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Abstract

The intestinal immune system must be able to respond to a wide variety of infectious
organisms while maintaining tolerance to non-pathogenic microbes and food antigens. The
Vitamin A metabolite all-frans-retinoic acid (atRA) has been implicated in the regulation of this
balance, partially by regulating T cell and innate lymphoid cell (ILC) responses in the intestine.
However, the molecular mechanisms of atRA-dependent intestinal immunity and homeostasis
remain elusive. The work herein investigates the role for the POK/ZBTB family transcriptional
repressor Hypermethylated in cancer 1 (HIC1, ZBTB29) in the regulation of immune cell
responses in the intestine. Using genetically modified mice I demonstrate that Hicl is
specifically expressed in immune cells of the intestine at steady state in an atRA dependent
manner. I further show that mice with a T cell-specific deletion of Hic/ have reduced numbers of
T cells in the intestine. In addition, I demonstrate that HIC1-deficient T cells overproduce IL-
17A in vitro and in vivo, and fail to induce intestinal inflammation in multiple murine models of
inflammatory bowel disease, identifying a critical role for HICI in the regulation of T cell
function in the intestinal microenvironment under both homeostatic and inflammatory
conditions. In other studies, I investigated the cell-intrinsic role of HICI in intestinal ILC
populations. I demonstrate that in the absence of HIC1, group 3 ILCs (ILC3s) are lost, resulting
in increased susceptibility to infection with the murine bacterial pathogen Citrobacter rodentium.
In addition, the loss of ILC3s leads to a local and systemic increase in IFN-y-producing T cells
that prevents the development of protective immunity against infection with the parasitic
helminth Trichuris muris. Together the results presented here provide further insight into atRA
mediated immune responses in the intestine as atRA-dependent expression of HIC1 in T cells

and ILC3s regulate intestinal homeostasis, inflammation and protective immunity.
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Lay summary

Inflammation of the gut is a major cause of disease and death around the world, with over
200,000 Canadians suffering from a form of inflammatory bowel disease (IBD). Local gut cells
and white blood cells control the immune response in the intestine and must balance fighting
infection with shutting down inflammation to prevent IBD. Vitamin A helps keep this balance,
but its exact role is not fully known. This study shows that the molecule HIC1, found only in
white blood cells within the gut, is controlled by vitamin A and is required for the development
of IBD. Removal of HIC1 from certain cell types results in fewer white blood cells in the gut and
prevents severe inflammation but can also lower response to infection. This study provides new
information about the cells and molecules that affect the gut immune system, which may be

useful for making new treatments for IBD.
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Chapter 1: Introduction

1.1 Overview

The intestinal immune system encompasses an immense network of cells responsible for
protection from invading organisms at a site with direct contact with the external environment.
Immune cells at this barrier site are under constant barrage from microorganisms and other
potential antigens. Therefore, these intestinal immune cells must maintain a tightly regulated
balance between activation and tolerance in order to provide rapid protection from harmful
pathogens while not reacting to innocuous antigens. Within this network of cells, T cells and
innate lymphoid cells (ILCs) have been shown to play important roles in maintaining this
balance as both cell types contribute to promoting proper immune responses to remove
pathogens as well as promoting tolerance in order to prevent inflammatory diseases.
Dysregulated responses by either T cells or ILCs can lead to chronic inflammation or persistent
infections . Therefore, it is critical to further our understanding of the factors that influence
proper function of these cells under homeostasis as well as during infection or inflammation.
This dissertation will focus on the role of a transcription factor — Hypermethylated in cancer 1
(HIC1, ZBTB29) — in T cell and ILC function in regards to intestinal helminth and bacterial

infections as well as multiple models of intestinal inflammation.

1.2 The immune system
The immune system is an organization of cells and molecules that have evolved
specialized roles to defend the host from invading pathogens. Cells of the immune system each

serve different purposes but act in concert to form appropriate responses to different pathogens.
1



These responses are carried out by two main entities: the innate and the adaptive immune
systems. The innate immune system is thought to be much more evolutionary ancient but is
critical as it is the first to respond to a pathological challenge °. In contrast, the adaptive immune
system is believed to have evolved more recently and offers a more specific response with longer
lasting protection through immunological memory; which allows its responses to improve upon
repeated exposure to the same pathogen **. Together, these systems work to protect the host

from invading virus, bacteria and parasites as well as harmful toxins.

1.2.1 Adaptive immunity

The adaptive immune system is comprised solely of T-lymphocytes and B-lymphocytes.
At homeostasis these cells can be found at secondary lymphoid structures such as: the spleen,
lymph nodes and mucosa associated lymphoid tissues (MALT) in distinctive T and B cell zones.

B cells are generated in the bone marrow and confer antibody (Ab) mediated humoral
immunity °. B cells express genetically rearranged B cell receptors (BCR) on their cell surface,
which are designed to detect antigens (foreign peptides). Once B cells become activated through
their BCR they secrete Abs, which are designed to bind to specific epitopes on antigens and
initiate a range of immune responses. Initially, activated B cells will produce immunoglobulin
(Ig) M Abs °. IgM Abs serves multiple purposes such as activation of the complement pathway,
opsonization of targets for phagocytosis, or neutralization of toxins °. However, extrinsic signals
can cause activated B cells to undergo further somatic hyper-mutation and class-switching,
which result in the production of higher affinity Abs of different isotypes (IgG, IgE or IgA) °.
Each class of Ab has a different function based on its constant heavy chain (Fc). The Fc region

can determine which anatomical locations are accessible to the Ab. IgM is restricted to blood and

2



lymph due to its large size as a pentamer, IgG and IgE are monomers and can freely diffuse into
tissues from the blood °. While, IgA forms dimers, and is actively transported across the mucosal
epithelium where it plays an important role in neutralizing pathogens and toxins °.

T cells develop in the thymus and are characterized by their expression of a T cell
receptor (TCR) that can also undergo genetic rearrangement during development in order to
recognize an unlimited combination of peptides bound to major histocompatibility (MHC)
complexes expressed on other cells. T cells can be further characterized by their function and
expression of cell surface molecules. Cytotoxic T lymphocytes (CTLs) express cluster of
differentiation 8 (CDS8) in order to recognize peptide presented on MHC class I (MHCI)
molecules and are responsible for killing infected cells through the release of cytotoxic mediators
such as perforin or granzyme °. T helper (Ty) cells are defined by their expression of CD4, which
allows them to recognize peptide loaded onto MHC class II (MHCII) molecules of professional
antigen presenting cells (APCs) . Ty cells function by releasing cytokines to influence the
responses of other cell types and can further be broken down into subtypes based on which

cytokines they produce.

1.2.1.1 T helper cell subsets

Following activation of naive CD4" Ty cells by APCs, co-stimulatory molecules and the
cytokine milieu will program Ty cells to differentiate into one of several lineages. Each Ty cell
lineage has its own set of master transcription factors that control lineage fate and stability as
well as production of characteristic cytokines that carry out its function (Summarized in Figure
1.1). The Tyl lineage, which is important for immunity to viral and intracellular bacterial

infections, is driven by interleukin 12 (IL-12) and promotes expression of signal transducer and

3



activator of transcription (STAT) 4 and TBET, which in turn activate expression of interferon
gamma (IFN-y) . Ty2 differentiation, which is critical for antibody mediated humoral immune
responses as well as immunity to helminth infections, is induced by IL-4. Ty2 cells are
characterized by their expression of transcription factors STAT6 and GATA3 as well as the key
cytokines IL-4, IL-5 and IL-13 7. Tyl7 differentiation is important for defense against
extracellular pathogens and barrier integrity at mucosal surfaces. The Ty17 lineage is induced by
IL-6 and transforming growth factor  (TGFp) to express STAT3 and RAR-related orphan
receptor (ROR)-yt and produce key cytokines IL-17A, IL-21 and IL-22 ®. Finally, regulatory T
(Treg) cells are on the opposite end of the spectrum from the other Ty cell lineages and are
responsible for dampening immune responses and preventing immunopathology °. Ty cells can
further be categorized into thymically derived natural (nTys) or peripheral induced (iTyg) cells
that respond to IL-2 and TGFB '°. Both subsets of Ty cells are characterized by expression of
master transcription factors STATS and forkhead box p3 (FOXP3) and produce

immunosuppressive cytokines IL-10 and TGFp °.
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Figure 1.1 CD4" Ty cell lineages.

Upon presentation of antigen from professional antigen presenting cells, naive CD4" Ty cells can differentiate

into one of several lineages depending on the stimuli. Tyl cells differentiate in response to intracellular

pathogens (virus, bacteria) and express TBET and STAT4 and produce IFN-y. T2 cells emerge in response

to helminth infections and produce IL-4, IL-5 and IL-13 as well as express GATA3 and STAT6. Ty17 cell

differentiate to combat extracellular pathogens (bacteria, fungi) and express STAT3, ROR-yt and produce

IL-17 and IL-22. T, cells emerge to dampen immune responses and prevent immunopathology by expressing

STATS and FOXP3 and producing IL-10 and TGFp.



Classically, these Ty lineages were thought to be quite stable with mechanisms such as
transcriptional silencing of lineage promiscuous genes and epigenetic regulation reinforcing
differentiation. For example, the Tyl cell transcription factor TBET can block transcriptional
programs as well as influence epigenetic modifications (e.g. DNA methylation and histone
modifications) that silence lineage promiscuous genes such as //4 and block the differentiation of
Tu2 cells '™, However, evidence is emerging that demonstrates plasticity among Ty cell
lineages. T cells have now been shown to repolarize into mixed or alternative fates and exhibit

adaptability to changing environments '*'

. This phenomenon has been regularly observed in
regards to the Tyl7 lineage. Through lineage tracing experiments, studies have shown that
during models of inflammatory bowel disease Ty17 cells can become more Ty1-like and begin to

express TBET and produce IFN-y '*'®

. However, under different conditions, it has also been
demonstrated that Ty17 cells can take on a more regulatory phenotype by producing IL-10 and
ceasing production of IL-17A '**°. Thus demonstrating that the classic Ty paradigm of linear
differentiation may not fully encompass the complexity of Ty cell fates and a better

understanding of the molecules and mechanisms that control Ty cell fates and functions is

required.

1.2.2 Innate immunity

The innate immune system is much more primitive than the adaptive immune system and
serves as the first line of defense against pathogens. Cells of the innate immune system include:
epithelial cells, myeloid cells, and innate lymphoid cells (ILCs). Epithelial cells are under
appreciated for the role they play in the immune system but are extremely important as they

serve as the physical barrier from the external environment, excrete antimicrobial peptides and

6



form a close relationship with commensal flora, which conveniently outcompetes potentially
pathogenic bacteria for nutrients >'. Myeloid cells also contribute to innate immunity in a number
of ways. They perform phagocytosis of pathogens, produce different proteases and enzymes to
kill pathogens as well as produce cytokines and chemokines to instruct other immune cells *.
Myeloid cells are a broad group of immune cells that consist of monocytes, macrophages, mast
cells, and granulocytes (basophils, eosinophils, neutrophils) **. Although certain dendritic cells
(DCs) also belong to the monocyte lineage, conventional DC development diverges from
myeloid cell differentiation earlier in hematopoiesis to form its own lineage **. Similar to
macrophages, DCs are also responsible for production of cytokines and phagocytosis of
pathogens; however, they also perform a unique function of constantly sampling its environment
through a process known as micropinocytosis >**.

Innate immune cells are activated through germ line pattern recognition receptors
(PRRs), which include: Toll like receptors (TLRs), NOD-like receptors and C-type lectin
receptors ~>>*'. These PRRs have each evolved to recognize certain pathogen associated
molecular patterns (PAMPs). Some examples of PAMPs include: fungal beta-glucan (detected
by TRL2) viral double stranded RNA (detected by TLR3), bacterial lipopolysaccharide (LPS)
(detected by TLR4) and bacterial flagellin (detected by TLR5) *2. Upon activation of these PRRs,
different signaling cascades are used in order to activate specific cellular functions in order to
combat the specific pathogen detected.

Although the primary role of innate immune cells is to control an infection, they must
also signal to activate adaptive immune cells. This function is largely carried out by
macrophages and DCs, which act as a bridge between the innate and adaptive immune system.

