithelium, while 68% and 14% of Tomato* cells
were considered lamina propria and IE residents, respectively, throughout the
duration of image recordings (Figure 2.2a, b). Among the remaining (~18%)
migrating Tomato* cells, cell tracking indicated that cells moved into the epithelial
layer from the lamina propria more frequently than vice-versa (Figure 2.2b, c).
Because ex vivo analysis of the intestinal epithelium revealed a low frequency of
Foxp3*+ Tregs (Figure 2.1a), these IVM results suggested either preferential cell-
death of Tregs or their conversion into another T cell subtype.
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Figure 2.2 Tregs and IELs exhibit reciprocal localization in the intestinal
tissues. (a-c) Intravital microscopy (IVM) analysis of ileal villi of TCRy8%FP or
iFoxp3Temato mice, 24 hours after tamoxifen administration. Mice were injected with
Hoechst prior to imaging to visualize all nuclei (blue). Scale bar=10um. (a) Time-
stacked image of TCRy8CGFP (green channel; left) mice and iFoxp3™mat (red
channel; right) mice. Images are representative of 20-22 villi from at least 3
independent experiments. (b-c) Frequency of intraepithelial (IE), lamina propria
(LP) or migratory TCRy3GFP and iFoxp3Tomate cells. (c) Percentages within
migrating cells. Cells were tracked using Imaris software (Bitplane UK). Data are
expressed as mean + SD from independent movies. ***P<0.001 (Student’s t test).

While all Tregs express the CD4-lineage transcription factor Zbtb7b (encoding
ThPOK), CD8a.a*CD4+ and more than 50% of Foxp3-CD8a-CD4+ cells in the small
intestine epithelium lack ThPOK expression (Figure 2.3a). We thus asked whether
down-modulation of ThPOK influences CD4+ T cell dynamics. We performed IVM
using an ovalbumin (OVA)-specific T cell receptor (TCR) transgenic system (OT-
), in which oral OVA exposure leads to incremental ThPOK loss by intestinal CD4+
T cells 87133, To allow for the visualization of T cells upon ThPOK loss, we crossed
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OT-ll (Rag1~-) with Thpok®FP knock-in reporter and ubiquitous mRFP1 mice.
Sorted naive (RFP+GFP+) CD4+ T cells from OT-ll (RFP Thpok®FF) mice were
transferred to Rag1~~ mice kept on an OVA-containing diet for one week before
IVM analysis. Computational tracking revealed that roughly 60% of the transferred
cells that downregulated ThPOK (RFP+GFP-), and only 20% of ThPOKMd" cells
(RFP+GFP+*) remained in the epithelial layer (Figure 2.3b, ¢). Migrating ThPOKhigh
cells showed similar movement patterns to Treg cells, with preferential
displacement from the lamina propria into the epithelial layer, suggesting that part
of these cells convert into ThPOK°¥ cells, or die, in that compartment (Figure
2.3d). These observations indicate that loss of ThPOK corresponds to an IEL-like
behavior in CD4* T cells. Additionally, the discrepancy between the capacity of
Tregs to visit the intestinal epithelium and their low frequency suggests that this
environment may favour Treg plasticity.
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Figure 2.3 ThPOK levels correlate with reciprocal Treg and CDA4-IEL
localization and migration dynamics in the intestine. (a) Representative flow
cytometry histograms of intracellular ThPOK expression by Foxp3+CD8af3-,
Foxp3-CD8ap~, Foxp3-CD8a*CD8p- (TCRB+*CD4*) cells from WT mice. (b-d)
Sorted naive CD4+ T cells from OT-Il (RFP ThpokCGFP) mice were transferred to
Rag1--mice and recipient mice were fed an OVA-containing diet for 7 days before
ileal intravital microscopy analysis. Mice were injected with Hoechst prior to
imaging to visualize all nuclei (blue). Scale bar=10um. (b) Time-stacked image of
GFP+ (green channel and blue channel overlay; left) and GFP+ (yellow) and GFP-
(red) cells (green, red and blue channel overlay; right). Time-stacked images are
representative of at least 50 villi from 4 independent experiments. (c)
Quantification of tracked GFP+ and GFP- cell dynamics from 4 different movies
(total 6-paired villi) in 2 independent experiments. (d) Percentages within migrating
cells. Cells were tracked using Imatris software (Bitplane UK). Data are expressed
as mean = SD from independent movies., **P<0.01 (Student’s t test).
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2.2 CD4-IEL levels in the intestinal epithelium are microbiota-dependent

The abundance of CD4-IELs varies with age as well as diet and depends on the
indigenous microbiota'34 135 136, We found that the reciprocity between Tregs and
CD4-IELs within the intestinal epithelium maintained with differences in age and
microbiota. The frequency of CD4-IELs among total CD4+ T cells in aged mice (up
to 75 weeks old) was much higher than in adult (8-16 weeks old) mice, while the
relative Treg frequency was lower (Figure 2.4a). Furthermore, adult animals
housed in different facilities (RU or MSKCC), harboring distinct microbiotas, also
displayed reciprocal frequencies of CD4-IELs and Tregs, further suggesting that
although the microbial composition influences CD4-IELs, the reciprocity between
Tregs and CD4-IEL frequencies is largely maintained (Figure 2.4b). Upon
antibiotic treatment (vancomycin and metronidazole), animals from both facilities
displayed a decline in CD4-IEL frequencies, although only MSKCC -derived mice
showed a reciprocal increase in Tregs upon antibiotic treatment (Figure 2.4b).
This data highlights the microbiota contribution to development and/or
maintenance of CD4-|ELs.

a b

I 8-16wko mm Control
1007 257 B 28-75wko 1004 257 = V/M

% 80 =
G

= 60
& 401
N

3
@ 204

“SmallE_ “smalllE °""RU MSKCC °""RU MSKCC

Figure 2.4 The microbiome influences CD4-IEL frequencies. (a-b) Frequencies
of CD4-IELs (CD8a*CD4+CD8p~) and Tregs (Foxp3+CD8a-) among CD4+ T cells
in the small intestine epithelium (IE). (a) CD4-IEL (left) and Treg (right) frequencies
of adult mice (8-16 weeks old; blue) and older mice (28-75 weeks old; red) housed
in the RU facility. (b) CD4-IEL (left) and Treg (right) frequencies of adult mice born
and housed until adult age in either RU or MSKCC animal facilities. Mice were
either maintained on control drinking water (blue) or were given vancomycin and
metronidazole antibiotics (V/M; red) for 4 weeks prior to analysis. (n=6-14).

Commensal bacteria has been shown to play a major role in the induction of large
intestine lamina propria iTregs 123 124,125 126, 137 |n contrast, we observed an
increased frequency of iTregs (Neuropilin-1- Foxp3+) in the small intestinal
epithelium isolated from germ-free (GF) mice when compared to specific
pathogen-free (SPF) controls (Figure 2.5a). The total Treg number in the epithelial
compartment was comparable between GF and SPF mice. In agreement with the
Treg-IEL reciprocity observed above, GF mice showed an almost ten-fold
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reduction in the number of intraepithelial CD4+ T cells (Figure 2.5a). Moreover,
consistent with a reciprocal ThPOK or Foxp3 expression and CD4-1EL
differentiation, we found an increased frequency of ThPOK"g" CD4+ T cells and
significantly reduced CD4-1ELs in GF mice (Figure 2.5b).
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Figure 2.5 Microbiota-dependent CD4-IEL levels in the intestinal epithelium.
(a-b) Flow cytometry analysis of TCRB*CD4+CD8p~ lymphocytes from spleen (spl),
mesenteric lymph nodes (mLN) and small intestine epithelium (IE) of wild-type
C57BL/6 mice maintained under specific pathogen-free (SPF) or germ-free (GF)
conditions. (a) Surface neuropilin-1 (Nrp-1) and intracellular Foxp3 expression
(top). Bar graphs represent frequency and total number of Foxp3+ cells (left) or
Foxp3*Nrp-1-cells (iTregs) (right). Total cell number for T cell populations isolated
from the slE is also shown (middle). (b) Surface CD8a. and intracellular ThPOK
expression (top). Bar graphs represent frequency and total number of CD8a* (left)
or ThPOKPNig" (right). Data expressed as mean = SD of individual mice (n=6).
*P<0.05, **P<0.01, ***P<0.001 (Student’s ttest).

2.3 Lineage-defining transcription factors play a key role in CD4-IEL
development

We interrogated whether the reciprocal properties of iTregs and CD4-IELs were
influenced by lineage-defining transcription factors. We first determined the role of
ThPOK by crossing Thpok"120 with Cd4CeER mice'38 for Thpok depletion upon
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tamoxifen treatment'33. In vivo administration of tamoxifen to iCd4(A Thpok) mice
133 one week before analysis resulted in a 32% to 48% reduction in the frequency
of Foxp3* Tregs in lymphoid and intestinal tissues, respectively, whereas an
increase in CD4-IELs was observed only in intestinal tissues (Figure 2.6a,b).
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Figure 2.6 ThPOK expression by intestinal epithelial CD4* T cells plays a key
role in the reciprocal development of Tregs and CD4-IELs. (a-b) Flow
cytometry analysis of lymphocytes from spleen (spl), mesenteric lymph nodes
(mLN), small and large intestine epithelium (IE) and lamina propria (LP) of
inducible conditional Thpok-deficient mice: Cd4CeER: Thpok"! (iCd4(A Thpok)) and
(Cre”) Thpokf littermate controls 7 days post-tamoxifen administration. (a)
Representative contour plot for surface CD8a and intracellular Foxp3 among
TCRpB*CD4+CD8pB- cells. (b) Frequency of CD8a* (upper) and Foxp3+ (lower)
among TCRB*CD4+CD8p~ or among total CD45* cells in the indicated tissues.
Data expressed as means = SD of individual mice (n=4-5). *P<0.05, **P<0.01,
***P<0.001 (Student’s ttest).

We sought to target the CD8- lineage defining transcription factors, which have
also been described to play a positive role in CD4-IEL development. We generated
mice with conditional deletion of Runx3 or Tbx21 (encoding T-bet), which mediate
downregulation of ThPOK in developing CD4-IELs ¢7- 127, Analysis of the epithelial
compartment of Cd4(ARunx3) mice revealed a reduction in the frequency and
number of CD4-1ELs and, conversely, enrichment in Tregs (Figure 2.7a, b). Next,
we analyzed mice in which Tbx21 was excised early (driven by Ox40°r 139), or late
(driven by E8Ce 140) during CD4-IEL differentiation 133. Ox40(A Tbx21) mice also
showed reduced CD4-IEL and roughly a two-fold increase in Treg in the
epithelium, while E8(ATbx21) mice showed reduced CDA4-IELs, but normal
numbers of Tregs in the epithelium when compared to Cre- control mice (Figure
2.7a, b). Collectively, this data provide a possible mechanism for the reduced
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number of Tregs in the gut epithelium, where collaboration between Runx3 and T-
bet results in downmodulation of ThPOK in CD4+ T cells 67: 127,
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Figure 2.7 Runx3 and T-bet expression by intestinal epithelial CD4+ T cells
play a key role in the reciprocal development of Tregs and CD4-IELs. (a-b)
Frequency (left) and total number(right) of CD8a* (a) and Foxp3+* (b) among
TCRB*CD4+CD8pB~ cells from small intestinal epithelium of Ox40(ATbx21),
Cd4(ARunx3), E8i(ATbx21), and wild-type (control) mice. Data expressed as mean
+ SD of individual mice (n=3-9). *P<0.05, **P<0.01, ***P<0.001 (One-way ANOVA
with Tukey post-test).

2.4 Microbiota contributes to Treg plasticity in the intestinal epithelium

To directly address Treg plasticity in the gut tissue, we performed Treg fate
mapping using naive adult Foxp3ce-YFP:Rosa26's-DsRed (Foxp3Pshed) mice 141
Analysis of peripheral lymphoid tissues isolated from Foxp3PsRed mice revealed an
almost complete concurrence between Foxp3 reporter (YFP) and DsRed
expression, confirming previously described stability of the Treg lineage 131 142,
However, over 40% of DsRed* CD4* T cells in the small intestine epithelium did
not express Foxp3 (YFP-), indicating that a considerable number of Tregs lost
Foxp3 expression (Figure 2.8a). Because previous studies have demonstrated
that the majority of “ex-Foxp3” cells in steady state were derived from uncommitted
precursors that transiently upregulated Foxp3 42, we also performed fate mapping
after pulse-labeling iFoxp3™mato mice with tamoxifen 137, a strategy more likely to
target bona fide Tregs '43. Nevertheless, while stable Foxp3 expression was again
observed in several peripheral tissues examined, over 50% of Tomato* CD4+ T
cells that accumulated in the small intestine and almost 10% in the large intestine
epithelium isolated from iFoxp3T™mato mice no longer expressed Foxp3 five weeks
post tamoxifen administration (Figure 2.8b,c). The contribution of Tomato* cells
to the CD8aoa* and CD8af* CD4-IEL pools was roughly 10% and 25%,
respectively (Figure 2.8d). Consistent with a ThPOK-dependent process, ex-
Tregs that underwent IEL differentiation showed low levels of ThPOK (Figure
2.8e). These results indicate that a substantial proportion of intestinal Tregs
physiologically convert to CD4-IELs.
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Figure 2.8 A subset of Tregs converts to CD4-IELs in the intestinal
epithelium. (a) Flow cytometry analysis of mesenteric lymph nodes (mLN) and
small intestine epithelium (IE) of Foxp3°eYFP:Rosa26's-PsRed (Foxp3Pshed) mice,
which constitutively labels cells that currently or once expressed Foxp3.
Representative plot for YFP, CD8a and DsRed among TCRB+*CD4+CD8p~ cells.
Bar graphs represent frequency of indicated cell types. (b-e) Flow cytometry
analysis of spl, mLN, small or large IE and lamina propria (LP) of Foxp3CcreER-
eGFP: Rosa26'sttdTomato (jFoxp3Tomao) mice 1 day (shown in c) and 35 days post-
tamoxifen administration (b) Surface CD8a and Tomato expression or intracellular
Foxp3 among TCRB+*CD4+ cells. (¢) Frequency of Foxp3+* (blue) and Tomato* (red)
among TCRpB+* CD4+ cells in the indicated tissues. (d) Frequency of Tomato* cells
among TCRp* CD4-CD8a*p-, CD4-CD8afp*, CD4+*CD8a*p~, and CD4+*CD8auf+*
slELs. (e) MFI for intracellular ThPOK expression by Tomato~ (blue) or Tomato*
(red) cells among TCRB+*CD4* CD8a~or CD8a* slIELs. Data expressed as mean +
SD of individual mice (n=5) *P<0.05, **P<0.01, ***P<0.001 (Student’s t test).
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We next asked if the microbiota influences Treg plasticity similarly to CD4-IEL
development and/or maintenance. To address this question, we treated
iFoxp3Tomato mice with broad-spectrum antibiotics for five weeks, immediately after
tamoxifen exposure. We observed that microbiota depletion prevented Foxp3 loss
within the Tomato* CD4+* T cell population, resulting in an accumulation of Tregs
in the epithelial compartment (Figure 2.9a). The direct contribution of microbial
metabolites versus microbial or dietary antigens to the differentiation of CD4-1ELs
or iTregs occupying the small intestinal epithelium 4 remains to be fully
determined. Nevertheless, provision of a TCR ligand can overcome the strict
microbiota requirement for CDA4-IEL differentiation, as demonstrated by the
relatively normal CD4-IEL differentiation in antibiotic-treated OT-Il ThpokGFP Rag1-
- mice exposed to oral OVA (Figure 2.9b). Along with the above data, these
observations substantiate a microbial-induced plasticity of Treg cells in the
epithelium, corroborating intra-tissue specialization and conversion of gut CD4+ T
cells.
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Figure 2.9 Microbiota-dependent plasticity of Tregs in the intestinal
epithelium. (a) Frequency of Foxp3+* (blue) and Tomato* (red) among TCRp*
CD4+ cells from spl, mLN and small intestine IEL of Foxp3CreER-€GFP:Rosg26's:
tdTomato (jFoxp3Tomato) mice treated with tamoxifen and maintained with a mix of
broad range antibiotics (ABX) containing vancomycin, ampicillin, neomycin,
metronidazole and sucralose-base sweetener or sucralose (Control) for 5 weeks.
(b) OT-llI-Rag1-- animals were treated with a mix of broad range ABX or sucralose
(Control) for 4 weeks. After treatment, animals were fed 1% OVA diet for 21 days
prior to flow cytometry analysis for CD8a (left) and ThPOK (right) expression. Data
expressed as means + SD of individual mice (n=3). *P<0.05, **P<0.01, ***P<0.001
(Student’s ttest).

2.5 ThPOK downmodulation plays a key role in Treg plasticity and
conversion to CD4-IELs

We next asked whether disrupting ThPOK and Runx3 could directly affect the Treg
to IEL progression. To simultaneously fate-map Tregs and abrogate their ThPOK
and/or Runx3 expression, we crossed iFoxp3™mate mice with ThPOK" and/or
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Runx3"1 mice20- 145 and administered tamoxifen to the iFoxp3T™omalo(AThPOK,
ARunx3, and AThPOK ARunx3 vs WT) mice over 10 weeks. Removal of ThPOK
promoted the destabilization of Tregs and their acquisition of the CD4-IEL
phenotype, as determined by CD8a expression by Treg—fate-mapped cells,
suggesting that the forced deletion of ThPOK leads to premature differentiation of
IELs from Tregs (Figure 2.10a, b). Concomitant Thpok and Runx3 ablation in part
abrogated the effect of Thpok deletion, confirming a positive role of Runx3 in CD4-
IEL conversion®”. Runx3 ablation in Tregs alone did not play a significant role in
Treg stability or CD8a-acquisition, implying that it acts primarily in the absence of
ThPOK at this stage (Figure 2.10a, b). In contrast to cells in the epithelium, all
mLN Tregs remained stable, highlighting the finding that Treg plasticity is tissue—
dependent (Figure 2.10a, b). Furthermore, we did not observe any overt signs of
disease, suggesting that the remaining stable Tregs, together with the augmented
CD4-IELs, were sufficient to maintain intestinal homeostasis.
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Figure 2.10. ThPOK downmodulation leads to CD8a induction in
intraepithelial Tregs. (a-b) Flow cytometry analysis of CD45*TCRB+*CD4+CD8plow
Tomato* cells in the small intestinal epithelium (IE) and mesenteric lymph nodes
(mLN) of Zbtb7b"+ x Runx3V+ x Rosa26'sdTomato x  Foxp3CreER(iFoxp3), iFoxp3 x
Runx3"+ (iFoxp3“ThPOK)) - iFoxp3x Zbtb7bl*x Runx3"! (iFoxp3“FRunxd)) iFoxp3 x
Zbtb7b" x  Runx3"M (iFoxp3“ThPOKARunx3)) mice after 10 weeks of tamoxifen
treatment. (a) Frequency of total Foxp3+ cells or (b) total CD8a* cells. Data are
expressed as mean +/- SEM of individual mice (n=5-11 per genotype). **p<0.01,
[one-way ANOVA and Bonferonni test].

As previously noted, one key difference between mLN and IE Tregs is that while
the former mostly consists of natural Tregs (nTregs), the latter is predominantly
composed of less stable peripherally induced Tregs (iTregs)*> 46 (Figure 2.11a).
Thus, we next examined if potential effects by ThPOK and Runx3 on Treg plasticity
in our in vivo results were masked by differences in nTreg vs iTreg stability.
Moreover, to dissect the functional roles of ThPOK and Runx3 in these two types
of Tregs, we used the classical model of T cell-transfer colitis in Rag1-deficient
mice'47. 148,149 Mice were co-transferred with naive CD45.1 CD4+* T cells along
with peripheral CD45.2 Tom* nTregs or iTregs (neuropilin-1 high or low,
respectively) sorted from iFoxp3Tomate (AThPOK, ARunx3, AThPOK ARunx3 vs
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WT) mice (Figure 2.11b). While iTregs lost more Foxp3 expression than nTregs
as expected, both nTregs and iTregs were stable in the mLN but less so in the IE
compartment (Figure 2.11c, d). We again found that ThPOK abrogation led to an
increased frequency of ex-Treg-IELs but without a significant loss of Foxp3-
expressing cells in comparison to the mice transferred with WT iTregs; a result
likely due to an increase in Foxp3-CD8a double positive cells (Figure 2.11e).
Moreover, concomitant deletion of Runx3 and Thpok did not result in increased
accumulation of CD8a-expressing cells. In the presence of ThPOK, Runx3
appeared to be stabilizing to iTregs, reinforcing previously proposed roles for this
TF in Tregs™0 151, Furthermore, we did not observe significant weight loss or
intestinal inflammation as shown by low fecal lipocalin-2 levels (Figure 2.11f, g).
Thus, both remaining Tregs and/or Tregs that differentiated into CD4-IELs were
able to confer protection against colitis. Overall, while deletion of ThPOK was not
sufficient to destabilize nTregs as shown by Foxp3 expression, in iTregs it led to
the development of CD4-IELs in the IE (Figure 2.11d, e). Overall, we conclude
that ThPOK down-regulation in both conventional CD4+ T cells and iTregs leads
to the development of CD4-IELs. However, conventional CD4* T cells (Tconvs)
and iTregs may have different requirements for the CD8-lineage defining TF Runx3
in CD4-IEL development.
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Figure 2.11. Impact of ThPOK and Runx3 on Treg stability and function.