Upon uptake of antigen (extracellular proteins or pathogens), these cells will enzymatically break

7



down these antigens into short polypeptide chains that are then loaded onto MHCII molecules
and exported to the cell surface **. These cells can then migrate into lymph nodes where they
come in contact with CD4" Ty cells and can activate them through interactions with their TCR.
Similarly, DCs can load antigen onto MHCI and activate CD8" CTLs through a process known

29
as cross-presentation ~.

1.2.2.1 Innate lymphoid cells

Innate lymphoid cells (ILCs) are a newly characterized subset of innate immune cells that
bear a striking resemblance to adaptive lymphoid cells but do not rely on the genetic
rearrangement of receptors such as the TCR to function. These ILCs lack all expression of
known myeloid and dendritic cell markers such as: CD11b, CDIl1lc and Grl, and express
transcription factors and cytokines associated with Ty cells . As such, ILCs have been
categorized into three main groups based on their resemblance to Ty cell subsets (Summarized in
Figure 1.2).

Group 1 ILCs (ILCl1s) express surface markers CD161 (NK1.1) and CD335 (NKp46) as
well as Tyl associated genes TBET and IFN-y and are important for defense against intracellular
pathogens but have minimal cytotoxic capabilities *°. Classic natural killer (NK) cells are also
grouped into the ILC1 subset and resemble CD8" CTLs as they induce cellular killing of viral
infected cells or tumor cells through the release of perforin and granzyme *°. NK cells can be
identified by their expression of NK 1.1, NKp46 and the transcription factor EOMES *.

Group 2 ILCs (ILC2s) (previously called: innate helper 2 cells, natural helper cells and
nuocytes) are characterized by their similarity to T2 cells. They express surface receptors for

IL-33 (ST2), IL-25 (IL-17RB) and TSLP (TSLPR), as well as the transcription factor GATA3
8



and produce cytokines IL-4, IL-5 and IL-13 in order to facilitate allergic responses and immunity
to helminth infections *'.

Finally, group 3 ILCs (ILC3s), which closely resemble Ty17 cells, express ROR-yt and
are critical for immunity to extracellular pathogens as well as for promoting normal epithelial
barrier function. ILC3s can further be characterized into subgroups based on expression of other
surface marker molecules and secretion of cytokines. The subgroups of ILC3s have both
overlapping and distinct functions. Every subset has been shown to produce IL-22 but C-C motif
chemokine receptor (CCR)6" ILC3s can also produce IL-17A to combat fungal infections ***.
CCR6" ILC3s can also be classified as CD4" Lymphoid tissue inducer (LTi) cells > that produce
lymphotoxins and are critical for the generation of secondary lymphoid structures *>°.
Conversely, CCR6™ ILC3s mostly express natural cytotoxic receptor (NCR; NKp46) and TBET

37,38

and produce IFN-y and has been shown to be critical in tissue inflammation . There is also a

heterogeneous population of NCR™ ILC3s that contains an LTi-like population that is important

for cryptopatch and isolated lymphoid follicle development ***!

as well as a population that can
further differentiate into NCR" ILC3s *.

Developmentally, ILCs are derived from the same common lymphoid progenitor (CLP)
that gives rise to T and B cells **. This CLP will generate an ILC specific a4B7 expressing
lymphoid progenitor (aLP) that depends on nuclear factor IL-3 induced (NFIL3) and will no

longer support T or B cell development ***

. This progenitor can then form either an EOMES
expressing NK progenitor or an inhibitor of DNA binding 2 (ID2) driven common helper innate
lymphoid cell progenitor (ChILP) ***’. Fetal liver derived LTi cells can then be generated
directly from ChILPs, but the other ILC lineages must first go through a committed ILC

precursor (ILCP) that is driven by promyelocytic leukemia zinc finger (PLZF) **. Finally, ILCPs
9



can differentiate into one of the ILC subsets. A committed ILC2 progenitor (ILC2p) has been
identified in the bone marrow *, however, the existence of an ILC1 or an ILC3 progenitor is still
not fully understood but evidence suggest a population of ILC3p exists in human tonsils . As
ILCs are still relatively newly defined, the factors that control their differentiation and function

are yet to be fully elucidated.
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Figure 1.2 Innate lymphoid cell subsets.
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Innate lymphoid cell subsets closely resemble Ty cell subsets and can be defined by similar expression of

transcription factors and cytokines. Group 1 ILCs consist of NK cells and ILC1s and are characterized by the

expression of TBET and IFN-y. Group 2 ILCs produce IL-4, IL-5 and IL-13 and express GATA3. Group 3

ILCs all express ROR-yt and IL-22 but can be subdivided based on slightly specialized functions and

expression of surface molecules NKp46, CD4 and CCR6.
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1.3 Intestinal immune organization

The gastrointestinal tract is one of the major tissues of the mucosal immune system
(others include: the nasal/oral cavities, the lungs, and the urogenital tract). The gastrointestinal
tract is a barrier organ with a large surface area exposed to the external environment, ranging
from 30 to 300 square metres in humans °', and is uniquely required to interact with the trillions
of commensal bacteria that dwell within the gut. Consequently, the gastrointestinal tract harbors
the greatest number of immune cells in the body and these cells are required to analyze the
contents of the intestinal lumen to distinguish the potential hazardous pathogens from the
innocuous antigens and commensals and respond accordingly.

The first line of defense within the intestine is a single layer of epithelial cells that
provide a physical barrier to separate the lumen from the cells of the intestinal lamina propria.
Intestinal epithelial cells (IECs) can be characterized into numerous different cell types
including: goblet cells, paneth cells, enterocytes, microfold cells, and tuft cells. Each cell type
has a different function within the gut such as absorbing nutrients, secreting hormones and
immune surveillance. Specifically, goblet cells are responsible for producing mucins that make
up the mucous layer that protects epithelial cells from the luminal contents *'. Paneth cells can
secrete antimicrobial peptides (AMPs) such as B-defensins that protect from bacterial infections
and regulate the commensal populations *'. Tuft cells are chemosensory and are a key source of
IL-25 that promotes a type 2 immune response °>. Microfold cells (M cells) sample antigens from
the lumen and deliver them to the mucosal associated lymphoid tissues (MALT) ',

Within the epithelium there are populations of intra-epithelial lymphocytes (IELs) that
are capable of rapidly responding to antigens. The IEL population is heterogeneous and is

represented by both conventional and nonconventional T cell subsets. IEL can be broken down
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into 2 major groups based on their expression of either the common aff TCR or an
unconventional Y& TCR. TCRy3" IELs do not have a clearly defined TCR specificity but have
been shown to have multiple functions including: cytokine production, lysis of infected cells, as

53-55
. In

well as regulation of epithelial cell integrity by producing keratinocyte growth factor
contrast, conventional TCRap" IELs are better defined and appear to be antigen experienced
CD8" CTLs, as they resemble peripheral memory T cells, accumulate over time and express the
tissue resident memory T cell (Try) surface markers CD69 and CD103 **7.

Under the epithelium in the lamina propria (LP) is a large and heterogeneous population
of immune cells that include T cells, plasma cells, DCs, macrophages, neutrophils, eosinophils,
mast cells and TLCs. LP CX3;CR;" mononuclear phagocytes and LP DCs are responsible for
sampling luminal contents of the intestine either by extending dendrites through epithelial cells

58,59

into the lumen or through goblet cell associated passages in order to take up antigen . Upon

processing of antigen, DCs can then migrate to draining lymph nodes where they can induce

>890 The DC populations in the gut can be divided

tolerance or activate T and B cell responses
into two main groups, the CD103'CD11b" DC are the dominant population that is critical in
driving T17 responses while the minor population of CD103'CD11b™ DCs does not yet have a

6162 Eosinophils and mast cells are two populations that represent

clearly defined role
granulocytes within the intestinal LP and are responsible for the release of cytokines, cytotoxic
mediators, and chemokines in response to parasitic helminth infections ®. Another granulocytic
population in the LP is the neutrophils, which can eliminate bacterial infections by multiple
mechanisms including: phagocytosis, degranulation and release of antimicrobial proteins (e.g.

lysozyme), and by releasing neutrophil extracellular traps (a mixture of DNA, enzymes and

proteins that immobilizes pathogens) *. The plasma cells found in the LP are responsible for
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producing IgA that can permeate the epithelial layer and enter the lumen of the intestine in order
to neutralize toxins and pathogenic microbes ©. The T cell population of the LP, unlike the
IELs, consists of both CD8" and CD4" TCRaf" cells with very few TCRy3" cells. In addition,
the LP T cells consist of both effector and memory populations with a large portion of IL-17A
producing Ty17 cells as well as FOXP3" regulatory T cells to promote tolerance . Finally, all 3
subtypes of ILCs are present in the intestinal LP. ILC3s represent the largest group of ILCs and
are critical in maintaining intestinal barrier function as well as regulating commensal bacterial
populations and containing bacterial infections until the adaptive immune system can respond °’
" ILCls and ILC2s are also present in the LP, although at much lower numbers and are
involved in inflammation and immune responses to intestinal helminth infections, respectively
7172

Intestinal immune cells are further organized in the peyer’s patches (PP) and mesenteric
lymph nodes (mLN), which make up the intestinal MALT. PPs are lymphoid aggregates found
along the small intestine while the mLN are aggregates found throughout the mesentery. Both
structures contain large numbers of naive B and T cells awaiting antigenic stimulation, however
delivery of antigen varies between these sites. PPs are located above epithelial M cells that will
allow the passage of antigen into this lymphocyte rich site through a process called transcytosis
where APCs can then process and present the antigen to lymphocytes . Conversely, the mLN
rely on the migration of intestinal DCs through the lymphatics to deliver antigen °°. Given this
complex and enormous system, all of the factors and mechanisms that control intestinal immune

homeostasis have yet to be fully understood. (Summarized in Figure 1.3)
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Figure 1.3 Simplified diagram of intestinal immune cell organization.

A single layer of epithelial cells separates the intestinal lumen from the lamina propria. Within the epithelial
layer, goblet cells secrete mucins and paneth cells secrete antimicrobial peptides (AMP) to control the
microbial populations. CD8" lymphocytes integrate within the intestinal epithelial layer. In the lamina
propria, CX3CR1" mononuclear cells and dendritic cells process and present antigens. IgA producing plasma
cells secrete antibodies that cross the epithelial layer. Tyx17, T\, and ILC3 make up the majority of the

lamina propria lymphocyte population. Reservoirs of naive T and B cells reside in nearby lymph nodes.
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1.3.1 Inflammatory bowel disease

Loss of immune regulation within the gastrointestinal tract can lead to a chronic
inflammatory condition known as inflammatory bowel disease (IBD), which encompasses two
main clinical entities: Crohn's disease and ulcerative colitis (UC). IBD is emerging as a global
disease with the incidence and prevalence increasing worldwide but with a bias towards

7475 Both Crohn’s disease and UC are associated with combinations of

westernized countries
multiple pathogenic factors including environmental changes, genetics, abnormal gut microbiota
and a broadly dysregulated immune response. Despite the similarities in regards to pathogenic
causes, the presentation of each disease can be quite different. Crohn’s disease can affect any
part of the gastrointestinal tract (oral cavity, esophagus, stomach, small intestine, cecum, or
colon) and is associated with segmented areas of chronic inflammation with granuloma
formation, ulcers and fistulas as well as luminal narrowing and intestinal adhesions ’*"’. Patients
with Crohn’s disease can experience common symptoms such as: fever, abdominal pain,
diarrhea, and weight loss and will experience a characteristic series of episodes of relapsing
disease followed by states of remission '®”’. UC, on the other hand, is characterized by chronic
inflammation of only the colonic mucosa. Clinical features of UC include: ulceration, edema and

76,78

hemorrhaging along the colon . UC patients present with similar symptoms as Crohn’s

disease such as abdominal pain and diarrhea however, they will also present with anemia if
colonic bleeding is severe '*".