(@) Neuropilin-1 expression among Foxp3* Tregs in the intraepithelial
compartment (IE) and mesenteric lymph nodes (mLN) of WT mice. Histogram (left)
and frequency (right). (b-g) nTreg (neuropilin-1-) or iTregs (neuropilin-1+) were
sorted from spleens and mLNs of CD45.2 Zbtb7b"+ x Runx3"+ x Rosa26's'tdTomato x
Foxp3CeER (iFoxp3), iFoxp3x Runx3V*+ (iFoxp3AThPOK)) iFoxp3 x Zbtb7b"+ x
Runx3" (iFoxp3“hunxd)) " iFoxp3x Zbtb7bV x Runx3"! (iFoxp3®“ThPOKARUNX3)) mice
after tamoxifen administration and co-transferred with CD45.1 naive CD4* T cells
to Rag1”’ hosts. CD45.2+*TCRpB*CD4+CD8B Tomato* lymphocytes from the |IE and
mLN were analyzed 10 weeks after transfer. (b) Experimental layout. (c- d)
Frequencies of total intracellular Foxp3+* (¢) and total surface CD8a.*(d) expressing
cells after nTreg (left) or iTreg (right) transfer. (e) Frequency of Foxp3*CD8a* cells
after iTreg transfer. (f-g) Body weight of Rag 1~ recipients after nTreg (left) or iTreg
(right) transfers (f) and levels of fecal lipocalin-2 before and after per cell type
transferred (g). Dashed lines represent colitis control transfer of naive CD45.1+
CD4+ T cells only. Data are expressed as mean +/- SEM of individual mice (n=5-6
per genotype). *p<0.05, **p<0.01, ***p<0.001 [one-way ANOVA and Bonferonni
test].
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2.6 iTregs and CD4-IELs have complementary roles in regulating local
inflammatory responses toward dietary antigens

Oral exposure to TCR ligands results in both iTreg and CD4-IEL differentiation in
a TGF-B-dependent manner 51. 66,67, 128,130,152 \We asked whether the intra-tissue
adaptation of iTregs and CD4-IELs influences the outcome of T cell responses to
dietary antigens by employing a transcription factor-based targeting of these
lineages in OVA-specific TCR transgenic mice on Ragi1~ background 133,
Conditionally targeting Runx3 in the OT-Il model (OT-ll(ARunx3)) prevented
ThPOK loss and CD4-IEL differentiation, and also impacted iTreg differentiation in
the large intestine while no differences in cytokine production were found when
compared to control OT-Il mice (Figure 2.12a-d). Whereas OVA-challenged
control OT-Il mice showed few or no signs of intestinal inflammation, OT-
[I(ARunx3) mice readily developed diarrhea and severe pathology, as confirmed
by faecal lipocalin-2 levels (Figure 2.12e-g). We concluded that prevention of
ThPOK loss and CD4-IEL differentiation resulted in a local inflammatory response
towards dietary antigens, although the reduction in iTregs could also contribute to
the exaggerated inflammatory phenotype observed in the large intestine of OT-
[I(ARunx3) mice. In contrast, conditionally targeting Thpok by administering
tamoxifen to OVA-fed iOT-1I(AThpok) mice 33 resulted in a severe impairment of
iTreg development in all tissues examined with a concomitant increase in CD4-
IELs in the intestine, while no inflammatory phenotype was observed (Figure
2.12h-j). We then tested whether the OT-1I(ARunx3) disease phenotype could be
rescued, or prevented by wild-type or Thpok-deficient OT-II cells 133, We found that
transferred wild-type CD45.1 OT-II cells, which could differentiate to both iTreg and
CD4-IELs, as well as CD4* T cells from tamoxifen-treated iOT-II(AThpok) mice,
which could only differentiate to CD4-IELs, rescued the diarrhea and inflammatory
phenotype observed in OT-lIl(ARunx3) mice (Figure 2.12f, g, k, I). These data
indicate that a balance in ThPOK levels regulates inflammatory, CD4+ T cell-
mediated responses to dietary antigens. Additionally, these results suggest that
CD4-IELs exert a cell-extrinsic control of local intestinal inflammation.
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Figure 2.12 CD4-IELs have a regulatory role in local inflammatory response
towards dietary antigens. (a-d) OVA-specific TCR transgenic mice (Rag1~-
background) were fed an OVA-containing diet for 7 days. ThpokGFP OT-II(ARunx3)
and control ThpokGFP OT-II mice were analyzed. Bar graphs represent frequency
of CD8a* (a), ThPOKMgh (b), intracellular Foxp3 (c) and intracellular IL-17A and
IFN-y (d) among TCRVa2+CD4+*CD8p- cells from spleen (spl), mesenteric lymph
node (MLN), small and large intestine epithelium (IE) and lamina propria (LP),
analyzed by flow cytometry. (e) Hematoxylin and eosin (H&E) staining of the small
intestine jejunum (SI) (top) and the large intestine colon (LI) (bottom). Original
magnification, 40x. Graphs represent histological scores of the Sl (top) and the LI
(bottom) (each symbol represents one mouse). (f-g) Sorted naive OVA-specific
TCR transgenic cells (TCRVa2+CD4+CD62L+*CD44'"°%) from wild-type OT-Il or
tamoxifen-treated iOT-11(A Thpok) were transferred to host OT-lI(ARunx3) prior to
an OVA-containing diet for 7 days. (f) Frequency of diarrhea-free mice after oral
OVA challenge. (g) Quantification of fecal Lipocalin-2. (h-j) Tamoxifen-treated iOT-
[I(AThpok) and control OT-Il mice treated as in (a) were analyzed. Bar graphs
represent frequency of CD8a* (h) and Foxp3+ (i) among TCRVa2+*CD4+ cells in
the indicated tissues, analyzed by flow cytometry. (j) H&E staining of the small
intestine (top) and large intestine (bottom). Original magnification, 40x. Graphs
represent histological scores of the Sl and the LI (each symbol represents one
mouse). Data are expressed as median + interquartile range. (k,l) Sorted naive
OVA-specific TCR transgenic cells (TCRVa2+CD4+CD62L+*CD44'%) from wild-
type OT-1l CD45.1 congenic mice (k) or tamoxifen-treated iOT-11(A Thpok) mice (1)
were transferred to host OT-1I(ARunx3) mice prior to treatment as in (a). Bar graphs
represent frequency of CD8a* (left k,I) and Foxp3+* (right k1) among
TCRVa2+CD4+CD8p- derived from transferred (CD45.1) and host cells (k) or total
cells () in indicated tissues.
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To specifically address the possibility that iTregs and CD4-IELs play
complementary anti-inflammatory roles in the intestine, we compared T cell
responses to dietary OVA using BALB/c background monoclonal OVA-specific
TCR strains, carrying either wild-type Foxp3 or a scurfy mutation (Foxp3sf)'33,
which results in a Foxp3 loss of function 53, In contrast to OT-Il mice (C57BL/6
background), TBmc Foxp3*t mice fed an OVA diet showed a high rate of iTreg
induction in all tissues examined, but less ThPOK loss and CD4-IELs in the
epithelium (Figure 2.13a-c). Conversely, TBmc Foxp3s' showed a high degree of
ThPOK loss and increased CD4-IEL development in the small intestine, in a
frequency that mirrored the relative amounts of iTregs in TBmc Foxp3* mice
(Figure 2.13a-e). However, no inflammatory phenotype or diarrhea was observed
even in the absence of functional Foxp3 in this monoclonal model (Figure 2.13f-
h). To directly address whether exaggerated CDA4-IEL differentiation could
compensate for the absence of iTregs in TBmc Foxp3sf mice, we depleted CD4-
IELs using anti-CD8a antibodies during OVA feeding (Figure 2.13d, e). We found
that TBmc Foxp3sf mice treated with anti-CD8a antibodies, but not TBmc Foxp3"t
treated with anti-CD8a. antibodies or TBmc Foxp3s' treated with control antibodies,
showed severe intestinal inflammation and diarrhea (Figure 2.13f-i). These results
support a model in which CD4-IELs and iTregs cooperate in the regulation of local
intestinal inflammation.
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Figure 2.13 Complementary roles for iTregs and CD4-IELs in regulating local
inflammatory response towards dietary antigens. (a-c) TBmc Foxp3' (Scurfy)
and TBmc control mice were analyzed. Bar graphs represent frequency of
intracellular Foxp3+ (a), CD8a* (TL-tetramer) (b) and intracellular ThHPOKMig" (c)
cells among KJ1.26*CD4+CD8p~ cells in the indicated tissues, analyzed by flow
cytometry. (d,c) TBmc Foxp3st (Scurfy) and TBmc control fed an OVA-containing
diet for 7 days and injected with isotype control or anti-CD8a depleting antibody.
Representative flow cytometry contour plots for surface CD8a (TL-tetramer) and
intracellular Foxp3 (d) or ThPOK (e) expression among KJ1.26+CD4+CD8f~ small
intestine IELs. Bar graphs represent frequency of Foxp3+ and CD8aoa* (d) or
ThPOKPigh (e) cells among KJ1.26*CD4+CD8pB- small intestine IELs. (f-h) TBmc
Foxp3sf (scurfy) and TBmc control fed an OVA-containing diet for 7 days and
injected with isotype control or anti-CD8a depleting antibody. (f) Hematoxylin and
eosin (H&E) staining of the Sl (top) and the LI (bottom). Original magnification,
40x. Graphs represent histological scores of the Sl (top) and the LI (bottom) (each
symbol represents one mouse). (g) Frequency of diarrhea-free mice after oral OVA
challenge. (h) Quantification of fecal Lipocalin-2. (i) H&E staining of the small
intestine (Sl) and large intestine (LI). Original magnification, 40x. Data expressed
as mean = SD, representative of at least two independent experiments (n =3 - 8
per group). Scale bar, 200 um. *P<0.05, **P<0.01, ***P<0.001; ns, not significant
(Student’s ttest, or one-way ANOVA with Tukey post test).
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2.7 Conclusion

The single-layered intestinal epithelium constitutes a uniquely challenging location
for immune regulatory processes, given its proximity to highly stimulatory luminal
contents and limited spatial organization. It is currently thought that Tregs utilize
several redundant and complementary mechanisms to suppress inflammatory
responses, and their capacity to sense specific environmental cues plays a major
role in their function 154 155,156 The physiological instability that we observe in the
Treg lineage within the intestinal epithelium may represent an important
modulation of regulatory activity that is coordinated by this particular environment
95,123,137,154,157 The data presented here supports a cell-extrinsic suppressive role
for CD4-IELs, although the likely epithelium-specific mechanism employed by
these cells to actively regulate or prevent tissue inflammation remains unclear.
However, a role for CD4-1ELs in triggering inflammation via their cytotoxic activity,
under specific contexts, is conceivable 66 158, Nevertheless, the observation that
particular environmental cues, such as the microbiota, induce plasticity of
seemingly stable lymphocyte lineages may contribute to the understanding of how
specialized tissue-adaptation pathways function to balance efficient immune
protective responses with tissue tolerance.
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Chapter 3: Stepwise chromatin and transcriptional
acquisition of an intraepithelial lymphocyte program

3.1 Introduction

The hallmarks of CD4-IEL conversion include co-expression of CD4 and the
CD8a.a homodimer which is induced by a switch from conventional CD4-t0-CD8
lineage—defining transcription factors. CD4-IELs downregulate ThPOK (encoded
by Zbtb7b), expressed by all conventional mature CD4+ T cells and upregulate the
long form of Runx3, expressed by mature CD8* T cells': 6. 67, While environmental
cues and transcription factors involved in the differentiation of naive CD4+ T cells
into gut—adapted T cell subsets have been described in the past decade, the
transcriptional and chromatin changes that accompany such tissue—specific
imprinting have not been elucidated.

We used genetic fate-mapping and gene ablation mouse models coupled with
single-cell RNA-, ATAC- and ChlIP-sequencing approaches to uncover the
molecular mechanisms of how the intestinal tissue can imprint T-cell fate decisions
on migrating mLN CD4+ T cells. We found that gut-associated CD4*T cell
transcriptional profiles largely segregate by tissue location, indicating that upon
leaving the gut-draining lymph nodes (LNs), migrating cells quickly adapt to either
the LP or IE compartments; |IE-adapted cells followed a stepwise acquisition of an
IEL profile through a distinct pre-IEL stage. We specifically followed how the
generally stable Treg phenotype is destabilized upon T cell migration to the IE
compartment. We found that the Treg program is first downregulated at a pre-IEL
stage before a cytotoxic IEL program is made accessible at the chromatin levels
and then subsequently transcribed. Finally, we showed that while natural ThPOK
downmodulation marks the pre-IEL stage, premature ThPOK loss in Tregs allows
for the expression of the IEL profile before the Treg program is fully shut down.
Our studies uncovered wide, tissue-specific and stepwise chromatin and
transcriptional changes in T cells upon transitioning from tissue-draining LNs to
tissue sites and revealed specific roles for lineage-defining transcription factors in
driving this process.

3.2 Intestinal tissue sites imprint a unique program on migrating CD4* T cells

Both peripheral Tregs and Tconv CD4+ T cells further differentiate into CD4-1ELs
upon migration to the intestinal epithelium?: 66.67.159 To characterize CD4* T cell
heterogeneity in the gut along the draining lymph nodes -tissue axis, we combined
single-cell RNA-sequencing (scRNA-seq) with fate-mapping approaches. First, to
simultaneously study the transcriptional changes of Tregs and Tconv as they
convert to CD4-IELs, we crossed the iFoxp3T™mate Treg-fate mapping strain'3! with
Zbtb7bCFP reporter mice?!, the latter representing a strategy to follow IEL
development using ThPOK loss as a marker!. We administered tamoxifen to label
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Tregs and follow their fates (as Tomato*) in three different sites along the LN-tissue
axis: gut-draining mesenteric lymph nodes (mLN), lamina propria (LP) and
epithelium (IE). We sorted tomato negative (Tom-) or positive (Tom*) CD4+ T cells
from the three locations and pooled the cells per tissue at approximately a 2:1
(Tom=: Tom*) ratio in order to achieve a better representation of current Tregs
(Tom*GFP+), former Tregs (Tom*GFP-) and non-Tregs (Tom-). We performed
droplet-based scRNA-seq using the Chromium 10X (10X Genomics) platform on
the three libraries, allowing us to explore the tissue-dependent relative
heterogeneities of 6668 cells (Figure 3.1a, b). As expected from our previous
studies®®. 67, CD4+ T cell populations in the epithelium showed low levels of ThPOK
primarily in the IE, which correlated with the acquisition of CD8a. (Figure 3.1a, b).
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Figure 3.1 Sorting strategy for single cell RNA-sequencing of CD4+ T cells in
three intestine-associated tissues. (a-b) iFoxp3™™ThPOKSGFP mice were treated
with tamoxifen for 10 weeks, and Tomato- and Tomato* CD4+ T cells from
mesenteric lymph nodes (mLN), lamina propria (LP) and intestinal epithelium (IE)
were sorted for scRNA-seq by the 10X Genomics platform. Sorted Tomato~ (blue
gates) and Tomato* (red gates) cells were pooled in a 2:1 ratio per tissue, resulting
in 3 separate libraries. Protein levels of CD8a, ThPOK and Tomato of CD4+ T cell
populations from mLN, LP and IE before sorting (a) and after sorting (b).

Cells were positioned based on gene expression similarities by uniform manifold
approximation and projection (UMAP)'60 and assigned to 25 unbiased clusters (0-
24, numbered by size order), including a small cluster of contaminating B cells
(cluster 24). The vast majority of cells were segregated by tissue, suggesting that
different microenvironments, including those within the gut, play a major role in
defining the gene expression programs (Figure 3.2a, b). We defined the clusters
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based on their top differentially—expressed genes (Figure 3.2a-c). Four clusters
(11, 16, 19 and 20) contained cells from at least two different locations (Figure
3.2a), and we classified them as mixed clusters (MX). Cluster 20 was defined by
genes encoding mitochondrial localized proteins (Atad3a, Cox7b), snoRNAs
regulators (Nhp2, Gar1), and genes related to ER stress such as heat shock
proteins (Hspd1, Hspa9), and was thus defined as “stressed” cells. Cluster 16 was
characterized by expression of genes related to cell cycle, including Cdc’s, Cdk’s
and Ccn’s and was inferred to contain cycling cells. Cells of cluster 19 expressed
high levels of integrins (ltga4, Itgb1, ltgb7) as well as Vim and Actg1, suggesting
these are motile cells (Figure 3.2d). The largest mixed tissue cluster, cluster 11,
was partly defined by effector Treg genes (Izumo1r, Pdcd1, Lag3, Icos, Tnfrsf4)
(Figure 3.2c). The three largest mLN clusters (MN_0,9,10) were defined by naive
markers (Sell, Ccr7, Kif2), as expected given their location (Figure 3.2e). One of
the smallest mLN clusters, cluster 17, was defined by expression of Actb, whereas
cluster 23 consists of multiple genes encoding interferon-induced proteins (lfits)
(Figure 3.2c,). In general, cells isolated from mLN expressed more ribosomal
protein-encoding genes in comparison to LP and IE cells, possibly due to their
more naive state and thus lower expression of cell state-defining markers (Figure
3.2b). As a whole, T cells from the LP expressed genes related to activation such
as those in the Jun, Dusp, and NF-«b families (Figure 3.2b, c). Clusters 3 and 21
consisted of cells with relatively higher levels of tdTomato, Ctla4, Icos, and other
effector Treg genes®'- 161 (Figure 3.2f, Figure 3.3a,). Cells in LP clusters 2 and 15
expressed Twul (/I112rb2, I118r, Statd) and Tw17 (ll17a, 1l22, Rora)-associated
genes, respectively (Figure 3.2a, ¢, d). Clusters 1 and 7 contained cells from LP
that did not express the typical Tu1 or Tu17 signatures but had the effector
phenotype. Cluster 7 was polarized towards an IEL-profile, with higher expression
of Nkg7, Gzmk, and Ccl5 (Figure 3.2a, ¢, Figure 3.3b, c¢). We considered all
clusters in the |IE as tdTomato-expressing Tregs (clusters 5,18), Cd8a-expressing
CD4-IELs (clusters 4,6,13,22) or cells that shared multiple genes with CD4-IELs
but lacked Cd8a expression (clusters 8, 12, 14) (Figure 3.2a, f, Figure 3.3a-f).

To gain insight into how the gut environment influences Treg intra-tissue
adaptation, we further compared all Treg clusters (11, 3, 21, 18, 5) within the
different gut-associated sites (Figure 3.2f, Figure 3.3b). The two Treg clusters
(3,21) present in the LP displayed a more activated profile (Ctla4, Areg, Dusp1,
Junb, Nfkbia). Cluster 21 consisted of Tregs expressing Icos and //10, while those
of cluster 3 expressed higher levels of Gzma. Both IE Treg clusters (5, 18)
displayed an activated/effector-like phenotype (Cd3e, Cd3g, Tnfrsf9, Tnfrsf18),
and were also more CD8-like (Cd160, Cd7). Additionally, cells in cluster 5
expressed elevated levels of granzymes and Nkg7, suggestive of cytotoxic
potential. Cells in cluster 11, the only cluster to include mLN Tregs, had lower
expression of effector Treg markers and of the gut homing receptor Ccr9 compared
to enteric tissue Tregs (Figure 3.2f, Figure 3.3b). These results point to a
previously unappreciated level of Treg heterogeneity between closely related, yet
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Figure 3.2 Transcriptional profiles of intestinal CD4+ T cells segregate by
tissue. (a-f) scRNA-seq analysis of Tomato- and Tomatot CD4* T cells from
mesenteric lymph nodes (mLN), lamina propria (LP) and intestinal epithelium (IE)
from iFoxp3™"ThPOKGFP mice after tamoxifen treatment. (a) Uniform manifold
approximation and projection (UMAP) representation of sequenced cells, color
coded by tissue of origin with outlined clusters (left) or colored by cluster (right).
Cluster names and numbers correspond to colors throughout the figure as
indicated. (b) Principle component (PC) analysis of cells per tissue, exhibiting top
variable features. (c) Top expressed genes per cluster. Size represents proportion
of cells per cluster expressing the indicated gene and color represents expression
level. (d) Expression levels of Cd8a, the Tu1 signature, and the motility signature
of all sequenced cells. (e) Expression levels of Sell (top), Ccr7 (middle), and Kif2
(bottom) of cells from indicated tissues. (f) Heatmap of top differentially expressed
genes in Treg clusters represented by the normalized Z-score.
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distinct tissues, with a skew towards the IEL/cytotoxic program within the
epithelium.

Next, we further characterized the heterogeneity of epithelial CD4+ T cells. We
defined gene-expression signatures for Tregs, TCR-stimulated cells, motile cells,
and CD4-IELs, based on the expression profiles of the different clusters (Figure
3.2f, Figure 3.3b-g). Although both Treg clusters (5 and 18) expressed the highest
levels of Treg-signature genes, cluster 14 also expressed the same genes at a
lower level. CD4-IEL cluster 22 displayed the highest level of genes in the TCR
pathway (Figure 3.3d, f). Clusters 13 and 14, positioned next to each other,
expressed the highest levels of motility-related genes, suggesting increased
migratory capacity. Finally, while three out of the four CD4-IEL clusters (4, 6 and
22) displayed equally high CD4-IEL signatures, cluster 13 was slightly less
polarized towards the CD4-IEL phenotype (Figure 3.2c, d, f). The three non-CD4-
IEL and non-Treg clusters in the IE (8, 12, 14) nevertheless displayed a high level
of the CD4-IEL signature (Figure 3.3c).

These clusters were characterized by the presence of cells expressing equal or
slightly lower levels of IEL markers such as ltgae, Cd160, Nkg7 compared to bona
fide IELs (Figure 3.3e, g), suggesting that these constitute a pre-IEL population.
Among these pre-IEL clusters, which were very similar to each other, cluster 12
was the most similar to CD4-IELs expressing higher levels of Ccl5 and Gzmb
(Figure 3.3c-f). Likewise, the CD4-IEL clusters were separated by only minor
differences, including upregulation of genes in the TCR pathway in cluster 22 (Egr2
and Nr4a2) and of a motility signature in cluster 13 (Actb and Ppp1r16b). All CD4-
IELs expressed Cd8a, Cd244, Gzma, Cd7, Nkg7, Jaml as well as Ccl5 (Figure
3.39g). Of note, tomato positive and negative CD4-IELs were dispersed among all
CD4-IEL clusters, indicating that CD4-IELs derived from Tregs or from Tconvs did
not display major differences capable of overriding their CD4-1EL signature
similarities (Figure 3.3a). Together, our data indicate that CD4+ T cells in the IE
are placed on a gradient leading to the full expression of a CD4-IEL signature.
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Figure 3.3 Intestinal epithelium imprints a cytotoxic program on migrating
CD4+ T cells. (a-g) Single cell RNA-seq analysis of Tomato~ and Tomato* CD4+ T
cells from mesenteric lymph nodes (mLN), lamina propria (LP) and intestinal
epithelium (IE) from iFoxp3™™ThPOKGFP mice after tamoxifen treatment. (a)
tdTomato gene expression in 6668 sequenced cells. (b-c) Expression levels of
Treg (b) and CD4-IEL(c) signatures in sequenced cells (left) and per cluster of
cells (right). (d) Expression levels of indicated genes among IE clusters. (e)
Expression heatmap of selected genes in pre-IEL clusters. (f) Expression levels of
indicated signatures among |E clusters as indicated. (g) Heatmap of top
differentially expressed genes in CD4-IEL clusters by the normalized Z-score.
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To understand how the gradient of transcriptional changes culminates in tissue
adaptation of CD4+ T cells within the lymphoid to non-lymphoid tissue axis, we
performed pseudotime analysis that produce cell trajectory inferences using two
independent but complementary methods, Monocle3 and Slingshot (Figure 3.4a).
While Monocle3 constructs a minimum spanning tree utilizing the individual cells
and projects it onto the UMAP embedding, Slingshot uses the cluster centers
making it less sensitive to outliers. Color-coding cells along differentiation paths
showed that cells making up the clusters along the edges of the LP and IE
compartments in the UMAP, including all CD4-IEL clusters, are the most
“terminally-differentiated” compared to mLN cells. (Figure 3.4a). The trajectory
branches leading to LP versus IE clusters bifurcated within the mixed-tissue cluster
11 and no further connections were detected between LP and IE (Figure 3.4a),
suggesting that once cells acquire a LP profile they likely remain there. In
agreement with the UMAP, pre-IELs were positioned as intermediate stages in the
trajectories from naive CD4+ T cells of the mLN to CD4-IELs (Figure 3.4a). Based
on the gradient towards the IEL profile within the epithelium as well as trajectory
analysis, we chose three combinations of clusters along the mLN-IE axis, and
ordered their cells based on principal component analysis (PC1). The diagonal
distribution of cells in all combinations corroborated the differentiation pattern from
least differentiated mLN cells to terminally differentiated CD4-1ELs (Figure 3.4b).
This progression consisted of the gradual upregulation of genes such as Ccl5,
granzymes, Nkg7 and Cd8a, until completion of their terminal IEL differentiation
(Figure 3.4b, c). These genes were also the main drivers of the IE-signature
described in figure 1, further suggesting that the IEL profile defines epithelial
imprinting. Our scRNA-seq revealed that while the lamina propria allows for the
maintenance of distinct CD4+ T cell subsets, this heterogeneity is not seen in the
epithelium, suggesting that localization to the epithelium is responsible for
acquisition of the IEL profile.
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Figure 3.4 Tissue segregation precedes acquisition of an IEL profile. (a-c)
Single cell RNA-seq analysis of Tomato~ and Tomato* CD4+ T cells from
mesenteric lymph nodes (mLN), lamina propria (LP) and intestinal epithelium (IE)
from iFoxp3T™°"ThPOKGFP mice after tamoxifen treatment. (a) Pseudotime analysis
of sequenced cells using Monocle3 with cells color-coded by pseudotime gradient
(left) and by Slingshot with cells color-coded by cluster (right). Numbers indicate
the UMAP clusters. Middle panel displays a point of bifurcation in the Monocle3
trajectory analysis, cells colored by tissue. Numbers indicate the UMAP clusters.
(b) Cells ordered according to principle component 1 (PC1). (¢) Scatter plot of
gene expression ranked based on PC1.
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3.3 Coordinated transcriptional and chromatin changes during T cell
adaptation to the epithelium

We next sought to couple the stepwise changes in transcription with those of
chromatin accessibility as Tregs destabilized to become CD4-IELs. As noted in
previous studies®® 67, including in the chapter above, ThPOK downmodulation
precedes CD8a-acquisition. Our scRNA-seq analysis using the ThPOKGFP
reporter mouse revealed intermediate stages within the IE, and thus we refer to
ThPOKP“CD8a~ cells in the following studies as pre-IELs. We performed an assay
for transposase-accessible chromatin followed by sequencing (ATAC-seq) and
bulk RNA sequencing on induced Tregs (iTreg; neuropilin1®*Tom+*GFP"s"CD8c.~
), pre-IELs coming from Tregs (Tom*GFP°% CD8a~), Treg-derived CD4-1ELs
(exTreg-IEL; Tom*GFP'°v CD8at*) and Tconv-derived CD4-IELs (Tom~
GFP'°"CD8a*) sorted from the |E of iFoxp3™maloThPOKSGFP mice (Figure 3.5a, b).
Although the Tom~ CD4-IELs in our system are not derived from Tom* Tregs, we
use them as a phenotypic endpoint to define CD4-IELs, and to compare any
differences associated with Treg- versus Tconv-derived IELs.
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Figure 3.5 Sorting strategy for ATAC- and RNA- sequencing.

(a-b) iFoxp3™mThPOKSGFP mice were treated with tamoxifen for 10 weeks and
induced Tregs (iTreg; CD4*Tomato+*GFPH9"neuropilin-1-CD8a"), pre-IELs
(CD4*Tomato* GFP->"CD8a), exTreg-lELs (CD4+*Tomato*GFP-*CD8a*), and
CD4-|ELs (CD4+ Tomato-GFP-"CD8a.*) were sorted in bulk from the IE. Assay for
transposase-accessible chromatin (ATAC) or RNA libraries were prepared
followed by sequencing of indicated populations. iTregs were also sorted from the
mLN for RNA-seq. (a) Sorting strategy of indicated populations. CD8a and Tomato
expression among CD4+ CD8p"°" T cells (left) from IE (top) and mLN (bottom).
ThPOK and neuropilin-1 expression among Tomato*CD8a~ (red), Tomato*tCD8a*
(purple) and Tomato~CD8a* (green) cells from IE (top) and mLN (bottom). (b)
Levels of ThPOK expression in each sorted population in the IE.
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In agreement with previous ATAC-seq data'®?, the majority of accessible chromatin
peaks occurred close to transcriptional start sites (TSS) (Figure 3.6a). All
populations revealed a similar profile of chromatin accessibility relative to genome
regions, with the highest frequency of accessibility at promoters (Figure 3.6b).
However, out of the genes with differentially—accessible chromatin regions (DACR)
between the populations surveyed, the majority falls within gene bodies, and not
promoter regions, suggesting non-random chromatin changes (Figure 3.6c). The
likelihood ratio test (LRT) showed that DACRs were divided into 6 clusters; regions
in clusters 1-4 gradually decreased in accessibility, while those in clusters 5-6
become more accessible as Tregs differentiate into CD4-IELs (Figure 3.6d). Both
activation (Cd28, Dusp and Nf-kb families) and naive-related genes (Sell, Kif2,
Cecr7, 1171 contained chromatin regions which decrease in accessibility as Tregs
destabilized, suggesting a shift in activation state during cell-type progression.
DACRs in this progression also included Ifng and Stat4, suggesting a role for
interferon regulation in the Treg to IEL progression, as previously suggested'?’. As
expected, classic Treg (Foxp3, 1110, Cd83, ll2ra, Areg) and effector (Lag3, Pdcd1,
Ctla4, 1110, Icos) genes decreased in accessibility as Tregs developed into IELs.
Of note, while most Treg markers appeared in multiple clusters (1-4), Foxp3 was
detected only in the 4t cluster of regions that decreased in accessibility as pre-
IELs transitioned to the IEL phenotype. This suggests that regulation of other Treg-
signature genes occurs before Foxp3, in agreement with previous reports showing
that Foxp3 expression does not always correlate with Treg profile and function®?.
Chromatin regions in clusters 5 and 6, which began to become more accessible at
the pre-IEL stage, and peaked in accessibility in IELs, included typical CD8-IEL
(Runx1/2/3, Gzma, Litaf, Fasl) and homing (Ccl5, ltga4) genes. Cluster 5 contained
regions that remained equally accessible in IELs derived from Tregs (exTreg-1EL)
and Tconv (CD4-IEL), providing further evidence suggesting that the IEL signature
overrides previous lineage or stage characteristics. Chromatin regions in cluster 6,
which become more accessible at the exTreg-IEL stage, were more open in CD4-
IELs. In addition to regions in typical IEL genes, cluster 6 included Cd8a,
suggesting that it is not until the IEL program is made accessible that Cd8a is
upregulated (Figure 3.6d). Moreover, Wald pairwise comparisons (Figure 3.6e, f)
as well as Euclidean distance analysis (Figure 3.6g) showed that the largest
changes in chromatin accessibility occurred as iTregs destabilized towards the
ThPOK-low pre-lIEL stage. The majority of the DACRSs in this step fell on gene
bodies (Figure 3.6e). A relatively minor number of regions, including that of Cd8a,
became more accessible as pre-1ELs transitioned into CD8a-expressing exTreg-
IELs, which were the most similar to CD4-IELs; however, the former did retain a
number of accessible regions at Treg genes, including Foxp3, when compared to
CD4-IELs, suggesting that the chromatin landscape of Treg genes is not
completely lost upon transition to the IEL phenotype (Figure 3.6f). Overall, it is not
until the Treg program is set to become less accessible that the chromatin of the
IEL program becomes more accessible, suggesting that ThPOK loss at the
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Figure 3.6 The chromatin landscape changes in a stepwise manner as Tregs
convert to CD4-IELs through a pre-lIEL stage. (a-g) ATAC-seq analysis of
iTregs, pre-IELs, exTreg-IELs and CD4-IELs of the intestinal epithelium of
iIFoxp3™mThPOKGFP mice post tamoxifen treatment. (a) Mapped accessible
chromatin regions relative to transcriptional start sites (TSS) of all genes in ATAC-
seq data (top) and their relative read counts per genomic regions (bottom). (b)
ATAC-seq peak annotations as indicated per cell type. (c) Percent of total
differentially accessible chromatin regions as follows: 5’UTR and promoters
(Promoter; red), 3’'UTR with exons and introns (Gene Body; blue), transcriptional
termination site (TTS; grey) and intergenic (black). (d) Heatmap of likelihood ratio
test (LRT) of all differentially accessible chromatin regions (DACR) of indicated
bulk populations. (e) Number of DACR (left) and the genes on which they are
positioned on (right) between cell types in sequential progression as performed by
Wald pairwise test. Colored by chromosome region as in (c). (f) Volcano plots
representing DACRs between cell types in sequential progression as performed
by Wald pairwise test. (g) Euclidean distance correlation of chromatin accessibility
profiles of all samples. Significant DACR p<0.01
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pre-IEL stage, or the events that lead to it, initiate the Treg plasticity observed at
the intestinal epithelium.

To define how changes in chromatin accessibility relate to differentially expressed
genes (DEG) in IEL populations, we performed bulk RNA-seq on the same IE
subsets. We also sequenced mLN iTregs in order to compare their transcriptional
profile to that of iTregs in the IE (Figure 3.7a). Comparing mLN to IE iTregs
confirmed that transcriptional differences segregated by tissue, the latter
expressing more activation, intestinal and CD8-associated genes (Runx3, Cd160,
Cbfb, Itgae), whereas the former expressed genes associated with resting LN
Tregs (Ccr7, Sell, KIf2) (Figure 3.7a). DEGs between all sequenced IE populations
revealed 5 unbiased clusters, highlighting the changes in transcriptional profile as
Tregs convert to IELs (Figure 3.7b). At the pre-IEL stage when ThPOK is
downmodulated, expression of effector Treg genes (Cluster2; Icos, Ctla4, and
Pdcd1) was decreased. The clusters of genes down-regulated at the exTreg-IEL
stage (Clusters 3 and 4) included multiple pseudogenes and lincRNAs, which
could be implicated in cell maintenance and identity integrity, serving as a hallmark
of cell differentiation at the exTreg-IEL stage. Finally, cluster 5, which is
upregulated by both Treg- and Tconv- derived IELs (exTreg-IELs and CD4-IELSs),
includes many CD8- and IEL-associated genes (Cd8a, Cd7, Gzmb, Nkg7, Litaf).
Although these genes begin to be slightly upregulated in the pre-IEL stage, they
reach their full levels only when T cells become IELs, as marked by CD8a protein
and gene expression (Figure 3.5a, Figure 3.7b). Whereas the signature of cluster
3 maps to the Treg clusters in all tissues in the scRNA-seq data set, that of cluster
5 is primarily expressed by IE cells, particularly CD4-IELs (Figure 3.7c). Although
there is very low expression of this signature by a few LP cells, this CD4-IEL
program is gained in the IE, after cells have left the LP, again suggesting that they
are not polarized towards this program prior to entering the IE compartment. Gene
set enrichment analysis (GSEA) using Treg and IEL signatures from our scRNA-
seq (Clusters 21 and 6, respectively) revealed that expression of the Treg
signature decreases as the IEL signature increases and cells progress from the
Treg to pre-IEL stage (Figure 3.7d). In contrast, the pre-IEL to exTreg-IEL
progression displayed only minimal changes in the Treg signature (Figure 3.7e),
since Treg-derived pre-IELs no longer expressed most of the bona-fide Treg
genes. Overall, the gene expression changes during IEL differentiation suggest
that the IEL program begins during the pre-IEL stage, before the full Treg program
is shut down but after the downregulation of ThPOK.

To further understand how changes in gene transcription correlate with changes
in chromatin accessibility, we plotted the levels of chromatin accessibility of genes
that changed in transcription in the same order of the heatmap representing RNA-
seq (Figure 3.7b). We found that in general, the transcriptional profile correlated
with chromatin accessibility of those genes in iTregs and CD4-IELs (Figure 3.7f).
Genes that were transcriptionally downregulated after the iTreg stage remained
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Figure 3.7 Treg program shutdown precedes IEL program acquisition
through a pre-IEL stage. (a-g) ATAC- and RNA-seq analysis of iTregs, pre-IELs,
exTreg-IELs and CD4-IELs of intestinal epithelium of iFoxp3T™™ThPOKGFP mice
post tamoxifen treatment. (a) Volcano representation of differentially expressed
genes between IE iTregs (higher expression in blue) and mLN iTregs (higher
expression in red), performed by Wald pairwise comparison test, padj<0.05 values
were considered significant. (b) Heatmap of LRT of differentially expressed genes
(DEG) between indicated populations. (¢) Treg signature from cluster 3 and IEL
signature from cluster 5 of the bulk RNA-seq heatmap (b) overlaid onto the scRNA-
seq UMAP from figure 3.2a. (d-e) Gene set enrichment analysis of Treg and CD4-
IEL signatures from scRNA-seq (top panels, cluster 21 and bottom panels, cluster
6, respectively as shown in figure 3.2) in iTreg to pre-IEL (d) and pre-IEL to exTreg-
IEL (e) progressions. (f) Levels of chromatin accessibility among DEG, in the same
order as in (b). (g) Numbers of DEGs (left) (light grey for increase, dark grey for
decrease) and percent of DACR at promoters among DEG (right) in between cell
types in sequential progression as performed by Wald pairwise test as indicated.
DACR within those genes (red for increase, blue for decrease in accessibility).
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slightly more accessible in the pre-lIEL stage and their chromatin slowly closes as
they become IELs. On the other hand, genes that were upregulated at the IEL
stage were more accessible already at the pre-IEL stage. This data further
consolidates pre-IELs as a bona-fide transitional stage between Tregs and exTreg-
IELs. Moreover, in each Wald pairwise comparison, we analyzed how chromatin
accessibility changed in genes that increased or decreased in transcription levels
(Figure 3.7g) We found that concomitant changes in transcription and chromatin
accessibility occurred primarily at the iTreg-to-pre-IEL stage, only with about 6%
of changes occurring at promoter regions (Figure 3.7g). Transcriptional changes
in the following stages were largely not accompanied by changes in chromatin
accessibility. Comparison of differentially-accessible chromatin and gene
expression as Tregs become |ELs indicates that the Treg program begins to shut
down and IEL program is initiated only at the pre-lEL stage.

The transitioning pre-IEL stage is not only marked by ThPOK loss, but also by a
transcriptional shut down of the Treg program, which marks the start of chromatin
accessibility of the IEL program. It is not until CD8a. is expressed at the exTreg-
IEL stage that the IEL-genes are concomitantly transcribed. Once Tregs fully
transition to IELs, they display a very similar transcriptional profile to that of Tconv—
derived CD4-IELs, although the former retains a small level of accessible
chromatin of the Treg program. In conclusion, once CD4* T cells reach the
epithelium, ThPOK is inevitably downmodulated followed by the commencement
of the IEL program.

3.4 ThPOK downmodulation together with the epithelial environment is
required for IEL differentiation

Our characterization using single-cell and bulk approaches strongly indicated that
ThPOK downmodulation occurs at the crucial step of Treg destabilization to the
pre-lIEL stage. To mechanistically understand how ThPOK modulation allows for
Tregs to proceed to the pre-IEL stage, we assessed possible genes modulated by
ThPOK binding using ThPOK chromatin immunoprecipitation followed by
sequencing (ChIP-seq). Due to antibody and cell number limitations for this assay,
we performed ThPOK ChlP-seq on in vivo expanded splenic Tregs. We found that
the mouse ThPOK binding motif was similar to the published human motif'63, and
the protein preferentially bound to promoter regions, followed by introns (Figure
3.8a).
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Figure 3.8: ThPOK preferentially binds to promoter regions in Tregs. (a-b)
ThPOK ChIP-seq analysis of in vivo-expanded splenic Tregs from Foxp3iFP mice
coupled with RNA-seq of IE iTregs, pre-lIELs, exTreg-IELs, and CD4-IELs from
iFoxp3™mThPOKGFP mice. (a) Frequency of ChlP peaks at indicated regions (top
left) and at indicated distances from transcriptional start sites TSS (top right) with
de novo ThPOK binding motif determined by MEME-ChIP (bottom). (b) Numbers
of differentially expressed genes (light grey for increase, dark grey for decrease)
with total putative ThPOK targets (blue; left) or ThPOK targets at promoters (red,
right).