As chronic inflammation is ultimately a dysregulated immune response, research has
mainly focused on the immune abnormalities in IBD pathogenesis. As many of the relevant

antigens in IBD are of microbial origins it is believed that, as the intestinal barrier and immune

tolerance are broken down, mucosal innate and adaptive immune cells mount a pro-inflammatory
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response towards commensal bacteria. Myeloid cells within the intestine are activated through
PRRs and begin to expand and produce chemokines and pro-inflammatory cytokines such as IL-
1B, IL-6 and IL-12 as well as tumor necrosis factor alpha (TNFa). ILCs will also become active
during IBD and produce more cytokines, recruit lymphocytes, and organize inflammatory cells
into isolated lymphoid follicles "*. Upon recruitment of lymphocytes, T cells are polarized into
Tu cell subsets with IFN-y producing Tyl cells dominating in Crohn’s disease *° (Figure 1.4)
while IL-13 producing Ty2 cells define UC patients *'. As there is an increase in pro-
inflammatory cells, there is an associated loss of regulatory cells such as Ty, cells and other
innate immune cells capable of producing immunoregulatory cytokines such as I[L-10 and TGFf
828 Further, reports have also shown that in some cases of IBD regulatory cell numbers can
appear normal, however, their effectiveness in dampening immune responses is critically
impaired **’. Interestingly, T17 cell are present in high number of the intestinal LP during both

88,89

diseases compared to healthy controls , however the role of Tyl7 cells during the

pathogenesis of IBD remains controversial. Initial studies in mice showed Ty17 cells began to

produce IFN-y and became pathogenic '***"!

, while other studies have outlined a protective
function of IL-17A and Ty17 cells in the pathogenesis of IBD ***. In contrast, one molecule
that is considered central to progression of both diseases is TNFa and targeted neutralization has
been a proven therapeutic, however, not all patients respond to treatment and some lose response
or become intolerant over time *>°’. Thus more investigation is needed into the factors that

influence immune cell function in the onset and progression of IBD in order to find new

therapeutic targets.
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1.3.1.1 Experimental models of IBD

Most of our understanding of the immune response during IBD comes from studies using
animal models of intestinal inflammation. These models use a variety of chemical, genetic and
cell mediated techniques to break immunological tolerance in the intestine. Examples of
experimental models of IBD in this dissertation are: anti-CD3¢ induced inflammation, T cell
transfer colitis, and dextran sodium sulfate (DSS) induced colitis.

Anti-CD3¢ induced inflammation is an acute, Tyl/Tyl7 driven form of small intestinal
inflammation. Intraperitoneal injection of a CD3e-specific antibody induces a ‘cytokine storm’
with inflammation localized mainly in the small intestine **. By mimicking antigen, the CD3e-
specific antibody triggers signaling through the TCR that leads to activation-induced cell death
(AICD) of intestinal T cells *°. Consequently, phagocytic engulfment of apoptotic T cells by
antigen presenting macrophages and DCs, leads to systemic up-regulation of IL-6 and TGF-$3
190191 "The combination of these cytokines is important for the differentiation and recruitment of
Tul7 cells to the small intestinal LP. Intriguingly, inflammation with this model is transient and
will subside after five days allowing for the study of both disease initiation and resolution '*.
Lineage tracing experiments with this model have offered great insight into the plasticity of Ty17
cells with pathogenic IFN-y" and IFN-y'IL-17A" T cells dominating initial stages of disease
while IL-17A" and IL-17ATL-10" T cells dominate during disease resolution '*'**. Interestingly,
this model has also been validated as an in vivo model of tolerization and is now under study in
human clinical trials due to the presence of strong immunoregulatory T cells at the resolution of
disease '*"'%.

T cell transfer colitis is a powerful model to study specific, cell-intrinsic roles in the

development of IBD. In this system, naive CD45RB™" CD25™ CD4" T cells are isolated from
18



donor mice by fluorescence-activated cell sorting (FACS) and transferred into immunodeficient
recipient mice '**. The immunodeficient recipients lack Treg cells, thus the transferred T cells are
allowed to react to the commensal microbiota of the recipient mice unhindered and cause chronic
intestinal inflammation ', At approximately four weeks post transfer, recipient mice will begin
to exhibit weight loss and morbidity associated with the onset of colitis. Disease is driven by Tyl
cell differentiation with high production of IFN-y and TNFa — further, inhibition of Tyl cell

differentiation is sufficient to prevent disease '*°

. This model offers great insight into the role of
T cells in the development of disease as genetically altered donor mice, such as gene-deficient
mice, can be used to look at T cell-intrinsic roles of specific genes that could be associated with
IBD. Conversely, gene-deficient Ty, cells can be transferred with naive T cells in order to study
the cell-intrinsic effect of different genes on Ty function during intestinal inflammation 107,

The previous two models of intestinal inflammation are both T cell driven, however not
all forms of colitis rely on T cells for disease. Another model of colitis that is driven by innate
immune cells is the chemical insult model of DSS induced colitis. This model involves
chemically induced epithelial cell damage, which leads to bacterial translocation and activation
of sub-epithelial innate immune cells and therefore does not require T or B cells for development
of disease '**'%°. After seven days of exposure to DSS in their drinking water, mice develop
acute colitis that results in weight loss, bloody stool, diarrhea and colon shortening. Within the
colon, disease is characterized by high levels of IFN-y and TNFa, large amounts inflammatory
108,109

cell infiltrate, sloughing of epithelial cells and complete loss of crypt architecture

Together, these models are critical to our understanding of disease pathogenesis in IBD.
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Figure 1.4 Schematic of IFN-y driven intestinal inflammation.

IBD is characterized by an immune response targeted against commensal bacteria. Breakdown of the
epithelial cell barrier or immune tolerance will lead to a commensal bacteria activation of resident innate
immune cells through pattern recognition receptors (PRR). Release of inflammatory cytokines (TNFa, IL-12,
IL-6, IL-1p) will activate ILC1 cells to produce IFN-y. Tyl cells will differentiate under these inflammatory
conditions and produce more IFN-y and TNFa initiating more damage to intestinal tissue, further

progressing the cycle of chronic inflammation.
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1.3.2 Intestinal infections
Enteric pathogens are often associated with diarrhea, and acute diarrheal illnesses are a
major cause of morbidity and mortality worldwide, associated with an estimated 4.8 million

11

deaths in children under the age of five ''°. Further, it is estimated that over a billion people

worldwide are infected with some form of intestinal helminth, which can cause severe growth

.. . . . . 111
and cognitive deficiencies in infected children

. In addition, the Center for Disease Control and
Prevention estimates that each year in the United States 48 million people become ill as a result
of infections with food-borne pathogens, 128,000 are hospitalized, and 3,000 die ''*'".
Therefore it is important to continue research into these often neglected diseases to identifying
the mechanisms required for optimal immunity to infection, which will promote the development
and optimization of treatments against these deadly intestinal infections. In order to study these
diseases many experimental models of intestinal infections have been developed. This

dissertation will focus on the bacterial infection model of Citrobacter rodentium and the parasitic

helminth infection model of Trichuris muris.

1.3.2.1  Citrobacter rodentium infection model

The murine mucosal pathogen Citrobacter rodentium is an attaching and effacing (A/E)
bacteria that provides a laboratory model for human enteric pathogens enteropathogenic
Escherichia coli (EPEC) and enterohaemorrhagic E. coli (EHEC). C. rodentium shares 67% of
its genome with both EPEC and EHEC ''* and is similarly transmitted via the fecal-oral route in

115 Bacterial

order to colonize the intestinal mucosa, particularly the cecum and colon
colonization of these pathogens is characterized by the formation of A/E lesions, which are

intimate bacterial attachment to the intestinal epithelium, effacement of the brush border
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microvilli and the formation of pedestal-like structures underneath the adherent bacterium ''°.

Although C. rodentium is only considered an opportunistic infection in humans, EPEC and
EHEC are defined as major gastrointestinal risks to humans globally. EPEC is a major cause of
infantile diarrhea, and is associated with high rates of morbidity and mortality in developing
countries ''’, while EHEC is prevalent in developed countries and depending on the strain can
produce highly potent toxins (e.g. Shiga toxin) that cause kidney failure '”.

Immunity to C. rodentium relies heavily on the ability to mount a strong Ty17/ILC3
response in the intestinal mucosa to ultimately up regulate production of antimicrobial peptides
and recruit phagocytes to kill the pathogenic bacteria. Once C. rodentium breaches the epithelial
barrier, different PAMPS such as lipopolysaccharide (LPS) or peptidoglycan will activate
various TLRs on innate immune cells. Epithelial cells will undergo hyperplasia and resident DCs
and macrophages will produce proinflammatory cytokines IL-1B, IL-6, IL-23, and TNFa ''®,
ILC3s will also become activated and produce high levels of IL-17A and IL-22 7*'"*'%° At a
later time point, Ty17 cells are recruited to the site of infection and further contribute to the
production of both IL-17A and IL-22 '*'*2. These two cytokines are key for resistance of C.
rodentium. 1L-22 instructs intestinal epithelial cells to secrete antimicrobial peptides such as
REGIIIP and REGIIIy ***"'* TL-17A helps in the recruitment of neutrophils that are important

for the direct killing and phagocytosis of the bacteria '**

(Summarized in Figure 1.5). This
model provides insight into the development of Ty17 responses and was key to the discovery of
ILC3s '"’; moreover, recent studies have shown that this model can be used to study other
diseases such as ulcerative colitis, Crohn’s disease and colon tumorigenesis, further highlighting

the power and breadth of this model in studying mucosal immune responses > '*'.
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Figure 1.5 Schematic of intestinal immune response to Citrobacter rodentium.

Infection with C. rodentium induces a robust ILC3/Tx17 response in the intestine. The bacterial pathogen
will activate innate immune cells to produce cytokines (IL-6, IL-23, IL-1f), which will activate resident ILC3
cells to produce IL-22 and IL-17A. Ty17 cells will differentiate under these conditions and produce more IL-
22 and IL-17A. IL-17A will facilitate recruitment of neutrophils while IL-22 will instruct epithelial cells to

produce anti-microbial peptides (AMP) to combat the invading bacteria.
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1.3.2.2  Trichuris muris infection model

Soil-transmitted helminths are the most prevalent infectious microorganisms of humans,
with approximately two billion people infected '''. Trichuris spp. is a soil-transmitted nematode
parasite that can infect humans and animals. 7. trichuria is the human infecting whipworm that
currently infects 800 million people worldwide '''. Chronic infections are common in children
and are associated with clinical symptoms ranging from impaired nutritional status and growth
retardation to anemia, enteropathy, and intestinal obstruction ', Trichuris spp. has a simple life
cycle consisting of larval development in the cecum of a single primary host, molting into mature
worms, shedding of eggs into the feces, then embryonation of the eggs in the soil, where finally
mature eggs can be ingested by a new host to start the cycle a new '>*. T. muris is a naturally-
occurring nematode parasite in wild rodent populations that has been isolated for infections in

laboratory mice as a model for human trichuriasis '**'*

. T. muris is an intestinally restricted
parasite, which allows for its use as an experimental model to study localized mucosal immune
responses.

Immunity to 7. muris critically depends on the development of a strong Ty2 response
against the helminth parasite. Ty2 cytokines will cause physiological changes in the intestinal
microenvironment including rapid intestinal epithelial cell turnover, goblet cell hyperplasia and

12

smooth muscle contractility in order to physically expel the parasite '>*. Immune cells are

activated in the intestinal mucosa as the parasite burrows into the colonic epithelium, damaging
cells and allowing the release of danger associated molecular patterns (DAMPs) and cytokine
alarmins (e.g. IL-25, IL-33 and Thymic Stromal Lymphopoietin (TSLP)) '**. These signals will
then activate innate immune cells such as DCs, ILC2s and basophils, which in turn will produce

128

cytokines to promote the differentiation of Ty2 cells . Together, these cells will secrete large
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quantities of IL-4, IL-5 and IL-13, which elicit the physiological changes in the intestine and

128

expulsion of the worms (Summarized in Figure 1.6). Interestingly, not all strains of

laboratory mice can mount proper anti-7.muris Ty2 immune responses. Wild type C57B1/6 mice
are resistant to infection but due to slight genetic differences between strains many mice will
mount a non-protective Tyl response and remain chronically infected and are described as

130

susceptible (e.g. AKR mice) . Further, the use of gene-deficient mice on a C57Bl/6

background has been valuable to gain insight into cell-intrinsic factors that are critical for Ty2

. : . . 131-134
immune responses in the intestine

. Interestingly, the infective dose of T.muris eggs can
also influence the type of immune response from wild type C57Bl/6 mice, with a high dose (150
— 200) of eggs triggering a protective Ty2 response and clearance of worms, while a low dose

129 Thus, the T.muris model of

(30) of eggs results in a Tyl response and chronic infection
infection offers a powerful system in which to study the factors that control the differentiation of

T cells into Tyl or T2 fates within the intestine.
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Figure 1.6 Schematic of intestinal immune response to Trichuris muris.