Overall, genes with ThPOK binding sites were dispersed throughout the Treg to
IEL progression (Figure 3.8b). We assessed the incidence of Runx3, ThPOK (from
our analysis) and Foxp3 binding motifs in differentially-accessible chromatin
regions during the iTreg to IEL progression. We separately performed this analysis
on DACRs from each cluster of the ATAC-seq heatmap. We found that the Runx3
binding motif was centrally enriched in all clusters, with a marked increase during
the acquisition of the IEL program (clusters 5 and 6, Figure 3.9a). While the
ThPOK binding motif was centrally enriched in differentially-accessible chromatin
regions only of cluster 1, it was accessible in other clusters, suggesting that ThPOK
may play a role in both the expression of Treg and repression of IEL genes, as
suggested by previous studies targeting ThPOK in mature CD4+ T cells'-67. 164 The
Foxp3 binding motif was not centrally enriched in any cluster, implying that it may
no longer play a functional role in transitioning epithelial Tregs (Figure 3.9a).
Furthermore, to broadly investigate other possible TF regulation that may be
correlated with the changes in chromatin accessibility during T cell adaptation to
the IE environment, we performed TF motif analysis using MEME-ChIP5 on each
cluster of the ATAC data (Figure 3.6d, Figure 3.9b). Out of the top 15 significantly
enriched TF motifs per cluster, those bound by the RUNX family stood out.
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Accessible chromatin regions with the RUNX binding motif increased during the
iTreg to IEL progression, reaching peak significance in clusters 5 and 6. ThPOK
downmodulation may leave space for other TFs to bind in adjacent DNA regions,
a possibility analogous to previously described roles of Runx3 to the CD8-
lineage® 167, For instance, Runx3 can bind to ThPOK silencer regions that in turn
allows for the expression of a CD8 program in thymocytes?3.

a
B RUNX3 B ThPOK M FOXP3
Cluster 1 Cluster 2 Cluster 3
0.0040 0.0040 0.0040
0.0035 0.0035 0.0035
£ 0.0030 £ 0.0030 £ 0.0030
8 8 |
§ 0.0025 3 0.0025 3 0.0025
& 0.0020 & 0.0020 & 0.0020
0.0015 0.0015 0.0015} |1
0.0010 mp=5.36-9 0.0010 mp=1.8¢-4 0.0010
0.0005 | mp=2.9e-3 0.0005 | mp=5.6e-1 0.0005
mp=1.0e0 mp=9.9e-1
0.0000 0.000( 0.000(
-250-200-150-100 -50 0 50 100 150 200 250 -250-200-150-100 -50 0 50 100 150 200 250 -250-200-150-100 -50 0 50 100 150 200 250
Position of Best Site in Sequence Position of Best Site in Sequence Position of Best Site in Sequence
Cluster 4
0.0040 ste 0.0040 Cluster 5 0.0040 Cluster 6
0.0035 0.0035 0.0035
> > >
£ 0.0030 = 0.0030 £ 0.0030
Qo Qo Q
'S 0.0025 'S 0.0025 'S 0.0025
[} [<] o
£ 0.0020 £ 0.0020 £ 0.0020
0.0015 0.0015 0.0015
0.0010{ | 0.0010 Vo0 o5 000104 /5 9671
0.0005 lp=;g i 0.0005 lp=1 8 0 0.0005 lp=$.geb1
0.0000 L2228 0.0000 L2PZ10 0.0000 LZPZ1€
-250-200-150-100 -50 0 50 100 150 200 250 -2560-200-150-100 -50 O 50 100 150 200 250 -250-200-150-100 -50 0 50 100 150 200 250
Position of Best Site in Sequence Position of Best Site in Sequence Position of Best Site in Sequence
B RUNX family
Cluster 1 Cluster 2 Cluster 3
100 100 100
3 3 g
2 = =
w 10 w10 w 10
8 g 8
1 1 1
DTN PO AR NN A BRRR RO K D V(> YRR IATEATU NG DR
BRI LA SRR IPA N TOHEALS D IR SO TN P OIS R S RN NIRRT
CEFPCLORCEES CHIK LARANRZARRRARRIE R GG RGO CREOYD
100 Cluster 4 100 Cluster 5 100 Cluster 6
o T B
3 = 3
= 2 =
w10 w10 W 10
51 S 2
® g ®
1 ! ! . U D AN
NAA N N
NS S SRNF RSO SRR N I NN Y L
AN SRR AANS N
KEEBRER %ﬁ\@‘@i&%é A C LR PR PODN LSRR LR DS

Q\

Figure 3.9: Runx binding motifs are increasingly accessible during the iTreg
to IEL progression. (a-b) ThPOK ChlP-seq analysis of in vivo-expanded splenic
Tregs from Foxp37FP mice coupled with ATAC-seq of iTregs, pre-lELs, exTreg-
IELs, and CD4-IELs from the IE of iFoxp3™™ThPOKGFP mice. (a) Transcription
factor (TF) motif analysis of indicated TFs, collapsed around transcriptional start
site. (b) TF motif analysis per cluster of ATAC-seq LRT heatmap of Figure 3.6d,
performed by MEME-ChIP. Runx family TFs indicated in red.
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Our sequencing data reveled that the Treg and IEL programs begin to turn off and
on, respectively, at the pre-IEL stage, a transition marked by ThPOK loss.
Likewise, our in vivo data showed that ablation of ThPOK at the Treg stage led to
premature conversion of Tregs to CD4-IELs. To understand the underlying
mechanisms set by ThPOK during this progression, we performed RNA and ATAC
sequencing on iTregs and exTreg-IELs after tamoxifen-induced deletion of ThPOK
in Tregs from iFoxp3°mao(AThPOK) mice (Figure 3.10a). In agreement with our in
vivo data in the previous chapter, expression of Foxp3 and related Treg genes was
not affected by ThPOK deletion (Figure 3.10b-d). Transcriptional profiling of WT
and AThPOK mLN Tregs revealed that ThPOK loss anticipated the expression of
a number of IEL-related transcripts (Ccl5, Nkg7, Ctsw) outside the gut environment
(Figure 3.10b, e). ThPOK-deficient iTregs within the epithelium displayed
increased expression of additional IEL genes (Ccl5, Cd7, Jaml, Cd244a, Nkg7,
Cd160, Gzma, Gzmb) relative to their WT counterparts (Figure 3.10c, e).
However, only a few gene expression changes between WT and AThPOK exTreg-
IELs were detected (Figure 3.10d), an expected result given that ThPOK is
naturally downregulated in exTreg-IELs. Principle component analysis (PCA) and
Euclidean distances comparing the transcriptional profiles of all sequenced WT
and AThPOK cell types in the |IE confirmed that abrogation of ThPOK has the most
effect at the iTreg stage. The profiles of both iTregs and ex-Treg-IELs in the IE
of AThPOK mice more closely resembled the WT pre-IELs than their WT
counterparts, indicating that forced ThPOK loss at the Treg stage prematurely
pushes cells to differentiation to IELs before the Treg program is shut down
(Figure 3.10f, g). This was also suggested by the increase in Foxp3+*CD8a+*CD4+
T cells we observed in the IE of mice transferred with AThPOK iTregs.
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Figure 3.10 Abrogation of ThPOK in Tregs anticipates progression to IELs at
the transcriptional level. (a-g) Induced Tregs (iTregs; Tomato*CD8aneuropilin-
1) and Treg-derived CD4-IELs (exTreg-IELs; Tomato*CD8a*) were sorted from
Zbtb7bx Runx3"+x Rosa26's!tdTomato  x Foxp3CreER (iFoxp3AThPOK)) mice after 10
weeks of tamoxifen administration followed by RNA-sequencing from IE or mLN.
(@) AThPOK T cell populations sequenced. (b-d) Volcano representation of
differentially expressed genes (DEG) between WT and AThPOK of the same cell
type as indicated, performed by Wald pairwise comparison test, pad< 0.05. (e)
Heatmap of DEGs between indicated bulk populations. Expression values
represents the normalized Z-score of gene abundances (TPM) (f, g) Principle
component analysis (f) and corresponding Euclidean distance analysis (g) of DEG
of all WT and AThPOK cell types from the IE. (n=2-4 mice).
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Pairwise comparisons of accessible chromatin between WT and AThPOK
counterparts revealed minimal effects of ThPOK ablation at the Treg stage,
corroborating our in vivo data and suggesting that the effects of ThPOK loss
primarily result in transcriptional changes relative to chromatin accessibility
(Figure 3.11a, b). About 30-40% of all differences in chromatin accessibility
between the genotypes occur at promoter regions, a proportion in line with that of
ThPOK binding sites (Figure 3.11c¢). Similar to the RNA-seq analysis, PCA and
corresponding Euclidean distances of the ATAC-seq data also revealed that the
ablation of ThPOK at the Treg stage results in both iTregs and exTreg-IELs from
AThPOK mice to more closely resemble WT pre-IELs (Figure 3.11d, e). Taken
together, our RNA and ATAC-sequencing data show that the untimely
downmodulation of ThPOK at the Treg stage results in increased chromatin
accessibility and transcription of the IEL program prior to the shutting down of the
Treg program, resulting in IELs that resemble destabilized Tregs at the pre-IEL
stage. This suggests that the natural IE-induced downmodulation of ThPOK allows
for the full loss of the Treg program and acquisition of the IEL program in
succession. Taken together, these analyses suggest that while ThPOK
downmodulation initiate the acquisition of an IEL program already outside the gut,
the epithelial environment is still critical for full IEL differentiation.
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Figure 3.11: Abrogation of ThPOK in Tregs enhances progression to IELs at
the chromatin level. (a-e) Induced Tregs (iTregs; Tomato*CD8aneuropilin-1-)
and Treg-derived CD4-IELs (exTreg-lELs; Tomato*CD8a*) were sorted from
Zbtb7b"x Runx3'+x Rosa26'stdTomato  x Foxp3CreER  (iFoxp3(AThPOK)) mice after 10
weeks of tamoxifen administration followed by ATAC-sequencing from IE or mLN.
(a, b) Volcano representation of differentially accessible chromatin regions
(DACR) between WT and AThPOK of the same cell type as indicated, performed
by Wald pairwise comparison test, padi<0.01. (c) Data of accessible chromatin
increase (red) and decrease (blue) between WT and AThPOK of the same cell
type as indicated. Numbers of DACR (left) and percent of DACRs at promoter
regions (right). (d-e) Principle component analysis (d) and corresponding
Euclidean distance heatmap (e) of DACR of all WT and AThPOK cell types from
the IE. (n=2 samples of 2-3 pooled mice).

3.5 Conclusion

In this study, we coupled genetic fate-mapping and gene ablation mouse models
with RNA and ATAC sequencing to elucidate how the intestinal tissue induces T
cell plasticity from the gut-draining LNs to the intestinal wall. Our unbiased survey
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of transcriptional profiles of CD4+ T cells in three enteric-associated sites revealed
a strong inter- and intra- tissue adaptation, which included chromatin and
transcriptional changes towards an IEL program within the gut epithelium.

We uncovered a stepwise process imprinted on T cells upon migrating to the
epithelium, regardless of the subset of origin. Despite a very similar transcriptional
profile between IELs derived from Tregs and conventional CD4+ T cells, exTreg-
IELs retained low levels of the chromatin profile from their Treg precursors. Our
characterization of the intermediate pre-lEL stage reveled the gradual
transcriptional and chromatin changes a cell undergoes upon adapting to the
intestinal epithelium. We found that CD4+ T cells shut down key features of
transcriptional programs in place prior to the acquisition of the full IEL program.
This coordinated process is in part due to the timely downmodulation of the CD4-
lineage defining transcription factor ThPOK.
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Chapter 4: Local T cell receptor stimulation is required
for intraepithelial lymphocyte differentiation, but not
maintenance

4.1 Introduction

We sought to address how T cell receptor (TCR) properties and signaling modulate
the location and plasticity of CD4+ T cells in the intestine. We combined TCR
repertoire analysis with single-cell transcriptomics using a fate-mapping strategy
that allowed us to track Tregs and conventional T cells (Tconv) as they migrate to
the intestinal epithelium and differentiate into CD8aa-expressing IELs. Reduced
TCR diversity was associated with terminal differentiation of CD4+ T cells into CD4-
IELs; Tregs and intermediate stages were more diverse, whereas fully
differentiated CD4-1ELs were clonally restricted. Using in vivo genetic tools, we
showed that ablation of surface TCR complexes on Tregs and other activated
CD4+ T cells impaired CD4-IEL differentiation, suggesting that TCR expression is
required for terminal T cell differentiation at the intestinal epithelium. Inducible
deletion of MHC class Il on intestinal epithelial cells (IEC) also prevented CD4-1EL
differentiation, resulting in Treg accumulation at the epithelium. However, TCR
ablation in fully differentiated CD4-IELs had little, if any, impact on their
accumulation or on the maintenance of the IEL transcriptional program. Our
findings indicate that TCR expression and local MHC class Il on IECs are required
for T cell plasticity at the intestinal epithelium, but not for the maintenance of the
IEL program.

4.2 Clonal expansion of intraepithelial CD4+ T cells

Specific TCR usage has been reported in both natural- and peripherally-induced
Tregs located in distinct tissues, including the intestine 168 169,170,171, 172 "\While in
most sites Tregs are thought to stably express Foxp3, we showed that a fraction
of Tregs loses Foxp3 and acquires an IEL program, including CD8a.a. expression,
upon migrating to the gut epithelium '. To define to what extent such plasticity is
associated with specific TCR usage, we first analyzed the diversity of CD4+ T cells
in the small intestine epithelium in wild-type (WT) mice using inducible Foxp3 fate-
mapping coupled with Foxp3-reporter approaches. By crossing iFoxp3™™ with
Foxp3CFP mice (iFoxp3™™ Foxp3%FP), we were able to specifically analyze the
TCRof repertoire of four distinct subsets of IELs upon continuous tamoxifen
administration: conventional CD4+ T cells (CD8ao~, Tomato-, GFP-; Tconv),
current Tregs (CD8ao~, GFP*) and CD4-IELs originated from either Tconv
(CD8aa*, Tomato™) or from Tregs (CD8aa*, Tomato*; ex-Treg CD4-IEL) (Figure
4.1a). We compared the IEL TCR repertoire diversity with Tregs isolated from gut-
draining mesenteric lymph nodes (mLN) and lamina propria from the same animals
by single-cell TCRap sequencing (scTCR-seq; Figure 4.1a). Cells with identical
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TCRp CDR3 nucleotide sequences were considered as the same clones;
additionally, clonality based on TCRp CDR3s was confirmed by sequencing the
TCRa of the same expanded cells (Figure 4.1b).

a iFoxp3™™ Foxp3°FP: CD4* b
Mouse 2 (IE): CASSPPGQSNERLFF

[T GLCAGAGLOCCCLGRBACAT CCAACGARAGATTATTTTT

UL (SBT GT GCCAGCAGCCCCCCGGGACAAT CCAACGAAAGATTATTTTT(|
RN C R IN(IWT GT GCCAGCAGCCCCCCGGGACAATCCAACGAAAGATTATTTTTC]
[ ZH SM(IIWT GT GCCAGCAGCCCCCCGGGACAAT CCAACGAAAGATTATTTTT(]

1.39

% of Max

90.6- 0.62 Mouse 2 (IE): CASLVGGDTEVFF
. Tomato* AN AAARARL L
TGTGOCAGOCTT6TGERGGGT GACACAGAAGT CTTCTTT
ex-Treg CD4-IEL (IE) T‘GTGC;CAGCCTTGTGGGGGGTGACACAQAAGTCTTCTTT
o — - CD4-IEL (IE) T‘GTGCICAGCCTTGTGGGGGGTGACACAGAAGTCTTCTTT
0 102 10* 10° 0 103 10% 10°
tdTomato CD8a.

Figure 4.1 Sorting strategy to assess intraepithelial lymphocyte TCR
diversity. (a,b) Foxp3 eGFP-Cre-ERT2 x Rposg2@isi-tdTomato x Foxp3RES-GFP (jFoxp3Tom
Foxp3CFP) mice were treated with tamoxifen for 10 weeks, and CD4+ T cells from
mesenteric lymph nodes (mLN), lamina propria (LP) and intestinal epithelium (IE)
were sorted as follows: CD4+ Conventional (Tconv; GFP-Tomato-CD8a"),
regulatory T cells (Treg; GFP+* or TomatotCD8a~), ex-Treg CDA4-IEL
(Tomato*CD8a*) and CD4-IEL (GFP-Tomato-CD8a*). TCRB (and TCRa of
expanded TCRp clones) were sequenced via the MiSeq platform. (a)
Representative dot plot of GFP+ (green), tdTomato* (red) and double-negative
(grey) CD4+ T cells in the IE (left) and their corresponding CD8a. expression
(histogram, right). (b) Representative nucleotide sequence alignment of
TCRp CDRS3 of 2 expanded shared clones.

We observed a diverse repertoire among Tregs isolated from mLN; from 320
sequenced cells, we retrieved 313 unique clones (Figure 4.2a, b). TCR repertoire
of Tregs and Tconv isolated from LP and IE was also diverse (Figure 4.2a, b). In
contrast, we observed large clonal expansions and reduced TCR diversity among
CD4-IELs and ex-Treg CD4-IELs (Figure 4.2a, b). Additionally, we detected clonal
sharing between LP Tregs or Tconv and all IEL subsets analyzed: Tconv, CD4-
IEL or ex-Treg CD4-IEL (Figure 4.2a, c), suggesting that peripheral CD4+ T cells
first migrate to the lamina propria before entering the epithelium or that the same
T cell clones migrate simultaneously to both locations. Moreover, several
expanded clones were shared between ex-Treg CD4-IELs (Tomato*) and CD4-
IELs (Tomato), including some with Tconv, raising the possibility that a single
Tconv precursor can differentiate into Tregs and then to CD4-IELs, in addition to
directly converting to CD4-lELs (Figure 4.2a, c). Analysis of an additional
iFoxp3™™ mouse showed similar results (Figure 4.2d, e). Because of the low
proliferation capacity of CD4-IELs®®, these results indicate that potential precursors
migrate to the epithelium and proliferate before they can fully differentiate into
CD4-IELs.
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Figure 4.2 CD4-IELs are clonally expanded with decreased TCR diversity.

(a-c) FOXp3eGFP-Cre-ERT2X Rosa26's\-tdTomato y FOXpisES-GFP (iFoxp3T°m FOX,D3GFP)
mice were treated with tamoxifen for 10 weeks, and CD4+ T cells from mesenteric
lymph nodes (mLN), lamina propria (LP) and intestinal epithelium (IE) were sorted
as follows: CD4+ conventional (Tconv; GFP-Tomato-CD8a"), regulatory T cells
(Treg; GFP* or Tomato*CD8a), ex-Treg CD4-IEL (Tomato*CD8a*) and CD4-IEL
(GFP-Tomato-CD8a*). TCRpB were sequenced via the MiSeq platform. TCRa of
expanded TCRp clones were also sequenced to confirm clonality. (a) TCRp clonal
diversity of indicated populations from two separate mice. Each slice represents a
distinct TCRp CDRS. Colored clones represent sharing within each mouse. White
slices represent unique clones and grey-scale slices represent expanded clones
at indicated populations. The numbers enclosed in each graph indicates number
of clones (numerator) and total number of cells (denominator) per indicated
population. Empty graphs with “ND” indicate no data for corresponding cell types.
(b) Diversity estimated by Chao1 estimate (left) and D50 (right) of indicated cells
in two separate mice based on their TCRB CDR3s. (¢) Normalized Morisita index
(top right) and number of shared clones (bottom left) of TCRB CDRS3s per cell type
of both mice. (d) Dot plot depicting CD8a and tdTomato expression by
intraepithelial CD4+ T cells of an iFoxp37°™ mouse. Sorted Tregs (Tomato* CD8a
), ex-Treg CD4-IELs (Tomato*CD8at) and CD4-1ELs (Tomato-CD8a*) indicated by
red boxes were sequenced by Sanger sequencing. (e) TCRp clonal diversity of
indicated IE populations. Each slice represents a distinct TCRB CDR3. Colored
clones represent sharing between populations. White slices represent unique
clones and grey-scale slices represent expanded clones at indicated numbers.
TCRa of expanded and/or shared clones were sequenced to confirm clonality.
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4.3 Clonal distribution follows the trajectory of CD4-IEL differentiation

Our live imaging and fate-mapping studies (described in the previous chapters)
suggest that emigrating CD4+ T cells quickly acquire an IEL program at the gut
epithelium while losing hallmarks of peripheral CD4+ T cells or Tregs, including the
expression of ThPOK and Foxp3, respectively ' 7. To concomitantly address
intestinal epithelium-induced CD4+ T cell plasticity and specific TCR features in
this process, we performed 5’ single-cell RNA sequencing (scRNA-seq) coupled
to TCR-seq analysis using the Chromium Single Cell V(D)J platform (10X
Genomics). This strategy also allowed analysis of intra-mouse TCR sharing
between current Tregs and ex-Treg CD4-IELs, which was not possible in our dual
Foxp3 reporter-fate-mapping strategy used above given that Foxp3is X-linked. We
analyzed tamoxifen-treated iFoxp3™™ mice by sorting all Tomato* (library 1) or
Tomato~ (library 2) CD4+*CD8p~ T cells, therefore examining the whole spectrum of
heterogeneity of CD4+ T cells that gained access to the epithelium. We confirmed
the presence of CD4-IELs and Tregs in sorted cells by expression of CD8a and
Foxp3, respectively (Figure 4.3). From the two libraries, we obtained a total of
1,294 scRNA-seq profiles (898 for Tomato* library 1 and 396 for Tomato~library 2)
with paired afTCR sequences for 952 cells (651 for Tomato* library 1 and 301 for
Tomato~ library 2).

Sorted CD4* Sorted CD4*
100/ -w—— 100 —Tomatos
— Tomato+ — Tomato+
80 804
3 ]
S 60 S 60
© ©
C’\o 404 o\o 40
20 201
T /Lo - N ) S0 W —
0102 10 10* 10° 0102 102 10* 10°
cD8g— Foxp3

Figure 4.3 Sorting strategy to assess intraepithelial lymphocyte clonal
distribution. iFoxp3™™ mice were treated with tamoxifen for 10 weeks, and
Tomato* (library 1) and Tomato~ (library 2) CD4+ T cells from the intestinal
epithelium (IE) were sorted for scRNA-seq using 10X Genomics platform. Surface
CD8a and intranuclear Foxp3 expression of sequenced CD4+ Tomato* (red) and
Tomato~ (black) cells.

We identified 8 clusters ordered by cell number (0-7) visualized by UMAP (Figure
4.4a), comparable to what we identified in the previous chapter describing the
molecular mechanisms of the differentiation towards CD4-IELs. The cluster of
cycling cells (7) was excluded from most of the downstream analysis due to low
number of cells and strong proliferation gene signature that segregated them from
all the other clusters. We identified three Treg clusters (3, 5 and 6) composed
primarily of Tomato* cells that express genes ascribed to Tregs (Figure 4.4b, c).
Of note, cluster 5 contains cells with a profile of resting Tregs of lymphoid origin
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(Tef7, ll7rand Cer7), includes a small subset of Sell-expressing cells (Naive*) and
was classified as recent emigrant Treg (RE-Treg; Figure 4.4d). In addition to bona-
fide Treg genes (Foxp3, lkzf2 Capg), cells within Treg cluster 3 also express a
profile associated to non-lymphoid tissue Tregs (Tnfrsf4, 9, 18 and Tigit) 161. A
small fraction of cells in cluster 3 (TCR*) expressed high levels of Nr4a and Egr
family members, related to increased TCR stimulation and activation 1. Treg-like
(cluster 1) was ascribed to cells expressing a Treg profile, yet to a lower extent
than the Tregs of cluster 3, while also expressing some IEL genes (Cd7 and Gzmb)
(Figure 4.4e). Finally, we identified three non-Treg clusters, one of them
composed mostly of Tomato* cells (cluster 0), indicating Treg origin, while the
other two (clusters 2 and 4) contained a mix of Tomato* and Tomato- cells (Figure
4.4a-c). Cluster 2 was rather homogeneous containing CD8a-expressing cells with
a “full IEL program” 65 173 which included the expression of Gzma, Gzmb, Cd244
(2B4),and Itgae (CD103) (Figure 4.4a, b). Trajectory analysis allowed the
inference of a peripheral CD4+ T cell differentiation hierarchy as they gain access
to the epithelium (Figure 4.4f-g). We observed three different potential trajectories,
all leading to the differentiation of CD4-1ELs from either Tregs (Tomato*) or from
Tconv (Tomato-) (Figure 4.4f-g). Clusters 0 and 4 directly preceded the CD4-1EL
cluster 2 and we refer to them as “pre-IEL1” (cluster 0) and “pre-IEL2” (cluster 4).
Together, these findings suggest that CD4-IELs represent a final stage of
differentiation, and that peripheral CD4+ T cells acquire a similar IEL program
regardless of their origin (Tomato* or Tomato-).

60



Figure 4.4 Conventional and regulatory CD4+ T cells transition through pre-
IEL stages in CD4-IEL conversion. (a-g) scRNA-seq analysis of Tomato* and
Tomato~CD4+ T cells from the intestinal epithelium (IE) of a iFoxp3™™ mouse. (a)
UMAP clustering of 8 (0-7) distinct populations of single cells, including sub-
clusters (3a, 5a). Sub-cluster 3a_Treg (TCR*) indicates Tregs expressing TCR-
stimulated genes. Sub-clusters 5a_RE-Treg (Naive*) indicates Sell-expressing
Tregs. Cluster names correspond to cell colors throughout the figure as indicated.
(b) Expression levels of Foxp3 (red), Cd8a (green), or both (yellow) by all analyzed
cells. (c) Proportion of cells per UMAP cluster from library 1 (Tomato*, red) and
library 2 (Tomato-, blue). (d) Expression levels of Sell by analyzed cells. (e) 2D
volcano plot comparing clusters 5 (RE-Treg), 3 (Treg) and 1 (Treg-like). (f)
Pseudotime trajectory analysis of Tomato* (left) and Tomato~ (right) cells. (g) Cells
on UMAP clusters ordered along diffusion component 1 (DC1), colored according
to cluster (left) or tomato expression (right).
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Overlaying the TCRap repertoire information obtained from each cell on the UMAP
clusters revealed variable levels of clonal expansion and spreading across the
identified clusters (Figure 4.5a-f). Consistent with our previous scTCR-seq
analysis, the CD4-IEL cluster was the least diverse cluster, as measured by the
Chao1 index. Interestingly, although pre-IEL1 cluster O is not as diverse, it
displayed a similar level of clonal expansion, or dominance, as the CD4-IELs, as
indicated by the low Diversity 50 (D50) score. Likewise, Treg and Treg-like clusters
3 and 1, respectively, displayed the next highest levels of clonal dominance
(Figure 4.5c). Combination of pseudotime analysis (Figure 4.4f, g) with clonal
distribution (Figure 4.5a, e) and clonal diversity and dominance scores (Figure
4.5c¢), suggested that clonal expansion increased as cells developed towards CD4-
IELs, but did not become homogeneous until the final CD4-IEL development stage.
Furthermore, this analysis revealed a series of pathways through which different
expanded clones differentiate from one state to another. This was especially true
for fate-mapped cells, for which our tamoxifen labeling strategy served as a
timestamp as Treg clones entered the epithelium, differentiated into pre-IELs and
then into ex-Treg CD4-IELs. All of the top expanded clones that were present
among the CD4-IELs were also found in at least one more cluster, with
distributions that tended to follow the pseudotime trajectories (Figure 4.5a, b, d),
suggesting expanded CD4+ T cells undergo differentiation at the epithelium. Our
clonal composition analysis also indicates that terminal differentiation of CD4-IELs
directly correlates with reduction in TCR diversity (Figure 4.5¢). For example, the
top expanded Treg-derived Tomato* clones (clones 1TP and 7TP) were present in
Treg, Treg-like, pre-IEL1 and CD4-IEL clusters, while some other expanded clones
(clones 3TP, 4TP, 6TP, 9TP,10TP, 12TP) were not found among CD4-IELs but
were shared between Tregs, Treg-like and pre-IEL1 clusters. Of note, the top
expanded Tconv-derived Tomato~ clones were found within pre-IEL2 and CD4-IEL
clusters (Figure 4.5d). It is possible that a fraction of T cell precursors did not
receive sufficient signals to convert into CD4-IELs, or that the time required for
conversion was longer than the timeframe of our analysis. Overall, our findings
reveal a high degree of TCR sharing between rather heterogeneous gut CD4+ T
cell populations, with reduced diversity as cells differentiate into IELs.
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Figure 4.5 Clonal distribution of intraepithelial CD4* T cells follows single-
cell transcriptional trajectories. (a-f) sScCRNA-seq analysis of CD4+ T cells from a
iFoxp3™™ mouse. (a) Paired afTCR CDRS of cells per UMAP cluster ordered by
pseudotime trajectories of Tomato* (TP, red) and Tomato~ (TN, blue) cells.
Lightest shades indicate unique clones, intermediate shades indicate expanded,
but not shared clones within TP or TN. Darkest shades indicate afTCR sharing
between clusters per TP or TN, respectively. (b) Normalized Morisita index (top
right) and absolute number of shared clones (bottom left) of paired afTCR per
UMAP cluster among Tomato* cells. (¢) Diversity estimated by Chao1 (left) and
D50 (right) of cells based on paired afTCR per cluster. (d) Top expanded clones
per Tomato* (TP, red and blue) and Tomato~ (TN, orange and green) indicated in
UMAP clusters separated by tomato expression. Dashed line indicates top limit of
CD4-IEL cluster 2. (e) Total number of cells with paired afTCR sequences (grey)
and total number of clones (green) within each UMAP cluster. (f) Normalized
Morisita index (top right) and number of shared clones (bottom left) of paired
o TCR per UMAP cluster among Tomato~ cells.
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4.4 Decreased TCR signaling precedes IEL differentiation

Analysis of the scRNA-seq data showed that acquisition of IEL markers, such as
Itgae (CD103) by CD4+* T cells in the epithelium, is inversely correlated with
expression of genes downstream of TCR signaling and co-stimulation, such as
Nr4a1 (Nur77) and Tnfrsf4 (OX40). As pre-IELs acquire IEL and cytotoxic markers,
they downmodulate TCR signaling molecules (Figure 4.6a, b). To confirm that
downstream TCR signaling is associated with peripheral IEL differentiation, we
analyzed Nur77 expression along differentiating peripheral IELs using Nur776FP
Foxp3~FP reporter mice (Figure 4.5c-e). CD4-IELs and CD4+CD103+* cells, which
are enriched in pre-IELs, express lower levels of Nur77 when compared to
recently-emigrated CD4+*CD103- cells or to Tregs found in the epithelium (Figure
4.6f). Thus, Nur77 expression is inversely associated with acquisition of CD103
and CD8aa by CD4+ T cells in the epithelium, suggestive of a role for TCR
signaling in IEL differentiation from peripheral CD4+ T cells.

65



Figure 4.6 Intraepithelial CD4* T cell subsets show an inverse correlation
between TCR signaling and IEL program. (a-b) scRNA-seq analysis of Tomato*
and Tomato~CD4+ T cells from the intestinal epithelium (IE) of a iFoxp3™™ mouse.
(a) Expression levels of genes related to TCR signaling (top) or IEL program
(bottom) in each UMAP cluster ordered by pseudotime trajectories. (b) Expression
levels of Egr and Nr4a families (left), Tnfrsf4 (OX40, middle) and ltgae (CD103,
right) in all sequenced cells. (c-f) Nur77-GFP expression levels by indicated cell
types from Nur776FP Foxp3RFP double-reporter mice. (¢) Expression among CD4+*
Foxp3* regulatory T cells (Treg, red), CD62L"N9"CD44'"°% naive T cells (Tnaive,
grey), and CD62L'""CD44"ish Foxp3- activated T cells (Tact, blue) in the
mesenteric lymph nodes (mLN). (d) Expression among Foxp3* Tregs in the
intestinal epithelium (IE, red) and mLN (blue). (e) Expression among TCRys-IELs
(red), CD8aat CD8B-CD4-TCRap* natural IELs (nlEL, blue) and CD8aat CD8p*
TCRap+* IELs (CD8-IEL, grey) in the small intestine epithelium. (f) Nur77-GFP
fluorescence expression levels (left) and frequencies (right) among Foxp3+
regulatory T cells (RFP+, Treg, blue), conventional CD4+ T cells (RFP-, CD8a,
Tconv) CD103- (grey) or CD103+ (black) cells, and CD4-IELs (RFP-, CD8a*TL-
Tetramer*, red) in the intestinal epithelium.
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4.5 TCR signaling is required for CD4-IEL development

To directly assess the requirement of the TCR for CD4-IEL differentiation, we
employed multiple Cre mediated TCR ablation strategies targeting different stages
or subsets of CD4+* T cells. First, we addressed whether TCR signaling is required
for Treg plasticity in the gut epithelium and subsequent CD4-IEL differentiation by
crossing Trac” mice to iFoxp3™™ mice (to generate the iFoxp3T™omA(Tra0) strain),
which allowed for the tracking of ex-Tregs as they lose surface TCR expression
(Figure 4.7a, b, d). Whereas CD4-IEL differentiation from TCR-expressing (TCRp
S+; Tomato~ or Tomato*) cells was similar between iFoxp3™™ and iFoxp3TomA(Trad)
mice, it was significantly impaired among TCR-deficient (TCRB S~ Tomato*) cells
of iFoxp3TomA(Trac) mice (Figure 4.7a-c). Our scRNA-seq data showed that Tnfrsf4
(OX40) expression changed in a developmentally controlled manner, peaking in
Treg cluster 3 and then rapidly decaying by pre-IEL clusters 4 and O (Figure 4.6a,
b). This pattern of expression allowed us to use the well-established OX40¢e driver
67 to delete the TCR from IEL precursors but not from IELs themselves. We
confirmed TCR deletion in activated CD4+ T cells and Tregs in the mLN of Trac” x
OX40¢re (0X404(Trac)) mice by flow cytometry (Figure 4.8a-e). In the epithelium,
while the total frequency of CD4+* T cells remained the same in OX40WT(7ra0) and
OX404(Trac) mice (Figure 4.8f), TCR ablation significantly decreased the CD4-IEL
population (Figure 4.8g-i). We further compared the frequencies of CD4-IELs
among TCR-sufficient and TCR-deficient CD4+ T cells in OX404(729) mice based
on surface TCRp expression. CD4-1ELs were only observed among TCR-sufficient
cells (Figure 4.8j). Taken together, our data indicate that the differentiation of both
Tregs and Tconvs to CD4-1ELs requires TCR expression.
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Figure 4.7 TCR signaling is required for CD4-IEL differentiation from Tregs.

(a-e) Flow cytometry analysis of the intestinal epithelium (IE) of iFoxp3TomWT(Trac)
(Tract* iFoxp3™™) or iFoxp3TomA(Trac) (Trac’ iFoxp3™™) mice 8-12 weeks after
tamoxifen administration. (a) Representative dot plots of surface CD8a and TCRp
of Tomato* CD4* T cells in iFoxp3TomWT(Trac) (left) and iFoxp3TomA(Trac) (right)
animals. (b) Frequencies of CD8a* cells among Tomato* CD4+ T cells within TCR-
sufficient cells from iFoxp3Tem™WT(Trac) (white bar) or iFoxp3TemA(Trac) (grey bar) mice,
or TCR-deficient cells from iFoxp3TemA(Trac) (red bar) mice. (¢) Frequency of CD8a.-
expressing CD4*+ T (CD4-IEL) cells among tomato- cells in the IE of
iFoxp3TomWT(Trac) or iFoxp3TemA(Trac) mice. (d) Representative dot plots (left) for
intracellular TCRp and Foxp3, or histograms (right) of surface TCRp expression
among tomato* Foxp3+ Tregs (red) and tomato* Foxp3~ CD4+ T cells (blue) in the
intestinal epithelium (IE, top), lamina propria (LP, middle) and mesenteric lymph
nodes (mLN, bottom). (e) Frequencies of surface TCRpB-expressing cells among
Foxp3* or Foxp3~ among tomato* CD4* T cells from iFoxp3TomA(Trac) |E (top), LP
(middle) or mLN (bottom).
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Figure 4.8 TCR signaling is required for CD4-IEL differentiation from
regulatory and conventional CD4+ T cells. (a-j) Flow cytometry analysis of IE
and mLN cells of 9-12-week-old OX40WT(Trac) (Tract+* OX40Cre*~ or Trac’
OX40Cre~-) or OX402(Tra0) (Trac’t OX40Cre+-) mice. (a-d) Frequencies of surface
TCRp expression among total CD4+ T cells (a), Tregs (b), CD4+ activated (Tact,
Foxp3-CD44hishCD62L'o%) (¢) and CD4+* Naive (Tnaive, Foxp3-CD44'°vCD62L igh)
(d) cells in the mLN. (e) Surface TCRp expression among Tregs (red), Tact (blue)
and Tnaive (grey) CD4+ T cells in the mLN. (f-g) Frequencies among total CD45+
cells in the IE of CD4+ cells (f) and CD4-IELs (g). (h) Frequency of CD4-IELs
among CD4+ T cells. (i) Representative plots of surface CD8a. and TCRp of CD4+
T cells. (j) Frequencies of CD4-IELs among conventional CD4+ T cells (Tconv,
CD4+CD8a Foxp3-) within TCR-sufficient cells from OX40WT(7rac) (white bar) or
OX404(Trac) (grey bar) mice, or TCR-deficient cells from OX404(7a%) (red bar) mice.
Data are expressed as mean +/- SEM of individual mice (n=5-8). Significant p
values as indicated [student’s t test or one-way ANOVA and Bonferroni].
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4.6 MHC-II expression on epithelial cells modulates CD4-IEL differentiation

Recent studies have suggested a role for intestinal epithelial cell (IEC)-mediated
antigen presentation via MHC-II in the regulation of intestinal CD4+ T cell function
105,174 We therefore asked whether local MHC-Il expression by IECs is required
for CD4-IEL differentiation or maintenance. We targeted MHC class Il expression
exclusively on IECs by crossing VillinCeERT2 mice to H2-Ab1" mice (VillinAMHCID)
(Figure 4.9a-c). Tamoxifen treatment of Villin®*MHCI) mice starting at 5-7 weeks of
age (prior to the appearance of CD4-IELs in the epithelium) did not affect the
frequency of total CD4* T cells in the epithelium 5-6 weeks later; however, it led to
a significant reduction in the frequency of CD4-IELs, which was accompanied by
an increase in Treg frequency (Figure 4.9d). Tamoxifen treatment of 11, 12- or
16-week-old mice, which typically carry a sizable population of CD4-IELs, also
significantly impacted CD4-1EL frequencies and conversely led to an accumulation
of Tregs in the epithelium (Figure 4.9e, f), suggesting that MHC-II expression on
IECs is required for continuous differentiation into CD4-IELs in adult mice.
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Figure 4.9 MHC-Il expression by epithelial cells is required for CD4-IEL
conversion). (a-f) Flow cytometry analysis of the intestinal epithelium (IE) of
i VillinWTMHCI) (H2-Ab 1+/+ VillinCreERT2+= or H2-Ab 1t VillinCreERT2=) or i Villir*(MHCT))
(H2-Ab 1" VillinCreERT2++) mice after tamoxifen administration. (a-b) Geometric
mean fluorescence intensity (gMFI) (left) and frequency (right) of MHC-II
expression by epithelial cells of 14-17-week-old mice 3-5 weeks after tamoxifen
administration (a) and of 21-week-old mice 5 weeks after tamoxifen administration
(b). (c) Representative histogram of MHC-II expression by EpCAM* epithelial cells
in 20-week-old iVillinNT(MHCI) (white) or iVillin*™MHCI) (grey) mice 4 weeks after
tamoxifen administration. (d-f) Representative dot plots of surface CD8a and TL-
Tetramer among CD4+ T cells (left) and frequencies of CD4-IELs (CD4+*CD8a*TL-
Tetramer*) or Foxp3* regulatory cells (Tregs) among CD4* T cells (middle), and
total CD4+ T cells among TCRap* cells (right).) (d) Tamoxifen administration to 5-
7-week-old mice, analyzed at 10-13 weeks, (e) to 11-12-week-old mice, analyzed
at 14-17 weeks of age, (f) to 16-week-old mice, analyzed at 21 weeks of age. Data
are expressed as mean +/- SEM of individual mice (n=5-14). Significant p values
as indicated [student’s t test].
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4.7 TCR signaling is largely dispensable for IEL program maintenance

The transition to an IEL program includes upregulation of NK- and cytolytic-
molecules as well as CD8aa 5 73, with concomitant downregulation of TCR
signaling. To evaluate the role of the TCR signaling in establishing the IEL
program, and in the maintenance of differentiated IELs, we crossed Trac”' mice to
those expressing Cre under the enhancer | of the Cd8a gene (E8/72)), E8 is
required for CD8a. expression on mature T cells and CD8aa IELs, but not required
for CD8ap or CD8aa. expression in developing thymocytes '75. In E8/A(7"2¢) mice,
TCR deletion is accompanied by a decrease in CD8a— expressing TCRaf* cells
in the mLN and IE, including CD4-CD8B+CD8a* T cells and CD4-CD8p-CD8a.a*
TCRaf* natural IELs (nlEL) (Figure 4.10a-f). In the case of peripheral CD4+ T
cells, which only express CD8a.a in the final stages of their differentiation into CD4-
IEL, this model allowed us to selectively address the role of the TCR in the
maintenance of differentiated CD4-IELs. We did not observe any significant
changes in the accumulation of CD4-IELs in E8/A("2% mice when compared to WT
littermates (E8/WT(7"ac)) even in older animals (Figure 4.10g, h), suggesting that
upon terminal differentiation, CD4-IELs do not rely on the TCR for their
maintenance in the epithelium. Whereas proliferation, measured by Edu
incorporation, was similar among Tconv from E8WT(7ra¢) and E8/A("a% mice,
remaining TCR-expressing CD4-IELs in E8/4(T"a¢) mice proliferated more than those
of E8WT(Tra9) mice, but only in older animals (Figure 4.10i, j). Therefore, similar
frequencies of CD4-IELs cannot be exclusively attributed to differential proliferative
abilities of TCR-sufficient and TCR-deficient cells. Similar proliferation rates were
observed in other CD8aa-expressing IEL subsets, including CD8af*CD8aa*
TCRap* (CD8-IELs) and CD8a.a* nlELs (Figure 4.10k, I). Common IEL functional
readouts such as IFNy production and granzyme B expression showed that
hallmarks of the CD4-IEL phenotype are maintained in the absence of the TCR
(Figure 4.10m, n). Analysis of CD8-IELs and nlELs also revealed intact IFNy and
granzyme B production, despite TCR loss (Figure 4.100-r). Taken together, our
results suggest that CD4-IEL accumulation and at least some of the characteristic
features of IELs are maintained in the absence of TCR signaling.
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Figure 4.10 TCR signaling is not essential for CD4-IEL maintenance.