Clearance of a 7. muris infection relies heavily on a robust Ty2 response in the intestine. The parasite will
cause the release of alarmins (IL-25, IL-33 and TSLP) from intestinal epithelial cells. These cytokines will
then activate local DCs to migrate to lymph nodes where they can then facilitate the differentiation of Ty2
cells. Local basophils will produce IL-4 and help promote Th2 differentiation. Alarmins will also activate
local ILC2s to produce cytokines (IL-4, IL-5, IL-13). Upon activation, Th2 cells will further contribute to the
production of cytokines (IL-4, IL-5, IL-13). IL-5 will recruit eosinophils while IL-13 will induce goblet cell

hyperplasia, mucous production and smooth muscle contractility in order to expel the worms.
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1.3.3  All-frans-retinoic acid and intestinal immunity

Micronutrient deficiency, such as vitamin A deficiency (VAD), is being recognized as an
important factor contributing towards the global burden of infectious diseases. VAD has been
closely linked with infection related morbidity and mortality in children '*>7. Specifically,
VAD has been associated with the inability of vaccines to illicit protective immunity **'** as
well as dysregulated intestinal immune responses, which increase the risk of gastroenteritis in
affected children '*’. The vitamin A metabolite, all-frans-retinoic acid (atRA), plays an important
role in shaping intestinal homeostasis and immunity by regulating both the innate and adaptive
immune systems. Intestinal epithelial barrier integrity and permeability, induction of oral
tolerance and secretion of IgA by intestinal plasma cells all require atRA for proper function
140141 "These findings, along with the discovery that in only some cases vitamin A supplements
can reverse the associated morbidity in these children '*°, highlight a critical need for focusing
research into the downstream mechanisms of atRA signaling in order to combat intestinal
infection related mortality.

Humans and mice are unable to synthesize vitamin A and are thus dependent on dietary
replenishment through ingestion of foods containing retinoids or carotenoids '**. After intake,
vitamin A is stored in the form of retinol esters with approximately 80% of the body’s vitamin A
stored in hepatic stellate cells '*. Once retinol esters are released into circulation, they are
quickly hydrolyzed into retinol, which can then be taken up by cells and converted into retinal by
alcohol dehydrogenases '**. Finally, if the cell expresses the required retinal dehydrogenase,

retinal can be converted into retinoic acid (RA) '**

. atRA is the most physiological abundant
form of RA compared to other isoforms such as 9-cis- or 13-cis-RA. Within the intestine,

intestinal epithelial cells and a subset of CD103-expressing intestinal LP DCs are important
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sources of atRA, through their expression of alcohol dehydrogenase isoforms '*7'*. Once
synthesized, atRA can be sensed by cells in the intestinal LP through the expression of nuclear
RA receptors (RARs) and retinoid X receptors (RXRs) '**. Each subset of RA receptors has three
isoforms: RAR-a, B, vy and RXR-a, B, y. RA can bind to and activate an RAR that forms a
heterodimer with the corresponding RXR, which then leads to transcriptional regulation of gene

149

expression by binding to retinoic acid response elements (RARE) ™. RAR-a is the dominant

RAR expressed by various intestinal immune cells such as T cells, B cells, DCs and ILCs and is
important in their function %%,

Functionally, atRA is critical for imprinting gut tropism on lymphocytes through the up
regulation of intestinal homing molecules: CCR9 and the integrin a4p7 '*'>°. Through the use of
mice raised on vitamin A deficient diets or genetically altered mice expressing a dominant
negative RAR-q, it was shown that intestinal CD4" T cells, CD8" T cells, plasma cells, ILCls

and ILC3s all rely on atRA signaling for migration into the intestinal mucosa '*-'>¢'>®

. However,
atRA functions beyond lymphocyte trafficking. The differentiation of both 1Ty, and Tu17 cells
are influenced by atRA. TGF- can synergize with atRA to boost the differentiation of 1T, cells

at the expense of Tyl7 differentiation ' '

and limit T cell plasticity through a mechanism
involving miR-10 '®*. Interestingly, it has also been shown that atRA signaling occurs early in T
cells during an inflammatory response indicating that it is important in both effector and
regulatory responses '°'. Further, intestinal ILC2s migrate independently of atRA but are
expanded in the absence of atRA signaling, providing enhanced type 2 immune responses '*'%.
Finally, atRA can also influence the differentiation and expansion of intestinal DC subsets

through activation of a transcriptional profile in a subset of pre-mucosal DCs '**. Thus atRA

plays a complex role in mucosal immunity and is critical for intestinal immune cell homeostasis

28



and function, however the exact molecular mechanism for how atRA influences different

immune cell functions are not fully defined.

1.4 POK/ZBTB transcription factors

The pox virus and zinc finger kriippel-type (POK) proteins, which are also known as zinc finger
and broad-complex, tramtrac, bric-a-brac (ZBTB) proteins are a large and diverse family of
transcription factors with 49 known members that play critical roles in a variety of biological
processes such as gastrulation, limb formation, cell cycle progression, and gamete formation '®.
They are characterized by varying numbers (from 3 to ~13) of C,H; kriippel-like zinc fingers on
their carboxyl termini that are responsible for DNA binding with a broad-complex, tramtrac,
bric-a-brac (BTB) domain near the amino terminus of each protein '*® (Figure 1.7). The BTB
domain is used as a protein—protein interaction interface, and is important for homo- and hetero-
dimerization as well as recruitment of other transcriptional co-regulators such as histone
deacetylases, nuclear corepressors (N-CoR1 and -2), C-terminal binding protein (CtBP), as well
as the E3 ubiquitin ligase Cullin 3 (CUL3), which are particularly important to mediate rapid
epigenetic changes in the chromatin structure of target genes through histone methylation or
acetylation '¢7'%,

In the immune system, POK/ZBTB proteins are key regulators in cellular differentiation
and function '® and have emerged as a family of transcription factors that are indispensable for
different aspects of immune system development (Table 1.1). For example, B-Cell
CLL/Lymphoma 6 (BCL6, ZBTB27) is critical for the development of germinal centres (GCs)

following immunization or infection. BCL6 is expressed at high levels in GC B cells '"* and T

follicular helper (Tgy) cells ' that together control the germinal centre response. Promyelocytic
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leukemia zinc finger (PLZF, ZBTBI16) is required for NKT cell development '’* and expression
of PLZF has recently been shown to identify a multipotent progenitor of innate lymphoid cells **.
T helper-inducing POZ/Kruppel-like factor (ThPOK, ZBTB7B) is a master regulator of Ty cell

development in the thymus '>"'"*

. Thus studies have highlighted the critical functions mediated
by POK/ZBTB transcription factors within the immune system and emphasize how the
deregulation of these transcription factors can lead to immune deficiencies, however, not all

family members have been studied in the context of immunity and therefore warrant further

investigation.

30



PLZP/ZBTB32
ThPOK/ZBTB7B N-[E:l ze i zr l z l z7 M C

PLZF/ZBTB19 N—[@ HEEEEEEIEE
BCL6/ZBTB27 N-[E | ze || z¢ || z¢ || z || zr | 2 JHE-C
HIC1/zBTB29 N-[E | ze I zF || ¢ || zr || = [ -C

Figure 1.7 Structure of POK/ZBTB family transcription factors.
Five examples of the POK/ZBTB family of transcription factors characterized by varying numbers of C,H,

kriippel-like zinc fingers on their carboxyl termini with a BTB domain near the amino terminus of each

protein.
POK/ZBTB family member Immune cell function Reference
ZBTB7A, LRF T and B cell development 173
ZBTB7B, ThPOK T cell lineage commitment 174176
Development of NK T cells, 48.172,177-179
ZBTB16, PLZF vd T cells and ILCs
ZBTB17, MIZ Early B cell commitment 180
Germinal centre B cell and 171,181-183
ZBTB27, BCL6 follicular Tu cell development
ZBTB2S, BAZF CDS8 T cell memory 184
formation
ZBTB32, PLZP NK cell function 185

Table 1.1 Roles of POK/ZBTB family transcription factors in regulating the immune system.
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1.4.1 Hypermethylated in cancer 1

Hypermethylated in cancer 1 (HIC1, ZBTB29) is a member of the POK/ZBTB family
and has been shown to regulate fundamental cellular processes such as cell growth and survival
186187 'HIC1 was originally described as a tumor suppressor gene that is epigenetically silenced

through DNA methylation in various human cancers '°'%

and it has been proposed that HIC1-
dependent repression of SIRT1, a NAD -dependent class III histone deacetylase (HDAC) that
deacetylates and inactivates P53, is critical for modulating P53-dependent DNA damage
responses . Further, HIC1 has been described as a quiescent marker for cells that have exited
the cell cycle, with HIC1 bound to the promoters of genes that promote progression through the
cell cycle such as Cendl and Cdknlc "', HIC1 mediates repression through the recruitment of
co-repressors such as C terminal binding protein (CtBP), nucleosome remodeling and histone
deacetylase (NuRD) complex, and polycomb repressive complex 2 (PRC2). Interestingly, HIC1
can also interfere with several essential signaling pathways by recruiting transcriptional
activators away from their target sites. For example, HIC1 is capable for sequestering
transcription factor 4 (TCF4), a key transcription factor in Wnt/B-catenin signaling '*>. HIC1
directly binds to TCF4 and forms nuclear substructures called “HIC1 nuclear bodies” in order to
divert TCF4 from its transcriptional targets thus dampening the Wnt/B-catenin signaling pathway
12 Similarly, HIC1 associates with STAT3 and inhibits STAT3 DNA binding activity via its C-
terminal domain, which thus suppresses STAT3 target gene expression (e.g. Vegf and Myc) and
in turn antagonize STAT3-mediated cell growth '*>'*,

HIC1 has never been studied in the context of immunology; however, two unrelated

genome-wide expression screens for genes in Ty cells regulated by atRA signaling have

identified Hicl as an RA/RARa-dependent gene, although no functional analyses were carried
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195,196
out 7

. Further, an unrelated in silico study identified that the Hic/ gene contains multiple
RAREs '”7. Given the relationship between atRA signaling and HIC1 expression in Ty cells it is

likely that HIC1 will play a role in atRA dependent mucosal immunity.

1.5 Rationale, hypothesis and specific aims

Dysregulated T cell responses at mucosal sites are characteristic of several inflammatory
diseases of the gastrointestinal tract. A better understanding of the factors that underlie the
development, migration and function of CD4" Ty cells at mucosal sites would aid in the
development of novel or improved treatment options. atRA is an important immune modulator in
the intestine with clear role in both regulatory and effector T cell responses ',
Pathogenesis of IBD has been linked to genetic or environmental factors that impact atRA levels

in the intestine °%2%

, yet the factors that control atRA-mediated signaling within intestinal
immune cells during homeostasis and disease are not well-defined.

ILCs have been identified in large numbers at barrier sites such as the intestine where
they are critical in promoting protective immunity to pathogens . A better understanding of the
mechanisms that control and maintain ILC populations in the intestine would help in the
production of novel therapeutics for chronic infections. Interestingly, atRA has been identified as
an important factor that regulates ILC differentiation and function, and similarly to Ty cells,

156,163
7", However, much

Vitamin A status can significantly alter ILC responses within the intestine
is still yet to be elucidated about the molecular mechanism of how atRA controls ILC
development and function.

The differentiation of all hematopoietic cells is a tightly regulated process that is

controlled primarily by the expression of lineage-specific sets of transcription factors, with Ty
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cell and ILC subsets sharing many of the same sets of transcription factors. The POK/ZBTB
family of transcriptional repressors has been shown to play critical roles in Ty cell differentiation
and function as well as ILC development **'""'”"'"> The POK/ZBTB transcription factor HIC1
has been identified as a potential atRA responsive gene in Ty cells '*>*7; however, no functional
studies have been carried out to determine a role for HIC1 in any hematopoietic cell
differentiation pathway or immune cell function in the intestine where atRA signaling is critical.
Therefore, there is a need to better characterize the role of HIC1 in atRA mediated intestinal

immune responses.
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Based on this rationale, I hypothesize that HICI will play an essential role in atRA mediated

mucosal immune responses during intestinal infections and inflammatory disease.

1.

I have devised three specific aims to test this central hypothesis:

To determine the expression pattern of Hicl in leukocytes of various tissues. The
expression of Hicl will be characterized in various immune cell populations within

different tissues and the role of atRA in Hicl expression will be assessed.

To investigate how HIC1 regulates intestinal immune homeostasis. Genetically
modified mice with HIC1-deficiency in various hematopoietic cells will be analyzed for

alterations in distinct immune cell populations in the intestine at steady state.

To assess how HIC1 regulates immune responses during intestinal infections and
inflammation. The 7. muris and C. rodentium models of intestinal infection will be used
to determine the effect of hematopoietic HIC1 deficiency on immunity to infections.
Further the T cell transfer, DSS induced and anti-CD3e antibody induced models of
inflammation will be used to determine the role for HIC1 in immune cells during the

development of intestinal inflammation.

35



Chapter 2: Methods

2.1 Ethics statement
Experiments were approved by the University of British Columbia Animal Care
Committee (Protocol numbers: A13-0010, A15-0196) and were in accordance with the Canadian

Guidelines for Animal Research.

2.2 Mice

19" mice has been described *”' and the generation of Hic ™"

The generation of Hic
mice will be described elsewhere (manuscript in preparation). Cd4-Cre mice were obtained from
Taconic, Vav-Cre mice were obtained from T. Graf (Centre for Genomic Regulation, Barcelona,
Spain) and CD/Ic-Cre (B6.Cg-Tg (Itgax-cre)l-1Reiz/J) and RORc-Cre (B6.FVB-Tg (RORc-
cre)1Litt/J) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Animals

were maintained in a specific pathogen-free environment at the UBC Biomedical Research

Centre animal facility.

2.3 Diet studies

Vitamin A-deficient (TD.09838) diet was purchased from Harlan Teklad Diets (Madison,
WI). At day 14.5 of gestation, pregnant females were administered the vitamin A-deficient diet
and maintained on diet until weaning of litter. Upon weaning, females were returned to standard

chow, whereas weanlings were maintained on special diet until use.

36



2.4 Antibodies and flow cytometry

Absolute numbers of cells were determined via hemocytometer or with latex beads for
LP samples. Intracellular cytokine (IC) staining was performed by stimulating cells with 50
ng/ml phorbol 12-myristate 13-acetate (PMA), 750 pg/ml ionomycin, and 10 pg/ml Brefeldin-A
(Sigma, St. Louis, MO) for 4 hours and fixing/permeabilizing cells using the eBioscience IC
buffer kit. All antibody dilutions and cell staining were done with phosphate-buffered saline
(PBS) containing 2% fetal calf serum (FCS), 1 mM Ethylenediaminetetraacetic acid (EDTA),
and 0.05% sodium azide. Fixable Viability Dye eFluor 506 was purchased from eBioscience
(San Diego, CA) to exclude dead cells from analyses. Prior to staining, samples were Fc-blocked
with buffer containing anti-CD16/32 (93, eBioscience) and 1% rat serum to prevent non-specific
antibody binding. Cells were stained with fluorescent conjugated anti-CD11b (M1/70) anti-
CDl1c (N418), anti-CD19 (ID3), anti-CD5 (53-7.3), anti-CD8 (53.67), anti-CD3 (KT3)(2C11),
anti-NK1.1 (PK136), anti-B220 (RA3-6B2), anti-Terl19 (Terl19), anti-Grl (RB6-8C5)
produced in house, anti-CD4 (GK1.5), anti-TCRB (H57-597), anti-MHCII (I-A/I-E)
(M5/114.15.2), anti-F4/80 (BMS), anti-IL17a (17B7), anti-FOXP3 (FJK-16s), anti-TCRyd
(eBioGL3), anti-CD45 (30-F11), anti-CD45RB (C363.16A) anti-a4p7 (DATK32), anti-CCR9
(eBioCW-1.2), anti-IFN-y (XMG1.2), anti-CD25 (PC61.5), anti-IL-13 (eBio13A), anti-CD90.2
(53-2.1), anti-GATA3 (TWAJ), anti-ROR-yt (B2D), anti-TBET (eBio4B10), anti-FLT3
(A2F10), anti-CKIT (ACK2), anti-IL-22 (IL22JOP), anti-Ki67 (SolA15) purchased from
eBioscience, anti-CD103 (M290), anti-CD69 (H1.2F3), anti-CD62L (MEL-14), anti-CD44
(IM7), anti-CD64 (X54.5/7.1.1), anti-CD127 (5B/199), anti-pSTAT3 (pY705) purchased from
BD Biosciences (San Jose, CA). Data were acquired on an LSR II flow cytometer (BD

Biosciences) and analyzed with FlowJo software (TreeStar, Ashland, OR).
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2.5 RNA isolation and quantitative real-time PCR

Tissues were mechanically homogenized and RNA was extracted using the TRIzol method
according to the manufacturer's instructions (ThermoFisher Scientific, Waltham, MA). cDNA
was generated using High Capacity cDNA reverse transcription kits (ThermoFisher Scientific).
Quantitative PCR was performed using SYBR FAST (Kapa Biosystems, Wilmington, MA) and
SYBR green-optimized primer sets run on an ABI 7900 real-time PCR machine. Cycle threshold
(Ct) values were normalized relative to beta-actin (Acth) gene expression. The primers used
were synthesized de novo:

Hicl:

forward 5’-AACCTGCTAAACCTGGACCAT-3’

reverse 5’-CCACGAGGTCAGGGATCTG-3’

1l17a:

forward 5’-AGCAGCGATCATCCCTCAAAG-3’

reverse 5’-TCACAGAGGGATATCTATCAGGGTC-3’

1122:

forward 5’-ATGAGTTTTTCCCTTATGGGGAC-3’

reverse 5’-GCTGGAAGTTGGACACCTCAA-3’

Ifng:

forward 5’- GGATGCATTCATGAGTATTGCC-3’

reverse 5’ -CCTTTTCCGCTTCCTGAGG-3’

114:

forward 5’- TCGGCATTTTGAACGAGGTC -3’
38



reverse 5’- CAAGCATGGAGTTTTCCCATG-3’
1113:

forward 5’-CCTGGCTCTTGCTTGCCTT-3’
reverse 5’- GGTCTTGTGTGATGTTGCTCA-3’
Foxp3:

forward 5°- CCCAGGAAAGACAGCAACCTT-3’
reverse 5°’- TTCTCACAACCAGGCCACTTG-3’
Rore:

forward 5’- TCCACTACGGGGTTATCACCT-3’
reverse 5’- AGTAGGCCACATTACACTGCT-3’
Socs3:

forward 5’- TGCAAGGGGAATCTTCAAAC-3°
reverse 5’- TGGTTATTTCTTTTGCCAGC-3’
Irf4:

forward 5’- CCGACAGTGGTTGATCGACC-3’
reverse 5’- CCTCACGATTGTAGTCCTGCTT-3’
Ahr:

forward 5’- GCCCTTCCCGCAAGATGTTAT-3’
reverse 5°’- GCTGACGCTGAGCCTAAGAAC-3’
1123r:

forward 5’- AACAACAGCTCGGATTTGGTAT-3’
reverse 5°- ATGACCAGGACATTCAGCAGT-3’

Reg3g:



forward 5’- CCGTGCCTATGGCTCCTATTG -3’
reverse 5’- GCACAGACACAAGATGTCCTG -3’
Actb:

forward 5’-GGCTGTATTCCCCTCCATCG-3’

reverse 5’-CCAGTTGGTAACAATGCCATGT-3".

2.6 Cell culture

CD4" T cells were isolated from spleen and LNs by negative selection using an EasySep
Mouse CD4" T cell isolation kit (StemCell Technologies, Vancouver, BC). 5 x 10° CD4" cells
were cultured for up to 5 days in DMEM supplemented with 10% heat-inactivated FBS, 2 mM
glutamine, 100 U/ml penicillin, 100 pug/ml streptomycin, 25 mM HEPES, and 5 x 10° 2-ME
with 1 pg/ml plate bound anti-CD3 (145-2C11) and anti-CD28 (37.51). CD4" T cells were
polarized under Ty17 cell- (20 ng/ml IL-6, 10 ng/ml IL-23, TNF-a, IL-1B, 1 ng/ml TGF-B1, 10
pg/ml anti-IFN-y and anti-IL-4), Tyl cell- (10 ng/ml IL-2, IL-12 and 5 pg/ml anti-IL-4), Ty2
cell- (10 ng/ml IL-2, IL-4 and 5 pg/ml anti-IFN-y) or iTy, cell- (10 ng/ml IL-2 and TGFf1)
promoting conditions. In some cases, cells were plated as above in the presence of 10 nM

retinoic acid (Sigma).

2.7 ELISA
IL-17A production was analyzed from supernatants taken on day 4 of CD4" T cell in

vitro culture using commercially available antibody pairs (eBioscience).
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2.8 Anti-CD3¢ -induced intestinal inflammation

Mice were administered 30 pug of anti-CD3e antibody (145-2C11) in 400ul PBS by
intraperitoneal injection. Animals were monitored daily after injection and euthanized at 48
hours post injection. At endpoint, sections of the distal ileum were fixed in 10% buffered
formalin, embedded in paraffin and stained with H&E. Histological inflammation were blindly
scored on a scale of 0 to 4, where 0 represented a normal ileum and 4 represented severe
inflammation. Specific aspects such as infiltrating immune cells, crypt length, epithelial erosion,

and muscle thickness were taken into account.

2.9 T cell transfer colitis

]ﬂ/ﬂ 14T

CD4" cells were enriched from spleens and peripheral LNs (pLNs) of Hic/"' or Hic
mice with an EasySep Mouse CD4" T cell isolation kit (StemCell Technologies) and stained with
anti-CD4, anti-CD25 and anti-CD45RB. Naive CD4 CD25 CD45RB" cells were purified by cell
sorting. CD4'CD25 CD45RB™ naive T cells (4 x 10°) were injected intraperitoneally into age-
and sex-matched Rag/™~ mice, which were monitored for weight loss and sacrificed 6 weeks

after initiation of the experiment. At endpoint, proximal colon was fixed, embedded, and stained

with H&E. Histological inflammation was scored as above.

2.10 Dextran sodium sulfate induced colitis

Mice were exposed to 3.5% DSS in their drinking water for 7 days before returning to
regular drinking water for one final day. Mice were monitored for weight loss and sacrificed on
day 8. At endpoint, proximal colon was fixed, embedded, and stained with H&E. Histological

inflammation was scored as above.
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2.11 Isolation of intraepithelial and lamina propria leukocytes

Peyer’s patches were removed from the small intestine, which was cut open
longitudinally, briefly washed with ice-cold PBS and cut into 1.5 cm pieces. Tissue was
incubated in 2mM EDTA PBS for 15 minutes at 37°C and extensively vortexed. Supernatants
were collected and pelleted, then re-suspended in 30% Percoll solution and centrifuged for 10
minutes at 1200 rpm. The pellet was collected and used as intraepithelial leukocytes. Remaining
tissue was digested with Collagenase/Dispase (Roche) (0.5 mg/mL) on a shaker at 250 rpm,
37°C, for 60 minutes, extensively vortexed and filtered through a 70um cell strainer. The flow-
through cell suspension was centrifuged at 1500rpm for 5 min. The cell pellet was re-suspend in
30% Percoll solution and centrifuged for 10 minutes at 1200 rpm. The pellet was collected and

used as lamina propria leukocytes.