(a-r) Flow cytometry analysis of 8-22-week-old E8WT(a%) ( Trac*+ E8/Cre* or Trac**
E8/Cre- or Trac” E8/Cre~) or E8/A("a) (Tract E8/Cre+) mice, grouped by age as
indicated. Frequencies of surface TCRpB-expressing cells among CD8a. cells (a)
and CD4 (b) T cells in the mesenteric lymph nodes (mLN). Frequency of CD8a3 T
cells among total CD45* cells (¢) and intracellular TCRp-expressing T cells (d) in
the mLN. Frequencies of CD8af (e) and natural IELs (nlEL, CD4-
CD8aa*CD8B TL-Tetramer*) (f) among CD45" cells in the intestinal epithelium
(IE). (g) Representative dot plots of surface CD8a and TL-Tetramer among CD4+*
T cells in E8WT(Tra0) (left) or E8/A(729) (right) mice. (h) Frequency of CD4-1ELs
(CD8a*TL-Tetramer*) among CD4* T cells in E8WT(7a) and E8A(7"a°) mice. (1,j)
Frequency of proliferation (measured by EdU incorporation) of CD4*CD8a.-Foxp3-
cells (Tconv) (i) among cells with or without surface TCR expression (j). Mice were
injected with Edu 16 and 4 hours prior to analysis. (k,l) Proliferation (EdU
incorporation) of CD8-1ELs (k) or nlELs (I) with or without surface TCRf expression
after EdU injection 16 and 4 hours prior to analysis. (m,n) Frequencies of IFNy (m)
and Gzmb (n) production upon PMA/lonomycin ex-vivo stimulation among CD4-
IELs. (o-r) Frequencies of IFNy (o,q) and Gzmb (p,r) production upon
PMA/lonomycin ex-vivo stimulation among CD8-IELs (o,p) and nlELs (q,r). Data
are expressed as mean +/- SEM of individual mice. (n=4-16). Significant p values
as indicated [student’s t test or one-way ANOVA and Bonferroni].
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To comprehensively address the extent to which the IEL program can be affected
or maintained in the absence of TCR signaling, we performed bulk RNA-seq on
TCR-expressing CD4-IELs from E8WT(Tra¢) mice and on TCR-deficient CD4-1ELs
from E8/A(Ta%) mice (Figure 4.11a). While genes related to TCR activation or
signaling, cell cycle or proliferation, anti-apoptosis and protein transport showed
reduced expression in cells lacking their TCR, most IEL-related genes were not
significantly changed in E8/("2%) mice, suggesting the IEL program is maintained
in the absence of TCR expression (Figure 4.11b-d). Gene ontology (GO)
enrichment analysis showed that only a few pathways, such as protein
phosphorylation, were upregulated in TCR-deficient cells (Figure 4.11¢). Likewise,
IEL genes were not changed among CD8-IELs or nlELs in E8/A(a mice, but
genes related to TCR signaling were significantly decreased in TCR-deficient cells
(Figure 4.11e, f). Of note, Lag3 (Lymphocyte-activation gene 3), a TCR inhibitory
co-receptor, was downmodulated in all 3 IEL subsets lacking TCR expression
(Figure 4.11b).
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Figure 4.11 TCR signaling is not essential for CD4-IEL program maintenance.
(a-f) Bulk RNA-sequencing was performed on TCR+* CD4-lELs, CD8-IELs and
nlELs from E8WT(7ac) and TCR- CD4-lIELs from E8/("a%) mice. (a) Principal
component analysis of indicated cell populations (b-d) Volcano plot of differentially
expressed genes between indicated populations (p<0.05, in color) (b), selected
differentially-enriched gene ontology (GO) pathways between groups (c), and
gene set enrichment analysis (GSEA) of CD4-IEL program as defined by the top
differentially-expressed genes in the CD4-IEL cluster in our single cell RNA-
sequencing from Figure 4.4 (d). (e, f) Volcano plots of differentially expressed

genes between indicated populations (p<0.05,

in color) (top),

and selected

differentially-enriched gene ontology (GO) pathways between them (bottom).
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To further evaluate whether the TCR confers any competitive advantage to IELs,
we reconstituted sub-lethally irradiated Rag1~- mice with a 1:1 mix of congenic-
marked bone marrow from WT CD45.1 and E8/A("a) CD45.2 mice (Figure 4.12a).
Whereas the ratio of WT to E8/A(7"2¢) remained approximately 1:1 in non-afT cells,
this ratio was significantly skewed towards WT among CD8-IELs (Figure 4.12a,
b), indicating that TCR-deficient CD8-IELs were outcompeted by TCR-expressing
cells. In contrast, within both nlELs and CD4-IELs, the WT: E8/A(""2%) ratio was much
less skewed, and surface-TCRp~ cells were readily detected among these
populations (Figure 4.12a). Thus, CD4-IELs are much less sensitive than CD8-
IELs to TCR loss. Together, our data establish an important role of TCR in IEL
differentiation, particularly in the final stages within the epithelium, but also indicate
that TCR signaling is mostly dispensable for CD4-IEL maintenance.
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Figure 4.12 CD4-IELs are less sensitive to TCR loss than CD8-IELs in a
competitive setting. (a, b) Flow cytometry analysis of bone marrow chimeras in
sub-lethally irradiated Rag1~- hosts reconstituted with 1/1 ratio of WT CD45.1 and
E8/A(Trac) CD45.2 cells, analyzed 12-16 weeks after reconstitution. Representative
dot plots and histograms (a) and frequency (b) of WT CD45.1 (red) versus E8A(7rac)
CD45.2 (blue) among non-afT cells (includes y3T cells and non-T cells), natural
IELs (nlEL, CD4- CD8aa* CD8B~ TL-Tetramer*), CD8-IELs (CD4-
CD8aat CD8B* TL-Tetramer*), and CD4-IELs in the IE. Bottom panels,
representative histograms of surface TCRp levels in WT CD45.1 (red line) and
E8/A(Trac) CD45.2 (blue line) of indicated cell populations.
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4.8 Conclusion

Our study revealed a previously unappreciated degree of TCR sharing between
largely distinct CD4+ T cell subsets in the periphery, distinct levels of clonal
expansion and TCR diversity along differentiating IELs, and a specific requirement
for TCR signaling during the early stages of the IEL differentiation process.

Coupling TCR repertoire to single cell transcriptional analysis revealed that
expanded clones followed the trajectory analysis while displaying intra-clonal
plasticity. The homogenous group of CD4-IELs included expanded clones while
the heterogenous subsets contained less expanded clones. We used in vivo fate-
mapping, reporter, and gene ablation models to uncover the requirements of the
TCR during T cell adaptation to the epithelium. We found that Nur77, which marks
TCR stimulation strength, is higher in migrating CD4+ T cells but is progressively
downmodulated as they differentiate into pre-IELs and remains low in the majority
of CD4-IELs. Indeed, we demonstrated that the expression of the TCR complex is
crucial for CD4-IEL development, but not maintenance. Intestinal epithelial cell
specific ablation of MHC-II precluded the accumulation of CD4-IELs, suggesting
that antigen presentation by IECs is important for their development. Together, our
data suggests that local recognition of antigens is an important signal for the
adaptation, but not maintenance of CD4+ T cells in the epithelium.
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Chapter 5: Discussion

5.1 Overview of the thesis

The chronic exposure to a large amount of diverse and potentially stimulatory
antigens derived from the diet and microbiota is thought to result in a
“physiologically inflamed” state of the intestine. To maintain homeostasis, the
intestinal immune system must be able to both mount an effective yet controlled
immune response against potential pathogens while tolerating innocuous or
beneficial substances. Failure to do so can lead to adverse health effects, such as
inflammatory bowel disease, celiac disease, colorectal cancer, infections and food
allergies. Achieving harmonized tolerance responses towards harmless antigens
and controlled effector responses directed at pathogenic stimuli requires the
collective coordination and orchestration of various components within the
intestine, including immune cells, epithelial cells, and a multitude of environmental
factors, such as cytokines and microbiota- or food-derived metabolites. To this
end, many processes are in place for the adaptation of lymphocytes to distinct
environments within the intestinal tissues. However, these mechanisms of
adaptation as well as their direct functional consequences are not completely
understood.

The work presented in this thesis provides mechanistic insight into how CD4+T
cells adapt to tissue environments within the mammalian intestine - which serves
as the largest tissue reservoir of lymphocytes. Specifically, we addressed the
sequence of events leading to intestinal tissue-specific signatures within different
niches and inflammatory contexts. To this end, we characterized the levels of
heterogeneity and plasticity of CD4+ T cell populations within the intestinal
epithelium (IE), underlying lamina propria (LP), and draining mesenteric lymph
nodes (mLN). Although closely related, these tissues harbor distinct compositions
and signatures, in part due to differential proximity to the intestinal lumen. We
found that CD4+ regulatory T cells (Tregs), primarily those induced in the periphery,
de-stabilize and convert to CD8aa-expressing CD4-intraepithelial lymphocytes
(CD4-IELs) upon migrating to the epithelium. To elucidate the precise mechanism
by which this occurs, we used genetic fate-mapping and gene-ablation mouse
models and in part attributed this plasticity to the loss of the CD4-lineage
transcription factor ThPOK. Coupling RNA- and ATAC- sequencing with these in
vivo models uncovered a temporal program, whereby cessation of the Treg profile
is followed by the subsequent increase in accessibility and expression of the CD4-
IEL program at the epithelium. Interestingly, this unique series of events is partially
reversed by the premature ablation of Thpok in Tregs, which leads to the
acquisition of the IEL program before the complete shutdown of the Treg program.

In addition to revealing the stepwise transcriptional and chromatin accessibility
changes associated with CD4+T cell plasticity, we also uncovered the role of the T
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cell receptor (TCR) in this adaptation to the intestinal epithelium. The potential
extent of TCR diversity and the role of TCR signal strength is well characterized in
thymocyte development. However, much less is known about how TCR signaling
and repertoire impact tissue-induced plasticity. We found that while terminally
differentiated CD4-IELs are clonally restricted, Tregs and intermediate stages are
more diverse. Furthermore, we used in vivo mouse models to ablate the TCR
complexes on activated CD4+ T cells, revealing that TCR expression is required
for differentiation into CD4-IELs at the intestinal epithelium. CD4-IEL differentiation
is also precluded upon the deletion of MHC-II on intestinal epithelial cells (IECs).
However, TCR ablation on CD4-IELs results in little impact on their maintenance.
Taken together, these data suggest that local MHC-II expression, and likely
antigen presentation, are required for T cell adaptation, but not maintenance of the
IEL program, at the intestinal epithelium.

5.2 Reqgulatory T cell adaptation to the intestinal epithelium

The recent availability of ATAC- and single cell RNA (scRNA) - sequencing data
has been instrumental in providing insight not only into the heterogeneity of T cell
populations, but also diversity of the same populations between distinct tissues.
Such studies highlight the importance of inter-tissue adaptation for local
homeostasis’0. 74, 161, 176, 177, 178, 179, 180, 181, 182 CGoupling these two types of
technologies revealed that Tregs from visceral adipose, skeletal muscle, skin, and
the colonic lamina propria differed in both their chromatin landscapes and
transcriptional profiles'”7- 183, Likewise, our unbiased scRNA-seq profiling of CD4+T
cells in three gut-associated tissues (mLN, LP, and IE) revealed that the
presumably stable T cell subset of Tregs drastically differs in its transcriptional
profile between location. Strikingly, the transcription profiles of these Tregs more
closely resembled other T cell subtypes in the same tissues than Tregs in
neighboring tissues, suggesting that tissue-dependent imprinting often overrides
cell subtype specification. This finding is corroborated by the shared core set of
tissue- but not cell type-dependent genes between regulatory and memory CD4+T
cells within the same tissue (skin or colon)161,

In contrast to literature noting Treg adaptation without the loss of its core signature
and identity®'. 161. 177 'we describe the destabilization of Tregs with the concomitant
loss of the Treg-lineage defining factor, Foxp3, upon adaptation to the intestinal
epithelium. This finding is also at odds with extensive studies showing Treg
stability, even during inflammatory and lymphopenia conditions'3'. Several
mechanisms are in place to ensure Foxp3 expression and stability, the most well
described of which are features of the conserved noncoding sequences (CNS) 1-
3184, The de-methylated, and thus accessible, state of the CpG-rich CNS2 allows
for the binding of multiple transcription factors (such as STAT5, Cbfb-Runx1 and
Foxp3)184. 185,186 |eading to Foxp3 maintenance. Despite certain inflammatory
conditions (such as IL-6 and IL-4) which respectively recruit STAT3 and STAT6
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binding on CNS2, resulting in its methylation and silencing'87. 188,189 other histone
modifications can nevertheless reinforce Foxp3 transcription’®°. A similar interplay
of USP7 mediated de-ubiquitination with inflammation- or hypoxia-induced
ubiquitination by Stub1 functions to counteract the Foxp3 pro-degradation aspects
of the latter, further supporting Treg identity 191, 192,193,194 Qther factors indirectly
maintaining the Treg program, including Blimp1, Foxp1, Pak2, and miR-10a,
function by inhibiting the expression of alternative fates!95. 196, 197, 198, 199, 200, 201 jn
established Tregs. Together, these mechanisms suggest that Foxp3 stability is an
active process. On the other hand, Foxp3 deletion does not lead to major changes
in enhancer landscapes of Tregs?°?, suggesting either Foxp3-independent stability
or that the independent formation of these elements are exploited upon Foxp3
expression, a more passive process. As similar factors, such as TGF and retinoic
acid (RA) are required for both iTreg and CD4-IEL differentiation, it is possible that
they may be directed towards the acquisition of the IEL fate instead of Treg
stabilization in combination with other features in the epithelium'??. Indeed, IFNy
and IL-27, both of which are abundant in the epithelium, can suppress TGFf and
RA mediated Foxp3 induction'®’”. Furthermore, TCR stimulation by microbiota-
derived peptide antigen may drive Treg plasticity®® €°. Indeed, we found that
iTregs, but not nTregs, preferentially destabilize in the IE, in line with the notion
that the latter are self-reactive while iTregs recognize foreign derived peptide-
antigen. The reliance on different CNS regions'8 between nTregs and iTregs, and
the more methylated and thus less stabilized, state of the Foxp3 locus in iTregs'3":
203,204 suggests that a combination of cell-intrinsic and extrinsic factors drive its
destabilization within the epithelium.

Natural and induced Tregs may also have distinct functions in the intestine.
Tolerance towards diet and microbiota is thought to be mediated by induced, but
not natural Tregs®'. 205,206,207 "while central nervous system protection in the model
of experimental autoimmune encephalomyelitis (EAE) is mediated by nTregs,
which are self-reactive2°6. However, as previously demonstrated, we observed that
both iTregs and nTregs were able to prevent disease in our transfer model of
colitis. Our monoclonal in vivo experiments suggest that in response to oral
antigen, CD4-IELs may play a tolerogenic regulatory role, similar to Tregs,
corroborated by the IL-10 and TGFB mediated function of CD4-IELs in the
inhibition of Th1-induced intestinal inflammation28. Although these studies did not
distinguish conventional CD4+ T cell (Tconv) from Treg-derived CD4-IELs, our
sequencing data reveals their similar transcriptional profiles, suggestive of shared
function. One hypothesis is that in order to maintain Treg function at the chronically
activated epithelial environment, the acquisition of the TCR-dampening CD8a.a
homodimer prevents exhaustion and enables their survival. However, similar to the
vast array of mechanisms and types of function displayed by Tregs in different
tissues196. 209, 210, 211, 212 GD4-]ELs may also acquire distinct functions from their
precursors. Examining the differences between the epithelium and adjacent lamina
propria and draining mLN, in the context of known regulation mechanisms, may
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provide insight into both CD4-IEL function and requirement for Treg plasticity. For
instance, Tregs can mitigate inflammation by inhibiting antigen presenting cells
(APCs) which would otherwise activate naive T cells®35%4. While this may be
effective in the LP, which contains APCs, and the mLN, where APCs and naive T
cells interact, it may prove useless in the epithelium, which is primarily composed
of activated T cells. Furthermore, the anti-inflammatory cytokines produced by
Tregs in other tissues may be diluted or ineffective in the highly stimulated
epithelium. Indeed, CD4-IEL differentiation is accompanied by a cohort of genes
normally expressed by CD8* T cells, indicating that they may also have cytotoxic
function. It would therefore be interesting to assess if CD4-1ELs can kill pathogen-
infected cells. Given their proximity to IECs, which can be in close contact with
potential luminal pathogens, CD4-lELs may have a role in barrier protection,
similar to TCRy3-IELs"8. Furthermore, Tregs can assume non-canonical functions
upon adaptation to various tissues, such as supporting hair follicle and intestinal
stem cell niches and contributing to regeneration and repair of central nervous
system, lung, skin and muscle!96. 209, 210, 211, 212 Taken together, it is conceivable
that in the epithelium, environmental cues drive iTreg destabilization, and
subsequent development into CD4-IEL leads to functional adaptation.

5.3 Mechanisms of T cell adaptation to intestinal tissues

In addition to Treg heterogeneity and plasticity, our scRNA-seq data showed broad
distinctions between CD4+T cells populations in the closely related IE, LP, and
mLN environments. We speculate that the relative inter-tissue heterogeneity is
likely a result of the environment, and not just of the subtypes themselves.
Corroborating this notion, although HSV-specific memory T cells segregate
between skin dermis and epidermis based on their broad lineage, CD4 and CDS8,
respectively, the differences in key features such as motility between the two
tissues is not directly dependent on cell subtype’. In general, cells within the
epithelium express a cytotoxic profile, paralleling the more homogenous
population of CD8+T cells within the IE in comparison with other locations”® 213,214,
However, the lamina propria consist of multiple distinct subtypes of CD4+ T cells
displaying a TCR-stimulated signature, in line with the highly stimulated intestinal
environment. Relative to the intestinal tissues, cells in the draining mLNs display
a more naive transcriptional profile.