2.12 Cell lysis, immunoprecipitation and immunoblotting
Cells were lysed and immunoprecipitation carried out using antibodies against STAT3
(C-20; Santa Cruz, Dallas, TX) and FLAG (M2; Sigma). Immunoblotting was carried out using

antibodies against STAT3, HIC1 (H-123; Santa Cruz) and GAPDH (GAI1R; in house).

2.13 Chromatin immunoprecipitiation

Naive CD4" T cells were activated and Tyl7 polarized for 3 days, followed by
crosslinking for 8 minutes with 1% (vol/vol) formaldehyde. Cells were collected, lysed and
sonicated. After being precleared with protein A agarose beads (EMD Millipore, Billerica, MA),

cell lysates were immunoprecipitated overnight at 4 °C with anti-STAT3 (C-20, Santa Cruz) or
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normal rabbit IgG (Cell Signaling, Danvers, MA). After washing and elution, crosslinks were
reversed for 4 h at 65°C. Eluted DNA was purified and samples were analyzed by quantitative
real time PCR on a 7900 Real-Time PCR system (Applied Biosystems). Primer sets used for
analysis are: //1/7a promoter forward 5’- CACCTCACACGAGGCACAAG -3’ and reverse 5’°-
ATGTTTGCGCGTCCTGATC -3’; II5 promoter forward 5’-AAGTCTAGCTACCGCCAATA-
3’ and reverse 5’- AGCAAAGGTGAGTTCAATCT-3’. Each Ct value was normalized to the

corresponding input value.

2.14 Retroviral transduction

Platinum E cells were transiently transfected using the calcium phosphate method with
MigR1 expression plasmids encoding GFP alone or FLAG-HICI. Viral supernatants were
collected after 48h, supplemented with 8 ng/ml polybrene (EMD Millipore) and added to T cells
that had been activated under Ty17 cell-polarizing conditions for 48 h. T cells (2 x 10°%) were
incubated in 24 well plates with 1 ml viral supernatants. After 24 hours, viral supernatant was
replaced with conditioned culture medium and cells were cultured under Ty17 cell-polarizing

conditions for an additional 3 days.

2.15 Citrobacter rodentium infection

Mice were infected by oral gavage with 0.1 ml of an overnight culture of Luria-Bertani
(LB) broth grown at 37°C with shaking (200 rpm) containing 2.5 x 10® colony forming units
(CFU) of C. rodentium (strain DBS100) (provided by B. Vallance, University of British
Columbia, Vancouver, BC). Mice were monitored and weighed daily throughout the experiment

and sacrificed at various time points. For enumeration of C. rodentium, fecal pellets or livers
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were collected in pre-weighed 2.0 ml microtubes containing 1.0 ml of PBS and a 5.0 mm steel
bead (Qiagen, Hilden, Germany). Tubes containing pellets or livers were weighed, and then
homogenized in a TissueLyser (Retche/Qiagen) for a total of 6 mins at 20 Hz at room
temperature. Homogenates were serially diluted in PBS and plated onto LB agar plates
containing 100 mg/ml streptomycin, incubated overnight at 37°C, and bacterial colonies were

enumerated the following day, normalizing them to the tissue or fecal pellet weight (per gram).

2.16 Trichuris muris infection

Propagation of Trichuris muris eggs and infections were performed as previously
described ***. Mice were infected with approximately 150 — 200 embryonated 7. muris eggs by
oral gavage and monitored over a period of 21 days. Sacrificed mice were assessed for worm
burdens by manually counting worms in the ceca using a dissecting microscope. Cecal tissues
were fixed overnight in 10% buffered formalin and paraffin-embedded. A total of 5-um-thick
tissue sections were stained with periodic acid—Schiff (PAS) for histological analysis. The mLN
were excised and passed through a 70 pm cell strainer to generate a single-cell suspension. mLN
cells (4 x 10°/mL) were cultured for 72 h in media containing 1 pg/mL each of antibodies against
CD3 (145-2C11) and CD28 (37.51; eBioscience, San Diego, CA). Cytokine production from
cell-free supernatant was quantified by ELISA wusing commercially available antibodies

(eBioscience).

2.17 In vivo neutralization of IFN-y
Mice were infected with 7. muris as described above. On day 4 post infection, mice were

injected i.p. with 500 pg of either control IgG or anti-IFN-y (XMG1.2) (produced in-house by
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AbLabBiologics, Vancouver, BC), constituted in sterile PBS. Mice were repeatedly injected

thereafter on days 8, 12, and 16 prior to sacrifice on day 21.

2.18 Serum ELISA

Serum was collected from mice 21 days post-infection with 7. muris. Immulon plates
(Thermo Fischer Scientific) were coated with 5 pg/mL of dialyzed 7. muris antigen overnight at
4°C. Wash buffer was PBS containing 0.05% Tween 20. Plates were blocked and serum samples
were diluted in 3% bovine serum albumin in PBS/0.05% Tween 20. Serum samples were
incubated on plates for 1 hour at room temperature. Plates were then incubated with rat anti-
mouse IgG1 or [gG2a conjugated to horseradish peroxidase (BD Pharmingen) for 1 hour at room
temperature. Plates were developed using 3,3°, 5,5’-tetramethylbenzidine (TMB) substrate
(Mandel Scientific, ON) and stopped with 1IN HCI. Plates were read at 450 nm on a Spectramax

384 (Molecular Devices, CA).

2.19 Antibiotic treatment
Mice received antibiotics (0.5 g/l of each ampicillin, gentamicin, neomycin and
metronidazole, 0.25g/1 vancomycin, with 4 g/l Splenda for taste) in their drinking water from

weaning until euthanization (~10 week of age).

2.20 Statistics
Data are presented as mean =+ standard error of the mean (S.E.M). A two-tailed Student’s
t-test using GraphPad Prism 5 software determined statistical significance. Results were

considered statistically significant with P < 0.05.
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Chapter 3: The transcriptional repressor HIC1 regulates intestinal T cell

immune homeostasis

3.1 Overview

Among intestinal lymphocytes, CD4" Ty cells represent a major population that are
important in mediating diverse host protective and homeostatic responses. However,
accumulation of CD4" Ty cells in the intestine is also a key feature of IBD **. Through
production of cytokines that sustain and amplify inflammation, CD4" Ty cells have been
identified as potential drivers of disease in IBD and therefore represent an attractive therapeutic

203

target . atRA is an important mediator of CD4" Ty cell function in the intestine through

multiple mechanisms including promoting intestinal T cell homing as well as playing a central

role in both effector T cell activation and the differentiation of 1Ty, cells 147,155,159-161

. However,
despite the dependence on atRA for proper intestinal T cell function, the molecular mechanisms
downstream of atRA signalling that control T cell homeostasis remain unknown. In this chapter,
we identify HIC1 as an atRA inducible regulator of intestinal immune responses under
homeostatic and inflammatory conditions. Using Hic/ reporter mice, we demonstrate that Hic/ is
expressed in immune cells specifically in the intestinal lamina propria and intraepithelial
compartment but not in other lymphoid or non-lymphoid tissues in the steady state. Further, we
demonstrate that HIC1 expression is reliant on atRA signaling as mice raised on a vitamin A
deficient diet lose Hicl expression in intestinal T cells. Moreover, in vitro stimulated T cells

upregulated HIC1 expression in response to exogenous atRA in culture. To assess the function of

HIC1 in intestinal T cells, we generated mice with a conditional deletion of Hic/ specifically in
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T cells. In the absence of HIC1 in T cells, we observe a significant reduction in the frequency of
T cells in the lamina propria and intraepithelial compartment of the intestine, coincident with
increased Ty17 cell responses. Further, loss of HIC1 specifically in CD4" Ty cells renders mice
resistant to the development of intestinal inflammation, suggesting that HIC1 is required for the
pathogenicity of CD4" Ty cells in vivo. Together these results demonstrate that HIC1 plays a

central role in intestinal immune homeostasis and inflammation.

3.2 Results

3.2.1 Hicl expression in immune cells is restricted to the intestine

To begin to address the role of HIC1 in the immune system, we examined the expression
of Hicl in CD45" leukocytes in various tissues of mice with a fluorescent reporter gene inserted
in the Hicl locus (HicI“"™ mice) **'. Citrine expression in CD45" cells was restricted to the
intestine, with the only detectable Citrine-positive cells in the lamina propria and intraepithelial
space (Figure 3.1A). Further characterization of the leukocytes in the LP revealed that a majority
of T cell receptor p (TCRP) chain-expressing CD4" and CD8" T cells and TCRyd" CDS8" T cells
in the LP expressed Hicl (Figure 3.1B) and that TCRB" CD8" and TCRyd" CDS" intraepithelial
lymphocytes (IELs) also expressed Hicl (Figure 3.1C). We also found that most MHCIT"
CDI11c" CD64 dendritic cells (DCs) and MHCIT™ CD64" F4/80" macrophages expressed Hicl
(Figure 3.1B). However, Hicl expression was not generalized for all lymphocytes in the LP, as
B220" B cells did not express Hicl (Figure 3.1B). Thus, Hicl expression in immune cells

specifically identifies intestinal resident populations.
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Figure 3.1 Hicl expression in immune cells is restricted to the intestine.

(A) Steady state thymus, spleen, blood, lung, mesenteric lymph node (mLN), peyer’s patch (PP) and intestinal
lamina propria and intraepithelial leukocytes (LPL and IEL) were analyzed by flow cytometry for Hic1“"™e
reporter expression in total CD45" leukocytes. (B) TCRB'CD4" T cells, TCRB'CDS8" T cells, TCRy3" T cells,
MHCII'CD11C 'CD64 Dendritic cells, MHCII'F4/80 ' CD64" Macrophages or B220" B cells were analyzed by
[ Citrine

flow cytometry for Hic reporter expression from the intestinal lamina propria or (C) intraepithelial

compartment. (A-C) Data are representative of 3 independent experiments.
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3.2.2 T cell-intrinsic HIC1 regulates intestinal immune homeostasis

As Hicl was expressed in multiple immune cell populations in the LP, we next sought to
determine the cell-intrinsic functions of HIC1 by focusing on its role specifically in T cells. To
do this, we crossed mice with loxP sites flanking the Hicl gene (Hic/™" mice) with mice that
express the Cre recombinase under control of the Cd4 enhancer and promoter (Cd4-Cre mice) to

1T mice). Hicl’" mice displayed

generate mice with a T cell-intrinsic deletion of Hicl (Hic
normal thymic development (Figure 3.2A and B) and had normal frequencies of CD4" and
CDS8" T cells in the spleen (Figure 3.2C) or mesenteric lymph nodes (mLN) (Figure 3.2D).
HIC1 also had no effect on the activation state of splenic CD4" T cells, as we observed
equivalent expression of CD62L and CD44 between Hic/” and Hicl’" mice (Figure 3.2E).
Finally, HIC1 was not required for the development of FOXP3" CD25" CD4" T cells in the
spleen or mLN (Figure 3.2F). Thus, HIC1 is dispensable for peripheral T cell homeostasis.
However, we found that the frequency and number of CD4" and CD8" TCRf" cells in the LP
(Figure 3.3A and B) and CD8" T cells in the intraepithelial compartment (Figure 3.3A and B)

was significantly reduced in the absence of HIC1, demonstrating that T cell-intrinsic expression

of HIC1 is required for intestinal T cell homeostasis.
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Figure 3.2 Normal central and peripheral T cell responses in the absence of HIC1.

(A-D) Thymus, spleen and mesenteric lymph nodes (mLN) from Hic1"" and Hicl " mice were analyzed for
CD4" and CD8" T cell frequencies and numbers by flow cytometry. (SP=single positive, DP=double positive).
(E) CD62L" and CD44" frequencies of splenic CD4" T cells were analyzed by flow cytometry. (F)
CD25'FOXP3" T,e frequencies were analyzed from the spleen and mLN by flow cytometry. (B-D) Data are

pooled from 3 independent experiments (n=4-6 per group). * P <0.05. Error bars indicate SEM.
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Lamina propria lymphocytes (LPLs) and intraepithelial lymphocytes (IELs) display an
activated, memory phenotype that include the markers CD69 and CD103, cell surface molecules
that are important for retention in the intestinal microenvironment. CD69 has been shown to
negatively regulate expression of sphingosine-1-phosphate receptor (S1PR1), which must be
down regulated to establish tissue-residency ****’, while CD103 binds to the epithelial cell-
expressed E-cadherin and is required for maintenance of intestinal T cells *°°. We found that
HIC1-deficient CD4" and CD8" T cells in the LP and intraepithelial compartments expressed
significantly reduced levels of CD69 and CD103 (Figure 3.3C and D). Strikingly, there was an
almost complete loss of CD103" CD69" CD4" T cells in the LP (Figure 3.3C and D). Thus, the
reduced frequency and number of CD4" and CD8" LPLs and IELs in HicI*" mice is associated

with reduced expression of CD69 and CD103.
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Figure 3.3 T cell-intrinsic HIC1 regulates intestinal T cell homeostasis.
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Intestinal lamina propria (LPL) and intraepithelial (IEL) lymphocytes were isolated from Hic’"" or Hicl1'"

mice. (A) Frequency of TCRB" T cells and (B, C) total number of TCR'CD4" and TCRB'CDS8" T cells were

analyzed by flow cytometry. (D) Flow cytometry analysis and (E) quantification of CD103 and CD69 surface

marker expression from IEL and LPL TCRB'CD4" and TCRB'CDS8" T cells. (A, D) Data are representative of

3 independent experiments. (B, C, E) Data are pooled from 3 independent experiments (n=6-7 per group). * P

< 0.05. Error bars indicate SEM.
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3.2.3 HICI is a negative regulator of IL-17A production by CD4" T cells

In the intestinal LP, CD4" Ty17 and Ty cells are found at higher frequencies than other
Tu cell subsets ®°. Analysis of the CD4" LPLs showed that although frequency of FOXP3" Ty,
cells were equivalent between Hic/" and Hicl’" mice, the frequency of ROR-yt" IL-17A-
expressing Ty17 cells in HicI*" mice was significantly increased (Figure 3.4A and B). Further,
splenic T cells in Hic/*" mice displayed a small but significant increase in the frequency of IL-
17A expression Ty17 cells (Figure 3.4C). These results suggest that in addition to regulating T
cell numbers in the intestine, HIC1 deficiency in T cells had a specific effect on Tyl7 cell
differentiation. To directly examine the role of HIC1 in Ty cell differentiation, we stimulated Ty

" and

cells that were purified from the spleen and peripheral lymph nodes (pLNs) of naive Hic
Hicl’" mice (Figure 3.4D) under diverse polarizing conditions. HIC1 deficiency had no effect
on the development of Tyl, Ty2 or TGF-B-induced Tre (iTrg) cells (Figure 3.5A and B).
Consistent with our in vivo results, we observed a significant increase in the production of IL-
17A by HIC1-deficient Ty cells activated under Ty17 cell-promoting conditions, with heightened
frequency and mean fluorescence intensity of IL-17A" cells (Figure 3.4E), resulting in a
significant increase in the levels of secreted IL-17A (Figure 3.4G), which was also associated
with increased [//7a expression in HICl-deficient Tyl7 cells (Figure 3.4F). Retroviral
transduction of HIC1 into differentiating Ty17 cells resulted in a complete inhibition of IL-17A

production (Figure 3.4H and I). Taken together, these results suggest that HIC1 is a cell-

intrinsic negative regulator of IL-17A production during Tx17 cell differentiation.
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Figure 3.4 HIC1 is a negative regulator of IL-17A production by CD4" T cells.

(A, B) Steady-state intestinal lamina propria (LPL) or (C) Spleen CD4" T cells were isolated from Hic" or
HicI’" mice and analyzed by flow cytometry for intracellular expression of ROR-yt, FOXP3 and IL-17A.
Data are pooled from 3 independent experiments (n=5-6 per group). Hicl" or Hicl’" splenic CD4" T cells
were activated under Tyl7 cell-polarizing conditions and analyzed for: (D) Hicl mRNA expression by
quantitative RT-PCR, (E) intracellular ROR-yt and IL-17A frequency and mean fluorescence intensity (MFI)
by flow cytometry, (F) IL-17A protein production by ELISA, and (G) 1l17a mRNA expression by qRT-PCR.
Data are pooled from 4 independent experiments (n=4-8 per group). (H-I) Analysis of IL-17A expression
from Tyxl7 cell-polarized cells that were retrovirally transduced with MigR1-IRES GFP (empty vector) or
MigR1-HicI-IRES GFP expression vectors. GFP" indicated successful retroviral infection. (I) Data are pooled

from 3 independent experiments (n=3 per group). * P < 0.05. Error bars indicate SEM.
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Figure 3.5 HIC1 is dispensable for Tyx1, Ty2 and iT,, cell differentiation.

Hic"" or Hicl’” splenic CD4" T cells were activated under Tyl, Ty2 or iT e cell-polarizing conditions and
analyzed for: (A) Ifng, 1113 or Foxp3 mRNA expression by quantitative RT-PCR, and (B) intracellular IFN-y,
IL-13 and FOXP3 by flow cytometry. Data are pooled from 2 independent experiments (n=6 per group). * P

< 0.05. Error bars indicate SEM.
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3.2.4 Retinoic acid regulates expression of Hicl in T cells in vitro and in vivo

The vitamin A metabolite atRA plays a critical role in intestinal immune homeostasis *’.
Previous studies have shown that mice raised on a diet lacking vitamin A (VAD diet) have
defects in Ty cell activation and intestinal migration, resulting in an overall impairment in T cell-
driven immune responses in the intestine '*"*"'*°. To test whether atRA influenced Hicl
expression in intestinal Ty cells, we raised Hicl Citrine 1 hice on a VAD diet. We found that LP Ty
cells from VAD mice failed to express Hicl (Figure 3.6A), suggesting that Hicl expression in
Ty cells in the LP is dependent upon the presence of atRA. Consistent with this, addition of atRA
to Ty cells isolated from spleen or lymph nodes of mice activated in vitro with antibodies against
CD3 and CD28 resulted in an upregulation of Hic/ mRNA and HIC1 protein levels (Figure 3.6B
and C). Analysis of Hicl expression using Hic1“"™™ mice further demonstrated that treatment of
activated Ty with atRA led to increased Hicl expression (Figure 3.6D). Expression of Hicl was
dependent upon Ty cell activation, as addition of atRA to Ty cells in the absence of T cell

receptor stimulation had no effect on the expression of Hic/ mRNA (Figure 3.6E). Thus, these

results identify Hicl as an atRA-responsive gene in activated Ty cells.
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Figure 3.6 Retinoic acid regulates expression of Hicl in CD4" T cells.
(A) Hicl reporter expression in intestinal lamina propria (LP) CD4" T cells from Hicl1“"* mice fed a control

diet, Hic1“""™ mice fed a vitamin A deficient (VAD) diet, and controls fed a control diet was analyzed by flow
cytometry. Data are representative of 3 independent experiments. (B-D) Splenic Ty cells were activated with
antibodies against CD3 and CD28 in the presence or absence of 10 nM RA and HIC1 levels were measured by
(B) quantitative RT-PCR (C) western blot and (D) Hicl reporter expression. (B) Data are pooled from 2
independent experiments (n=4 per group). (C and D) Data are representative of 2 independent experiments.
(E) Expression of Hicl in naive splenic CD4" T cells that were treated with 10 nM RA for 16 hours was
analyzed by qRT-PCR. Data are pooled from 2 independent experiments (n=4 per group). * P < 0.05. Error

bars indicate SEM.
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3.2.5 HICI1 is dispensable for expression of intestinal homing receptors

"7 through the upregulation

atRA is critical for migration of immune cells to the intestine
of intestinal homing molecules including 0:4p7 integrin and CCR9 *>. Our results showing that
Hicl”" mice had reduced numbers of intestinal T cells could be due to reduced expression of
intestinal homing molecules, resulting in impaired intestinal migration. However, we failed to
observe any reduction in expression of a4p7 and CCR9 on Ty cells in the presence or absence of
HIC1 following activation in the presence of atRA (Figure 3.7A). Further, we found that Ty
cells isolated from the Peyer’s patches or mLN of HicI?" mice were not deficient in expression
of CCRY (Figure 3.7B). These results demonstrate that other HIC1-dependent mechanisms such

as reduced expression of CD69 and CD103 were responsible for the paucity of Ty cells in the LP

and that HIC1 is dispensable for RA-dependent induction of intestinal homing molecules.
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Figure 3.7 HIC1 is not required for all RA-mediated effects on CD4" T cells.

(A) Splenic Ty cells were activated with antibodies against CD3 and CD28 in the presence of 10 nM RA;
a4p7" and CCR9 levels were measured by flow cytometry and quantitative RT-PCR. Data are pooled from 2
independent experiments (n=4 per group). (B) CD4" T cells were isolated from the mesenteric lymph nodes
(mLN) and peyer’s patches (PP) and analyzed for CCR9 expression by flow cytometry. Data are
representative of 2 independent experiments. (C) Splenic CD4" T cells were activated under Tyl7 cell-
polarizing conditions in the presence or absence of 10 nM RA and analyzed for intracellular IL-17A and
FOXP3 by flow cytometry. Data are representative of 3 independent experiments. * P < 0.05. Error bars

indicate SEM.
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3.2.6 HICI1 is not required for inhibitory effects of atRA on Ty17 cell differentiation
Several studies have demonstrated that RA can negatively affect the differentiation of
Tu17 cells °**°* 2! although the precise mechanisms remain unclear. Based on our data showing
heightened IL-17A production by HICl-deficient Tyl7 cells in vitro and in vivo, we
hypothesized that expression of HIC1 would be required for the RA-dependent reduction in Ty17
cell differentiation. In contrast to our expectations, addition of RA to either HIC1-sufficient or -
deficient Ty cells led to a significant reduction in the expression of IL-17A (Figure 3.7C). Thus,
although HICI is up regulated by atRA in Ty cells and HICI-deficient Tyl7 cells express
increased levels of IL-17A in vitro and in vivo, HIC1 is dispensable for atRA-dependent

regulation of Ty17 cell responses in vitro.

3.2.7 HICI1 regulates T cell-mediated inflammation in the intestine

We next examined whether dysregulated Ty cell responses observed in naive Hic/?" mice
had any effect on the development of intestinal inflammation. Despite the reduced numbers of Ty
cells in the LP of Hicl’" mice and the dysregulated production of IL-17A by HIC1-deficient
Tul7 cells, we failed to observe any significant differences in intestinal architecture between
naive Hicl™ or Hicl’" mice (Figure 3.8A, left panels). After induction of intestinal

inflammation with intraperitoneal injection of a monoclonal antibody against CD3 **'%%2!!

Hicl”" mice displayed less intestinal inflammation compared to control Hic ™" mice (Figure
3.8A and B). Although we observed fewer CD4" T cells in the intestine of treated Hic/”" mice
(Figure 3.8C), we did observe an increase in the number of CD4" T cells in the LP of treated

Hicl”" mice compared to naive Hic/*" mice (Figure 3.3A and B), further demonstrating that

intestinal migration is not completely impaired in the absence of HICI. Analysis of cytokine
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production by Ty cells from the LP and mLN of anti-CD3 treated mice identified an increased
frequency of IL-17A-producing Ty cells without any changes in the frequency of IFN-y-
producing cells (Figure 3.8A and B), similar to our results under steady-state conditions. Thus,
T cell-intrinsic expression of HIC1 modulates inflammation in the intestine, potentially by

negatively regulating IL-17A production.
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Figure 3.8 HIC1 is required for the development of intestinal inflammation.