It is unclear if CD4+ T cells in the mLN are epigenetically naive as well or poised
for certain programs upon the right factors. Differences between the two states
have been noted in Tregs'”” as well as in LCMV specific destabilized tissue
resident memory (ex-Trm) cells, which despite their transcriptionally de-
differentiated state, remained epigenetically poised for migration and re-
differentiation to their original tissue and state upon encounter of their cognate
antigen and proper cytokine milieu'”®. Thus, it would be interesting to couple the
transcriptional and epigenetic levels of the naive (or not) states of mLN T cells.
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One study found an additive combination of accessible chromatin regions from
different non lymphoid tissue Tregs in splenic Tregs, which included super-
enhancers and particular histone marks'””. This study suggests that splenic Tregs
are simultaneously poised to adopt multiple tissue signatures, which in turn rely on
distinct transcription factor regulation. A similar possibility of epigenetic “poise”
may exist in mLN lymphocytes as well, and it would be interesting to note if
epigenetic distinctions exist between cells destined for the LP versus the IE.

Our trajectory analysis of T cell transcriptional profiles suggests that cells which
end up in the epithelium, likely by migrating through the lamina propria upon mLN
emigration, do not first acquire a LP signature. In line with a core shared signature
of memory and regulatory T cells undergoing tissue-draining lymph node to
respective tissue trajectory, irrespective of trajectory’®?!, our data imply that the
acquisition of environment-dependent profiles occurs after decision of tissue
location. The differentiation of long-lived memory CD8* T cells in skin or gut’® upon
acquiring tissue homing molecules in inguinal or mesenteric LNs, respectively,
corroborates this finding and also shows that migration imprinting occurs in the
draining lymph nodes”? 180.213_ |t is conceivable that differences in peptide antigen
presentation to naive T cells, both in terms of TCR-peptide antigen specificity and
APC-secreted factors, drive this decision. This hypothesis could be in part
addressed by coupling APCs bearing specific pre-loaded peptide antigens?'5 or
TCR transgenic models with the “Labeling Immune Partnership by SorTagging
Intercellular Contacts” (LIPSTIC) mouse model?18.

After priming in the lymph nodes and subsequent tissue migration, cells must adapt
to local survival cues, such as cytokines?'”- 218 as exemplified by the differential
dependence of Trwm cells on IL-15 for maintenance between skin dermis and
draining lymph nodes®8 219, The predominant expression of Ccl/5 in CD4+T cells
within the epithelium may contribute to, or result from, a differential cytokine milieu
or receptor Ccr5 expression in the |IE. T cells in Ccl5-deficient mice have impaired
capacities for proliferation and cytokine production upon cognate peptide-antigen
stimulation®?9, suggesting that differential Ccl5 expression may modulate the local
environment. Furthermore, only cells in the |IE are polarized with a gradient of
TGFpB- dependent ltgae (encoding CD103) expression®8. 221,222,223 66,67, 79,224 Thjs
is in contrast to memory CD8* T cells which express similar levels of CD103 within
the LP and IE, although it is only required for their retention in the latter’®. As TGF
has multiple origins, its expression levels may vary in different niches, thereby
differentially influencing local lymphocytes. Taken together, analysis of the local
cytokine milieu may provide insight into the functional mechanisms of tissue
adaptation.

A key predictor of the ability of a T cell to adapt to different environments may be

the extent of its epigenetic accessibility or poise. For example, CD8* T cells which
adopt a Tc17 profile upon skin Staphylococcus epidermidis colonization, have a
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poised type 2 profile, the realization of which is released upon the addition of pro-
inflammatory cytokine IL-18225. Although we did not find epithelial Tregs to display
an accessible |IEL profile prior to their destabilization, it is possible that a level of
the IEL program was masked when compared to other subsets in the already
polarized |IE. Perhaps an unappreciated level of IEL poise would be revealed in
ATAC-seq and ChlP-seq assays, particularly for histone modifications, comparing
peripheral and epithelial Tregs with CD4-IELs. For instance, ChlP-seq of both
repressive and permissive histone modifications, H3K27me3 and H3K4me
respectively, revealed the poised state of Tbx21 (encoding T-bet) in cell types that
do not canonically express it (T2 and Tr17 cells)?26 unless stimulated to advance
to expression by inflammatory signals?”.

Regardless of potential epigenetic predisposition for plasticity, our identification of
a pre-IEL signature, marked by the loss of key features of conventional CD4 and/or
Treg programs, suggests that during tissue adaptation, a cell must first shut down
transcriptional programs in place (or decouple transcription factors bound to its
DNA targets) that may prevent tissue imprinting, a suggestion corroborated by
previous studies describing roles of Runx3 to the CD8-lineage or tissue-resident
memory T cells (Trm)'6 167, While a similar level of transcriptional changes occurs
prior and post the pre-IEL stage, the majority of chromatin changes occurred in the
initial step of pre-IEL formation, suggesting that in situ epigenetic changes likely
set the stage for IEL differentiation. Performing histone modification ChIP analysis
at the different stages of IEL-differentiation would thus help us understand the
mechanisms involved. A recent study also describes a stepwise process taken by
Tregs, in which peripheral precursors gradually acquire chromatin accessibility and
reprograming towards nonlymphoid-tissue Tregs. The authors identified the
transcription factor BATF as a main driver of the molecular tissue programing in
the precursors??®. These observations parallel our identification of the role of
ThPOK down-modulation in epithelial imprinting on iTregs, driving their plasticity
towards the IEL fate at the epithelium. It remains to be determined, like the BATF
differentiation described, whether lamina propria or epithelium Tregs share a
common precursor in the mLN prone to tissue differentiation in the gut.

5.3.1 Mechanisms of T cell adaptation: The role of ThPOK

Previous studies demonstrated that CD4-IEL development from conventional
CD4+ T cells is in part dependent on the reciprocal down- and up- regulation of
Thpok and Runx3, respectively®® 7. We conclude that ThPOK, but not Runx3
plays a similar role in the development of exTreg-IELs. Although Runx3 did not
reveal a stabilizing role for Foxp3 as described’s0. 151.229 it js possible that it may
have set the stage for IEL development in Tregs prior to its ablation in our in vivo
systems. In our polyclonal in vivo experiments, both Runx3 and ThPOK seemed
dispensable to Treg function, while Foxp3 expression was only modestly affected
upon Thpok ablation. While natural Thpok down-modulation led to the coordinated
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stepwise destabilization of the Treg program followed by the acquisition of the IEL
program, Thpok ablation at the Treg stage prematurely led to this acquisition. We
therefore concluded that, while Thpok had little effect on Treg function, its timely
down-modulation was important in the correct progression towards the CD4-IEL
program. Similarly, while Thpok deletion in activated CD4* T cells does not affect
viral clearance or the expansion of antigen-specific cells following LCMV infection,
it plays a role in the regulation of CD4+ T cell differentiation, particularly towards
Tu1 cells, which share some expression profile with interferon-producing CD4-
IELs'4. One caveat of our broad conclusions regarding the role of ThPOK and
Runx3 in Treg programming is that our sequencing analyses revealed that Foxp3
is one of the last canonical Treg genes to be down-modulated during the IEL
transition, which reinforces previous studies suggesting that Foxp3 is a late-acting
transcription factor which binds to pre-established accessible enhancer regions2°2,
Therefore, it is plausible that the Treg program may be modulated independently
of Foxp3; in the case of tissue adaptation events addressed here, this may
preclude the use of Foxp3 as a Treg marker without considering the entire Treg
profile. Additionally, it is possible that ThPOK acts in conjunction with other
transcription factors, including Runx31%0. 151, 229" to regulate Treg function. By
inactivating both ThPOK and its homolog LRF in differentiated Tregs, a previous
study concluded that these transcription factors redundantly support Foxp3
function23°,

Although our work elucidated the events following ThPOK downmodulation in
Tregs, the exact tissue-dependent triggers leading to ThPOK downmodulation is
not completely known®® 67. 127 A microbiota induced aryl-hydrocarbon receptor
requirement has been proposed to drive ThPOK downmodulation'34, and it would
be interesting to understand this and additional mechanisms in greater detail.
Several factors, such as retinoic acid, IFNy, IL-27, and IL-15 have been implicated
in the development of IELs, although their mechanisms are incompletely
understood®® 67, 127 Network analysis of downstream genes of these factors in the
progression of Tregs or Tconv to pre-IEL development may elucidate the
environmental factors driving Thpok down-modulation. The physiological hypoxic
state of the IE (with half the oxygen in the underlying LP?31.232.233 ) may also play
a role in CD4-IEL differentiation and is thus an avenue worth investigating. For
instance, hypoxia inducible factor 1-deficient IECs led to a decrease of /I7and //15
mRNA, resulting in changes in IEL frequencies as well as microbiota
composition234, displaying that multiple factors may be at play.

5.4 T cell receptor stimulation in CD4+T cell adaptation at the intestinal
epithelium

In addition to the down-modulation of ThPOK as Tregs differentiate to pre-IELs,
we find that Nur77, which is expressed proportionally to the strength of the TCR
stimulation23% 236 is also progressively down-modulated. This is similar to the high
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level of Nur77 displayed by agonist-selected T cells such as iNKT cells during
thymic selection, which subsequently decays upon migration of these cells to the
spleen or liver 237, It would be particularly interesting to analyze the relative
dynamics of ThPOK and Nur77 downregulation to understand if TCR stimulation
plays a role in driving ThPOK down-modulation. On the other hand, despite being
“chronically activated” as defined by the expression of activation markers such as
CD69 and CD44 %, CD4-IELs do not show signs of strong TCR activation. While
the majority of CD4-1ELs express low levels of Nur77, a small fraction of them
maintained Nur77 expression, suggesting that TCR re-engagement can be
modulated within the epithelium.

Indeed, availability of antigens presented by intestinal epithelial cells could function
in the late-stage of IEL differentiation, possibility supported by the decreased CD4-
IEL population upon MHC-II targeting on IECs. The modulation of MHC-II
expression by IECs has been linked to the capacity of microbes to attach to the
epithelium, and to IFNy production in both human and murine models 238 239, 240,
MHC-II expression by IECs has been recently associated with a variety of
physiological, such as regulation of the stem cell niche, and pathological functions,
such as CD4+ T cell-mediated inflammation during graft-versus-host disease, in
part through interacting with gut resident T cells that provide cytokines 105 106, 174,
Our data suggests a model in which antigen presentation by IECs is instrumental
for the differentiation of CD4-IELs, which may further enhance MHC-II expression
by IECs via IFNy production. Whether this is exclusively dependent on antigen
presentation by IECs needs further demonstration. The transfer of naive CD4+
TCR transnuclear (TN) T cells?*!, specific for Parabacteroides Goldsteinii-derived
B-hexosaminidase, into mice lacking MHC-II expression by intestinal epithelial
cells may provide additional insight. Upon in vivo cognate peptide administration,
these cells preferentially develop into CD4-IELs at the epithelium in SPF
conditions. If our hypothesis of the role of antigen presentation by IECs is correct,
then the lack of MHC-II expression on IECs in this system would preclude CD4-
IEL development. Of note, preliminary experiments involving cognate peptide
administration to germ-free mice with these transferred naive CD4+ TCR
transgenic T cells does not lead to CD4-IEL development, suggesting that other
antigen-independent microbiota factors are required. Additionally, the TCR
complex itself, and presumably antigenic stimulation, is important for CD4-IEL
differentiation as demonstrated by TCR ablation on OX40-expressing cells as well
as on Tregs, which then precluded CD4-IEL differentiation.

However, our results show that TCR ablation from CD4-IELs does not impair their
persistence in the epithelium nor the production of IFNy and granzyme B. This is
consistent with the decreased antigen sensitivity and increased threshold for TCR
activation in cells expressing CD8a.a homodimers 8. Furthermore, our RNA-seq
analysis suggests that despite the down-modulation of genes downstream of TCR
activation in TCR-deficient CD4-IELs, the maintenance of an IEL program may not
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depend on continuous TCR signaling. This is in contrast to the requirement of TCR
expression on mature Tregs for their suppressive function and maintenance of an
effector Treg program 70. The extent to which CD4-IELs depend on TCR signaling
for specific functions and whether it is needed in discrete modules during different
stages of differentiation from Tregs to CD4-IELs remains to be determined. In this
line, it would be interesting to see if the TCR is also dispensable for CD4-IEL
maintenance upon perturbation, such as in the context of an immunological
challenge like during an intestinal infection.

5.5 T cell receptor repertoire in CD4*T cells in the intestinal epithelium

Although surface expression of T cell receptors did not significantly impact CD4-
IEL maintenance, they displayed a restricted TCR repertoire. Likewise, early
analyses of TCR diversity in nlEL subsets revealed a restriction in TCR repertoire,
referred to as “oligoclonal repertoire” 64 242, 243, 244 More recently, work using a
TCR™" mouse model harboring restricted TCRa and TCRp repertoires showed a
substantial TCR overlap between CD4-IELs and Tregs 245. In addition to the
agonist selection of thymic IEL precursors 246.247 studies that generated transgenic
mouse strains carrying existing IEL afTCRs strongly suggested that TCR
specificity may be sufficient to drive IEL fate 248.249_ |t remained unclear, however,
how specific TCRs correlate with IEL differentiation. Our scRNA-seq and trajectory
analyses coupled to TCR repertoire allowed us to unbiasedly define the
relationship between TCR diversity and CD4+ T cell plasticity during migration and
differentiation towards IELs. Expanded clones followed pseudotime trajectory
analysis and displayed intra-clonal plasticity: less expanded clones spread among
heterogenous subsets, while highly expanded clones were found in the
homogenous cluster of CD4-IELs. A possible explanation for this finding is that the
less expanded clones lacked additional signals, such as TCR ligands or
environmental components, required for full differentiation into CD4-1ELs 6. 67. 127,
134,250 The clonal analyses presented here, including the TCR sharing of CD4-
IELs derived from Treg or from Tconv, corroborate previous studies suggesting a
lineage relationship between Tregs and IELs ' 24, Additionally, their clonal
distribution suggest that IEL differentiation may favor particular TCR specificities,
perhaps in a process analogous to peripheral Treg differentiation, where TCR
recognition in a context-dependent manner leads to Foxp3 expression 251252,

Due to their limited TCR repertoire, low TCR-stimulation, and phenotypic
resemblance to tissue resident memory T cells, CD4-IELs may be specific for a
restricted set of antigens and display Trm-like function upon their encounter. Tru
cells reside tissues even in the absence of their cognate antigen-peptide but can
exert effector-like function in their presence. To test this possibility, one could use
an ovalbumin (OVA)-specific TCR transgenic mouse model (OT-Il) to generate
OVA-specific CD4-1ELs in the presence of a pathogen engineered to expresses
OVA. Cytokine production and pathogen clearance will then be assessed after
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initial pathogen clearance as well as following subsequent re-infection.
Furthermore, analysis of the CD4-IEL TCR repertoire and that of their precursors,
in various controlled bacterial and diet derived antigen conditions, such as
colonization with the defined oligo-mouse microbiota (OMM2)253 bacterial
consortium or single-antigen diets, may provide functional clues to the type of
stimuli these cells may respond to. An expanded cohort of specific TCR-cognate
peptide-antigen pairs, similar to OTII-OVA peptide and TN-B-hexosaminidase,
which can lead to CD4-1EL generation in different contexts?4!, can provide the tools
to decouple environmental from TCR-specificity requirements for pre-IEL and
CD4-IEL development.

5.6 Concluding remarks and outstanding questions

Overall, this work presents how T lymphocytes adapt to the unique environments
of the lamina propria and intestinal epithelium. The CD4+* T cell populations within
the LP displayed a TCR-stimulated signature but remained adherent to canonical
subtypes. However, those in the epithelium were polarized with a gradient of a
cytotoxic IEL profile, an imprinting that overrode thymically established lineage
specificity to some extent. Furthermore, as cells within the epithelium are not
marked by a lamina propria-derived signature, our data suggests that tissue
imprinting occurs after the decision of tissue location. We showed that in adapting
to the epithelium, CD4+ T cells, including induced regulatory T cells, shut down
lineage-defining transcriptional programs in place before acquiring the CD4-IEL
profile. TCR stimulation and accompanying local recognition of possibly a limited
set of antigens is also essential in this T cell adaptation. We identified an
intermediate “pre-IEL” stage, marked by the loss of CDA4-lineage defining
transcription factor, ThPOK and the gradual upregulation of cytotoxic markers
characteristic of CD8* T cells. Although Thpok abrogation in Tregs in the
mesenteric lymph nodes anticipated the expression of some |IEL-related genes,
the combination of the epithelium environment with the timely downmodulation of
Thpok at the pre-IEL stage were required for proper T cell adaptation. Taken
together, our work shows that the combination of genetic, environmental, and TCR
triggers is crucial in driving T cell plasticity and adaptation to the intestinal
epithelium.

Although our work, and that of others, provide examples of transcriptional and
epigenetic changes within the progression of T cell adaptation, many mechanisms
remain unknown, such as driving forces behind certain modulations described in
our work. Furthermore, the developmental consequences of only a limited set of
TCR and cognate peptide-antigens pairs have not been established. Given the
vast antigenic diversity within the intestine, further characterization of specificities
and consequences of the TCR repertoire, which becomes more limited in the
progression of adaptation towards the IEL fate, remains to be elucidated. It would
be interesting to de-couple the environmental and TCR-stimulation effects as T
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cells adapt to the epithelium. Finally, the function of CD4-IELs remains poorly
characterized, particularly in humans. Although they have also been suggested to
contribute to pro-inflammatory damage in celiac disease®, reduced frequencies of
CD4-IELs have been noted in human patients with chronic intestinal inflammation,
suggesting an anti-inflammatory role®® °4 Similarly, our studies point to a
regulatory role of CD4-IELs in the context of diet-derived antigen in mice. Although
much is left to be discovered, out work sheds light on the mechanisms of
lymphocyte adaptation to intestinal tissues, a process crucial for the maintenance
of homeostasis.
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Materials and Methods

Animals

Animal care and experimentation were consistent with the NIH guidelines and were
approved by the Institutional Animal Care and Use Committee at the Rockefeller
University. C57BL/6J (000664), actin-mRFP1 (005584), Nr4a1EGFP/Cre (Nur77GFP,
016617), OT-ll TCR transgenic (004194), Rag1-- (002216), TCRy3%FP (016941),
Zbtb7b°CFP(027663), Zbtb7b™"20(009369), Cd4C™ (017336), Cd4Cre-ERT2(022356),
OX40Q'RES-Cre  (012839), Foxp3RESMRFP(008374),  Rosa26's'dTomato(007914),
Foxp3:eGFP-Cre-ERT2(016961) and CD45.1(B6.SJL Ptorcd, 002014) mice were
purchased from the Jackson Laboratories and maintained in our facilities. BALB/c,
TBmc and BALB/c TBmc Foxp3s’ mice were generated and provided by J. Lafaille
(NYU). E8Fre (Jax 008766) were generated by |. Taniuchi (Riken) and kindly
provided by H. Cheroutre (LJAI) and were used to target cells with an active Cd8a
enhancer |, including mature CD8* T cells and also CD8a.a* CD4-IELs. Cd4Cre-ER
mice were previously described 138, and kindly provided by S. Kuralov (NYU) and
were used to target mature CD4+ T cells and in recent thymic emigrants upon
tamoxifen administration. Runx3"" mice were kindly provided by T. Egawa (Wash.
U.). Tbx21"" were kindly provided by S. Reiner (Columbia U.). Foxp3°e-YFP and
Rosa26's-PsRed mice were kindly provided by J. Lafaille (NYU). Trac” mice were
kindly provided by A. Rudensky (MSKCC). Villin°eERT2 mice were generated by 254
and kindly provided by D. Artis (Cornell). Foxp3RES-GFP mice were provided by V.
Kuchroo (Harvard) and H2-Ab1" mice were provided by M. Nussenzweig (Jax
013181). Several of these lines were interbred in our facilities to obtain the final
strains described in the text. Genotyping was performed according to the protocols
established for the respective strains by Jackson Laboratories. Mice were
maintained at the Rockefeller University animal facilities under specific pathogen-
free (SPF) or germ-free (GF) conditions. Germ-free mice were obtained from
Sarkis Mazmanian and bred and maintained in germ-free isolators in our facilities.
GF status was confirmed by plating feces as well as by gPCR analysis (16S rRNA).
Mice were used at 8-10 weeks of age for most experiments, unless otherwise
stated.

Antibodies and flow cytometry analysis.

Fluorescent dye—conjugated antibodies were purchased from BD Biosciences,
Biolegend or Ebioscience (Thermofisher). The following clones were used: anti-
CD45.1, A20; anti-CD45.2, anti-Foxp3, FJK-16s; anti-CD4, RM4-5; anti-CD45.2,
104; anti-CD8a., 53-6.7; anti-CD8p, YTS 156.7.7; anti-CD44, IM7; anti-CD45, 30-
F11; anti-CD62L, MEL-14; G8.8; anti-TCRp, H57-597; anti-TCRyd, eBioG23; anti-
CD25, PC61.5; anti-CD19, eBio1D3; anti-IFN-y, XMG1.2; 104; anti—I-A/I-E,
M5/114.15.2; anti-Granzyme B, NGZB; anti-CD103, 2E7; anti-EpCAM, G8.8;.
Live/dead fixable dye Aqua and Edu (ThermoFisher Scientific) was used according
to manufacturer’s instructions. Intracellular staining of Foxp3 was conducted using
Foxp3 Mouse Regulatory T Cell Staining Kit (eBioscience, USA). For flow
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cytometric analysis of cytokine-secreting cells in chapter 2, cells were incubated
at 37°C in the presence of 100ng/ml phorbol 12-myristate 13-acetate (PMA,
Sigma), 500ng/ml lonomycin (Sigma) and 10ug/ml Brefeldin A (Sigma) for 3 hours
prior to staining. Brefeldin A was added after 30 minutes of incubation. For analysis
of cytokine-secretion in chapter 4, IELs were plated in 48-well plates and incubated
at 37°C with 100ng/mL PMA and 200ng/mL ionomycin (Sigma) for 4 hours.
Monesin (2uM, Sigma) was added 1h after PMA and ionomycin. Cell populations
were first stained with antibodies against the indicated cell surface markers,
followed by permeabilization in Fix/Perm buffer, and intracellular staining in
Perm/Wash buffer (BD Pharmingen, USA) as per kit instructions. TL-Tetramer was
first kindly provided by Hilde Cheroutre (LJAI, San Diego) and then was obtained
from NIH tetramer facility. Anti-ThPOK ChlIP antibody was kindly provided by T.
Egawa (Wash. U.). Flow cytometry data was acquired on a LSR-II flow cytometer
(Becton Dickinson, USA) and analyzed using FlowJo software package (Tri-Star,
USA).

Absolute cell numbers
AccuCheck Counting Beads (Thermo Fisher, USA) were used for counting of
absolute cell numbers.

Cell sorting
Lymphocytes were sorted on a FACS Aria |l instrument as indicated in the figure
legends.

Tamoxifen treatment

For in vitro treatment, sorted naive TCRB*CD45RB"9"CD25-CD4+CD8o~ were
cultured in standard T cell media in the presence of 1 ul/ml tamoxifen (Sigma, USA)
in the time course specified. RNA was extracted to confirm treatment efficiency.
For in vivo treatment of Foxp3CreERT2 and CD4CreERT2 gnimals, mice were
intragastrically administered with 5 mg of tamoxifen (Sigma) dissolved in corn oil
(Sigma) and 10% ethanol at 50 mg/ml. Tamoxifen was administered to mice
starting at 6-7 weeks old, 4 times in the first week and then 2 times every week (3
days apart) every other week for 8-10 weeks, unless otherwise indicated. For in
vivo treatment of Villin®ERT2 animals, five doses of Tamoxifen (1mg/dose) was
administered intraperitonially at 10mg/mL within one week, with 2 extra 1mg
boosts 3 days apart 2 weeks before analysis, when analysis was more than 4
weeks after initial dosing, as indicated in figure legends. To label cells for transfer,
tamoxifen was administered twice, 2 days apart, 2 days prior to sorting. 2 days
after transfer to Rag1~~ mice, animals were administered 100uL of 10mg/mL
Tamoxifen intraperitonially.

Antibiotic treatment
0.5 g/L of Vancomycin (Acros, USA), 1.0 g/L of Ampicillin (Fisher, USA), 1.0 g/L of
Neomycin (Sigma) and 0.5 g/L of Metronidazole (Sigma) cocktail was administered
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in drinking water for 4 weeks. Drinking water for antibiotic treated and control mice
contained 10 g/ml of sucralose-based artificial sweetener (Splenda®, McNeil,
USA).

Oral OVA treatment

OT-ll or TBmc animals were fed with regular diet containing 1% chicken-ovalbumin
(OVA) for 7 days and analyzed 3 days later. To measure diarrhea in OVA fed OT-
Il mice, after OVA ingestion, animals were challenged twice a day by gavage with
50 mg of OVA solution (250 mg/ml) until diarrhea was detected. Mice were
classified as positive when signs of diarrhea were detected two consecutive times
after challenge. Tissue inflammation was histologically scored, according to a
standardized scoring scheme with the following combination of parameters:
extension of inflammation (0 - none, 1 - lamina propria, 2 - submucosal, 3 -
transmural), degree of inflammation (O - none, 1 - mild, 2 - moderate, 3 - severe),
abnormal crypt morphology (0 - 3), neutrophil infiltrate (O - 4), goblet cell loss (O -
none, 1 - moderate, 2 - severe), mucosal erosion or ulcer (0 or 1), crypt abscess
(0 or 1) with a maximum score possible of 17. Scoring was conducted in a double-
blinded fashion by at least 4 independent scorers.

Cell Transfer

For oral antigen colitis experiments, OT-Il naive T cells (CD45+*CD4+CD8c.~
CD62L*CD44'ov) cells were sorted from the donor mice as indicated and 108
transferred to the respective host mice. Host animals were gavaged with 50 mg of
OVA solution (250 mg/ml) 18 hours after transfer. After transfer host animals were
subjected to oral OVA treatment as described above. For polyclonal colitis
experiments, induced (neuropilin-1-) and natural (neuropilin-1*) Tregs
(CD45.2+TCRp+*CD4+CD8-CD25*Tomato*) from spleen and mLN of donor CD45.2
mice were sorted 2 days after mice were intragastrically given 5mg of tamoxifen
prepared as described above for 2 days and co-transferred with naive CD4+ T cells
(CD45.1+*TCRp*CD4+CD8-CD62L"9"CD44'ov) sorted from CD45.1 donor mice and
100,000 CD45.2+ Tregs with 400,000 CD45.1* naive T cells were intravenously
transferred to Rag1”~ hosts. Body weight and fecal lipocalin-2 levels were
monitored until terminal analysis.

Generation of mixed bone marrow chimeras

Bone marrow cells were harvested from WT CD45.1 or Trac” E8(Ce CD45.2
donors and depleted of T cell precursors using CD90.2 beads (Miltenyi) according
to manufacturer’s instructions. An equal mix of 5x1068 total cells from WT CD45.1
and Trac’ E8Ce CD45.2 donors was intravenously injected into sub-lethally
irradiated (6 Gy) Rag?’ hosts. Mice were analyzed 12-16 weeks after
reconstitution.

ELISA for Lipocalin-2
Lipocalin-2 was analyzed by using Lcn-2 ELISA kit (R&D, MN) as described by 255.
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Edu treatment and Detection

1mg EdU was injected intravenously at 5mg/mL in PBS 16 and 4 hours prior to
analysis. Detection was performed using the Click-iT™ Plus EdU Flow Cytometry
Assay kit (Thermo Fisher Scientific, C10632), according to manufacturer’s
instructions.

In vivo administration of antibodies

Antibodies against CD8a (53-6.72) were administered by intraperitoneal (i.p.)
injection every other day. All antibodies and isotype control rat anti-mouse IgG
were obtained from BioXCell (USA).

Isolation of intestinal T cells.

Intraepithelial and lamina propria lymphocytes were isolated as previously
described 67:241_ Briefly, small intestines were harvested and washed in PBS and
1mM dithiothreitol (DTT) followed by 30 mM EDTA. Intraepithelial cells were
recovered from the supernatant of DTT and EDTA washes and mononuclear cells
were isolated by gradient centrifugation using Percoll. Lamina propria lymphocytes
were obtained after collagenase digestion of the tissue. Single-cell suspensions
were then stained with fluorescently labeled antibodies for 20min at 4°C prior to
downstream flow cytometry (analysis or sorting) as specified in figure legends.

Multi-photon intravital imaging and cell tracking.

For TCRydEeL imaging, TCRy3GFP mice were used. For Trg imaging,
Foxp3CreER:Rosa26Tomate mice (iFoxp3™matc) were i.p. injected with 4mg of
tamoxifen 24 hours prior to intravital imaging. For imaging of ThPOK (GFP)hish and
ThPOK (GFP)°% cells, CD4+ cells from OT-Il (RFP ThpokCGFP) mice were sorted
and transferred to Rag71~~ recipient mice. Recipient animals were fed OVA-
containing diet for 7 days before intravital imaging. Nuclei of IEC were stained with
Hoechst prior to imaging. Animals were anesthetized with 15ul per gram of 2.5%
tribromoethanol (Avertin) and kept on 1% isoflurane oxygen mixture throughout
the procedure. A loop of the terminal ileum was exposed through a small ventral
incision and the intestine was cut open using a high temperature disposable
cautery pen (Bovie Medical, USA) to expose the mucosal side. The tissue was
immobilized in thermal play dough (Laird Technologies, USA) using a lamina
attached to a plastic ring containing metal pins. Image was acquired on a
FV1000MPE Twin upright multiphoton system (Olympus, Japan) for an average of
30 minutes each. Data were analyzed using Imaris software (Bitplane, UK). Target
cells were identified using co-localization for appropriate channel intensities. Auto-
regressive tracking algorithms were performed using default settings. The scoring
of intra-epithelial (IE) or lamina propria (LP) compartment localization and LP to
and from IE migration dynamics was performed computationally in an unbiased
manner. Tracking of cells was done using the same algorithm for all samples
included with manual verification of correct lymphocyte identification. IE or LP
compartment localization of cells over time was based on algorithms comparing
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cell location versus distance to intestinal epithelial cells (IEC, as identified with
Hoechst staining) to establish |IE and LP localization as well as movement
dynamics. IE or LP compartment residency was defined as spending >80% of
tracked time in the respective compartment. Migratory cells were defined as non-
resident cells moving from IE to LP or vice versa in the tracked time. Cell tracks
affected by peristalsis (defined as multiple compartment switches in a short time
frame) were excluded automatically (mean % of cells excluded over all samples
was 5.4%*4%), Distance was normalized for each movie based on the rendered
size of Hoechst-stained IEC nuclei; approximately 1.5x the rendered size was set
as the maximum distance from the IECs for the IE compartment. Where possible,
data from multiple villi in the same movie were pooled.

RNA isolation and Real-Time qPCR

Isolation of total RNA using Trizol reagent (Ambien, USA) and subsequent
generation of cDNA using the iScript kit (BioRad, USA) was carried out according
to the manufacturer’s instructions. Quantitative PCR was performed using SYBR®
Green (Roche, Switzerland) reagent and a QuantStudio® 6 Flex Real-Time PCR
system (Applied Biosystems, USA).

Primers used were:

Rpl32 forward, 5’-~ACAATGTCAAGGAGCTGGAG-3’,

Rpl32 reverse, 5-TTGGGATTGGTGACTCTGATG-3’;

Thpok forward, 5’-ATGGGATTCCAATCAGGTCA-3’,

Thpok reverse, 5-TTCTTCCTACACCCTGTGCC-3’;

ATAC-sequencing

ATAC-seq was performed as previously described'62. 256 on 5,000-40,000 FACS-
purified cells from 2-9 mice. In brief, cells were lysed in lysis buffer for 1 minute
and transposed with Tagment DNA Enzyme 1 (lllumina) for 30 minutes. DNA was
cleaned up using a MinElute DNA purification Kit (Qiagen), followed by barcoding
and library preparation by the Nextera DNA Library preparation kit (lllumina)
according to manufacturer’s guidelines and sequenced on an lllumina
NextSeq500.

ChIP-sequencing

Cells were fixed in 1% formaldehyde for 20min, quenched with 0.15M glycine and
washed in PBS. 2x10® were then sorted and lysed for 30min at 4°C. Cells were
then sonicated for 22 minutes at 30 seconds on/off using the Bioruptor sonicator
(Diagenode) and spun down. 10% was frozen for input, the remaining 90% was
incubated with anti-ThPOK antibody bound to goat anti-rabbit M280 magnetic
beads (Invitrogen) overnight at 4°C prior to washing with RIPA buffer and overnight
decrosslinking at 65°C. DNA was then eluted off beads into TE buffer and, along
with input, purified using the Zymogen DNA clean & concentrator kit. DNA was
sequenced using NextSeq2500. To obtain Tregs, Foxp3RFP reporter mice were
injected with IL-2/alL-2 complex as previously described for 3 consecutive days
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for Treg expansion?”: 258, CD4+ T cells were isolated from the spleen and mLNs
and sorted as Thy1+*TCRB+*CD4+CD8a~RFP-.

Bulk RNA-sequencing

Sorted cells (300-800) were lysed in TCL buffer (Qiagen, 1031576) supplemented
with 1% [B-mercaptoethanol. RNA was isolated using RNACIlean XP beads
(Agentcourt, A63987), reversibly transcribed, and amplified as described?®°.
Uniquely barcoded libraries were prepared using Nextera XT kit (Illumina) following
manufacturer’s instructions. Sequencing was performed on an lllumina
NextSeq550.

Single-cell TCR sequencing

Single cells were sorted using a FACS Aria into 96-well plates containing 5uL of
lysis buffer (TCL buffer, Qiagen 1031576) supplemented with 1% (-
mercaptoethanol) and frozen in -80°C prior to RT-PCR. RNA and RT-PCRs for
TCRa and TCRp were prepared as previously described 260, PCR products for
TCRa and TCRp were either subjected to Sanger sequencing or multiplexed
with barcodes and subjected to MiSeq sequencing 26! using True Seq Nano kit
(lumina). For Miseq data, Fastaq files were de-multiplexed and paired-end
sequences assembled using PANDAseq 262 and FASTAX toolkit. Demultiplexed
and collapsed reads were assigned to wells according to barcodes. Fasta files
from both Sanger and Miseq sequences were aligned and analyzed on IMGT
(imgt.org/HighV-QUEST) 263. Cells with identical TCRB CDR3 nucleotide
sequences were considered as the same clones. Clonality was confirmed by
sequencing TCRa of the expanded clones as assessed by TCRp sequencing.

Single cell RNA-seq library preparation

IELs were sorted, counted for viability and immediately subjected to library
preparation. The scRNA-seq and scTCR-seq libraries were prepared using the 10x
Single Cell Immune Profiling Solution Kit, according to the manufacturer’s
instructions at the Genomics core of Rockefeller University. The scRNA libraries
were sequenced on an lllumina NextSeq550 to a minimum sequencing depth of
50,000 reads per cell using read lengths of 26 bp read 1, 8 bp i7 index, 98 bp read
2. The single-cell TCR libraries were sequenced on an lllumina NextSeg550 to a
minimum sequencing depth of 5,000 reads per cell using read lengths of 150 bp
read 1, 8 bp i7 index, 150 bp read 2.

ATAC-seq analysis

The raw bulk ATAC-seq files were processed using the ENCODE-DCC pipeline
(https://github.com/ENCODE-DCC/atac-seq-pipeline) automated through
Cromwell (https://github.com/broadinstitute/cromwell). Shortly, adapter sequences
were trimmed (Cutadapt) prior to genome mapping (Bowtie2)?64 and filtered
subsequently filtered (Samtools)?%>. Next, sequencing enriched regions,
associated to chromatin accessible peaks were called (MACS2) and filtered (IDR)
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by running Irreproducible Discovery Rate algorithm with a 10% threshold, meaning
10% chance of being an irreproducible peak. Later, filtered peak regions were
annotated by using HOMER software tools. Comprehensive motif screening was
performed with MEME-ChIP'85 by using promoter originated peaks and, length-
normalized reads to a 500 kb to a fixed window of 500bp. Enriched transcriptional
factor motifs on ATAC-Seq peaks were detected with Centrimo2¢ by providing
known Human Runx3 (MA0684) and Foxp3 (MA0850) as published in JASPAR
2020 267.268_ As indicative of the presence of Zbtb7b (Thpok) we used the enriched
motif detected in our Thpok ChIP-Seq peaks.

ChIP-seq analysis

The raw bulk ChIP-seq files were processed using the ENCODE-DCC pipeline
(https://github.com/ENCODE-DCC/chip-seq-pipeline2) automated through
Cromwell (https://github.com/broadinstitute/cromwell). Shortly, adapter sequences
were trimmed (Cutadapt) prior to genome mapping (BWA) and filtered
subsequently (Samtools)?5 269, Next, sequencing enriched regions, associated to
chromatin accessible peaks were called (SPP) and filtered (IDR) by running
Irreproducible Discovery Rate algorithm with a 5% threshold, meaning 5% chance
of being an irreproducible peak?’%. 271, L ater, filtered peak regions were annotated
by the HOMER software suite of tools?”2. Comprehensive motif screening was
performed with MEME-ChIP by using promoter originated, length-normalized
reads to a 500 kb.

Bulk RNA-seq data analysis

The raw fastq sequencing files were processed together with the gencode mouse
annotation database (v. M21), by running kallisto (v. 0.46.0) to calculate the
transcript abundances?”3. Next, the abundance files were submitted to the sleuth
(v. 0.30.0) pipeline based on R, for transcript abundance normalization, gene
expression analysis and statistics?”4 275, The quantified transcripts were combined
into genes for the downstream analysis. Batch effects were evaluated through
principal component analysis and removed with Limma?276. To capture significantly
expressed genes we performed a likelihood ratio test between a null model and
our experimental design using an adjusted p-value of 0.05 as threshold. The
selected features were clustered using k-means and represented as a heatmap to
define group gene signatures. Pairwise comparisons between groups were
performed using the Wald-test and significant genes were considered for
downstream analysis by having an adjusted p-value smaller than 0.05 and a log2
fold-change of 1. Pre-ranked gene set enrichment analysis (GSEA) were
performed with the fgsea package?’” by comparing gene lists sorted by their log2
fold-change with gene signatures from the clusters 21 (Activated-Treg) and 6
(CD4-IEL) of the single cell dataset (10x Genomics).
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Data processing of single cell RNA-seq and single cell TCR-seq libraries
Raw fastq files derived from our RNA-seq libraries were processed with cellranger
count (v3.1.0) using the 10x Genomics prebuilt mouse reference (v3.0.0 mm10).
Our libraries were processed independently and merged into a single experiment
at the analysis level using Seurat (v3.1.1) 278, Quality control was performed by
removing cells with high (> 5%) mitochondrial UMI content. Cells with more than
4000 or less than 200 genes were excluded from our analysis. TCR contigs and
annotation were performed with the Cellranger vdj workflow. Paired TCR
clonotypes were defined by the V, (D), J and CDR3 nucleotide composition for
alpha and beta chains. Cells in which only one of the TCR sequences was
recovered were excluded from the paired TCR clonal composition analysis. TCR
clonotype sharing was assigned to cells expressing identical V, (D), J, and CDR3
nucleotide and amino acid sequences. Further processing and statistical analysis
were performed using various R packages as described 279,

Single cell RNAseq normalization and statistical analysis

The raw UMI counts were normalized by applying a regression model with negative
binomial error distribution, available through the SCTransform function in the
Seurat (v3.1.1) package 2%°. The top 3000 variable genes were first used for
dimensional reduction by PCA using the scaled data. The first 30 principal
components were further used on the clustering algorithm and UMAP embedding
for two dimensional visualization by using the Seurat workflow 278, 280,

Diffusion map and pseudotime analysis

To infer cell differentiation trajectories based on the expression data, we used a
diffusion map algorithm adapted for sc-RNAseq analysis and implemented through
the package destiny 28'or the Seurat dataset was converted into a ‘Single Cell
Experiment’ object and used within Slingshot and Monocle3282. Both Slingshot and
Monocle3 algorithm was performed by setting the cluster 10 (naive cells from mLN)
as the root. Normalized values were used as input for the Diffusion Map function.
Cells were ordered based on the first diffusion component. To visualize lineage
differentiation within our UMAP embedding and find differentially expressed genes
over pseudotime, we used the slingshot package 223.

Statistical Analyses

Statistical analysis was carried out using GraphPad Prism v.8. Flow cytometry
analysis was carried out using FlowJo software. Data in graphs show mean +/-
SEM and p values <0.05 were considered significant. The Chao1 index 284, a
measure of alpha diversity, was calculated using EstimateS software 285. Diversity
50 was calculated on Excel as the fraction of dominant clones that account for the
cumulative 50% of the total paired CDRS3s identified in each UMAP cluster. CDR3
similarity was calculated using the Morisita-horn overlap index by using the divo
package 286, GraphPadPrism v.8 was used for graphs and Adobe lllustrator 2019
used to assemble and edit figures.
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