Mice received anti-CD3¢ antibody by intraperitoneal injection. (A) At 48 hours post-injection, mice were
sacrificed and analyzed for intestinal tissue pathology and inflammatory infiltrate by H&E staining. Scale
bar represents 100pm. (B) Histological scores. (C) Total numbers of intestinal lamina propria (LPL)
TCRP'CD4" T cells were quantified by flow cytometry. (D, E) Intracellular expression of IL-17A and IFN-y
from (D) LPL and (E) mLN CD4" T cells were analyzed by flow cytometry. (A-E) Data are from 3

independent experiments (n=8-9 per group). * P < 0.05. Error bars indicate SEM.
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To directly assess the cell-intrinsic role of HIC1 in intestinal inflammation, we employed

1% We adoptively transferred naive CD4"

a T cell transfer model of intestinal inflammation
CD25  CD45RB"" T cells isolated from either Hic " or Hic1*" mice into Ragl " mice. Ragl o
mice that received control T cells from Hic "' mice began losing weight around 4 weeks post-
transfer (Figure 3.9A) and showed significant intestinal inflammation by 6 weeks post-transfer
(Figure 3.9B). Strikingly, we found that Rag/™”™ mice that received T cells from Hic/" mice
continued to gain weight and did not develop severe intestinal inflammation (Figure 3.9A — C).
Associated with the reduced disease, there were significantly fewer CD4" T cells in the intestinal
LP (Figure 3.9D). Furthermore, consistent with our results under homeostatic conditions as well
as following a-CD3 treatment, we found that the absence of HICI in T cells resulted in
heightened production of IL-17A with no significant effect on the frequency of IFN-y-positive

cells (Figure 3.9E and F). Thus, HIC1 expression in T cells is critically required for the

development of intestinal inflammation, possibly by limiting expression of IL-17A.
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Figure 3.9 HIC1-deficient T cells fail to promote intestinal inflammation following adoptive transfer into
Ragl™ mice.

CD4'CD25 CD45RB" naive T cells (4 x 10°) from Hic"" or Hicl *" mice were transferred into Ragl_/_ mice
and monitored for colitis. (A) Weight loss (percentage of initial weight) was calculated for each mouse over 6
weeks. (B) At 6 weeks post-transfer, mice were sacrificed and analyzed for intestinal tissue pathology and
inflammatory infiltrate by H&E staining. Scale bar represents 100pm. (C) Histological scores. (D) Total
number of TCRB'CD4" T cells isolated from intestinal lamina propria (LPL). (E, F) Intracellular expression
of IL-17A and IFN-y from (E) LPL and (F) Spleen CD4" T cells were analyzed by flow cytometry. (A-F) Data
are pooled 2 of 4 independent experiments (n = 4-8 per experiment). Statistics compare Ragl_/_ mice that

received Hic’ T cells to those that received HicI?T T cells. * P < 0.05. Error bars indicate SEM.
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To resolve whether HIC1-deficient T cells were unable to initiate intestinal inflammation
or if they offer a protective role during development of intestinal inflammation; we performed a
T-cell ‘co-transfer’ experiment. We adoptively transfer either CD4" CD25~ CD45RB"™¢" T cells
isolated solely from Hic " mice or T cells isolated from both Hic"" and HicI*" mice that were
mixed at a 1:1 ratio into Rag/™™ mice. All Ragl”™ mice received the same number of Hic/" T
cells in order to drive disease, with half of the mice receiving the additional T cells from Hicl’"
mice. We hypothesized that if HIC1-deficient T cells played a protective role, they would limit
disease progression. Strikingly, we found that Rag/~™ mice that received a mixture of HIC1-
sufficient and HIC1-deficient T cells displayed a significant difference in weight loss by 4 weeks
post transfer and an overall delayed development of disease (Figure 3.10A). Associated with the
reduced weight loss, histological analysis of the intestine revealed significant reduction in

intestinal inflammation by 6 weeks post-transfer (Figure 3.10B and C). Thus, HIC1-deficient T

cells offer protection in the development of T cell transfer driven intestinal inflammation.
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Figure 3.10 HIC1-deficient T cells prevent intestinal inflammation following adoptive transfer with wild type
T cells into Ragl™” mice.

CD4'CD25 CD45RB" naive T cells (4 x 10°) from Hic/"" or a 1:1 mixture of naive T cells from Hicl " and
from Hicl’" mice (4 x 10° from each group; 8 x 10° total) were transferred into Ragl_/_ mice and monitored for
colitis. (A) Weight loss (percentage of initial weight) was calculated for each mouse over 6 weeks. (B) At 6
weeks post-transfer, mice were sacrificed and analyzed for intestinal tissue pathology and inflammatory
infiltrate by H&E staining. Scale bar represents 100pm. (C) Histological scores. Data are pooled 2

independent experiments (z = 8 per group). * P < 0.05. Error bars indicate SEM.
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Finally, to determine if HIC1-deficient T cells play a protective role in a non-T cell
driven model of intestinal inflammation, we employed dextran sodium sulfate (DSS) induced
colitis. This model involves chemically induced epithelial cell damage, which leads to bacterial
translocation and activation of sub-epithelial innate immune cells and therefore does not require

108,109 . . . 14T :
19 Hie """ mice and Hicl*" mice were exposed to

T or B cells for development of disease
3.5% DSS in their drinking water for 7 days before returning to regular drinking water for one
final day. DSS-treated Hic/?" mice exhibited attenuated weight loss in comparison to treated
Hic™" mice (Figure 3.11A). At day 8 after DSS treatment, sections from the colon of DSS-
treated Hicl"" mice revealed negligible damage to the epithelium and a minimal presence of

" mice exhibited severe

inflammatory cells. In contrast, tissue sections from DSS-treated Hic
mucosal inflammatory cell infiltrate, sloughing of epithelial cells and complete loss of crypt

architecture (Figure 3.11B and C). Therefore, HIC1-deficient T cells offer a protective function

in the development of innate immune cell driven intestinal inflammation.
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Figure 3.11 HIC1-deficient T cells limit inflammation during DSS induced colitis.
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HicP"'" mice and Hicl’" mice were exposed to 3.5% DSS in their drinking water for 7 days and monitored for

colitis. (A) Weight loss (percentage of initial weight) was calculated for each mouse over 8 days. (B, C) At 8

days post-DSS administration, mice were sacrificed and analyzed for intestinal tissue pathology and

inflammatory infiltrate by H&E staining. (B) Histological scores. (C) Representative images. Scale bar

represents 100pm. Data are pooled from 3 independent experiments (n=13 per group). * P < 0.05. Error bars

indicate SEM.
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3.2.8 HICI1 is required to limit STAT3 signaling in Ty17 cells

In addition to directly repressing target genes, HIC1 has been shown to negatively
regulate gene expression by several mechanisms including the recruitment of co-repressors such
as the CtBP, NuRD and PRC2 complexes to target genes to mediate gene repression ' '='%.
Further, HIC1 has also been shown to indirectly repress transcription by binding to
transcriptional activators and preventing binding to target genes. HIC1 has been shown to
interact with and inhibit DNA binding of transcription factors such as TCF4 and STAT3 ">,
As HICI-deficient Ty17 cells produce heightened levels of the STAT3 target gene IL-17A 2",
we hypothesized that increased STAT3 activity was associated with HIC1 deficiency. We first
examined the levels of IL-6-induced active phosphorylated STAT3 (pSTAT3) in HIC1-sufficient
and -deficient Ty17 cells by flow cytometry. We found that loss of HIC1 had no effect on the
frequency of pSTAT3-positive Ty cells (Figure 3.12A), suggesting that HIC1 did not affect
upstream STAT3 activation. However, co-immunoprecipitation studies in Ty17 cells of either
native HIC1 (Figure 3.12B) or retrovirally-transduced FLAG-tagged HIC1 (Figure 3.12C)
demonstrated that HIC1 and STATS3 interacted in Ty17 cells. Thus, our results suggest that HIC1
limits Tyl7 cell differentiation by binding to STAT3, inhibiting its DNA binding and
transcriptional activation. Consistent with this hypothesis, we found increased STAT3 binding to
the 7/17a promoter in the absence of HIC1 (Figure 3.12D), whereas there was no difference in
binding at an irrelevant site (//5 promoter). Examination of mRNA expression for other known
STATS3 target genes associated with Ty17 cell differentiation *'° revealed slight but insignificant

increases in gene expression of Rorc, Socs3, Irf4, Ahr or 1123r (Figure 3.12E). Thus, HIC1 does

not appear to directly regulate the molecular machinery that controls Ty17 cell differentiation.
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Instead, our results identify an important role for HIC1 in limiting expression of ///7a in Tyl7

cells by inhibition of STAT3 DNA binding.
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Figure 3.12 HIC1 regulates STAT3 signaling in Ty17 cells.

CD4" T cells were activated under Ty17 cell-polarizing conditions. (A) Flow cytometric analysis of STAT3
phosphorylation from Ty17 cells restimulated with or without IL-6 for 15 minutes. Numbers represent mean
fluorescence intensity. Data are representative of 2 independent experiments. (B) Inputs, anti-STAT3
immunoprecipitates (IP), and normal rat serum IP from Ty17 cells were immunoblotted with anti-STAT3
and anti-HIC1 antibodies. 1 and 2 represent duplicate Tyl7 cultures. Data are representative of 2
independent experiments. (C) Inputs and anti-FLAG IP from Tyx17 cells retrovirally transduced with MigR1
(empty) or MigR1 FLAG-HIC1 vectors were immunoblotted with an anti-STAT3 antibody. Data are
representative of 2 independent experiments. (D) Chromatin Immunoprecipitation (ChIP) analysis of STAT3
binding to the Il/17a and II5 promoters in Tyl7 cells. Data are from 3 independent experiments (n=6 per
group). (E) Analysis of Rorc, Socs3, Irf4, Ahr, I1123r mRNA expression by quantitative RT-PCR. Data are
from 2 independent experiments (n=6 per group). * P < 0.05. Error bars indicate SEM.
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3.3 Discussion

We have identified the transcription factor HIC1 as a novel regulator of intestinal
immune homeostasis. In the steady state, Hic/ is specifically expressed in immune cells of the
intestinal LP and intraepithelial niches in an atRA-dependent manner, and mice with a T cell-
intrinsic deletion of Hicl have a dramatic decrease in the number of T cells in intestinal tissues.
HIC1 deficiency leads to increased expression of IL-17A, possibly through the loss of STAT3
inhibition. Under inflammatory conditions, Hicl expression in T cells is required for intestinal
pathology, identifying HIC1 as a potential therapeutic target to treat intestinal inflammation.

Our results suggest that the micronutrient atRA regulates Hicl expression in immune
cells in the intestine. In support of this, two unrelated genome-wide expression screens for genes
in Ty cells regulated by atRA signaling have identified HIC1 as an RA/RARa-dependent gene,

19319 These results are consistent with an in

although no functional analyses were carried out
silico study showing that the Hic/ gene contains multiple RA receptor response elements
(RAREs) 7. However, HIC1 is dispensable for RA-mediated expression of intestinal homing
molecules and atRA-dependent suppression of IL-17A production in vitro, suggesting that the
atRA-HICI axis plays a specific role in regulating intestinal T cell homeostasis that remains to
be defined.

T cell-intrinsic deletion of Hicl resulted in a significant reduction in the frequency and
number of T cells in the intestinal microenvironment. Interestingly, mice raised on a VAD diet
also display reduced numbers of intestinal T cells '*’. As atRA has been shown to regulate
expression of intestinal homing molecules such as CCR9 and a4f7 integrin, we first suspected

that defective trafficking to the intestine was responsible for the paucity of T cells in the

intestines of Hicl?" mice; however, we did not observe any defects in the ability of HICI-
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deficient T cells to express CCR9 or a4f7. In addition, we observed a significant influx of T
cells into intestinal tissues upon induction of inflammation, further suggesting that migration to
the intestine is not regulated by expression of HIC1. However, we did observe that the HICI-
deficient T cells present in the intestine at steady state expressed significantly lower levels of the
surface molecules CD69 and CD103. These molecules are expressed by tissue-resident cells and
are required for retention in tissues. Indeed, similar to our results, CD103-deficient mice have a

severe reduction in the number of T cells in the intestine 2%

. Thus, HIC1 appears to be required
for the optimal expression of CD69 and CD103 and retention of T cells in the intestinal
microenvironment.

In addition, CD69 and CD103 are characteristic markers of a subset of memory T cells
known as tissue resident memory T (Trm) cells. Trm cells are long-lived quiescent cells that are
thought to have derived from effector T cells that have migrated into non-lymphoid tissues.
Interestingly, HIC1 has been shown to control fundamental cellular processes such as cell growth
and survival '**'®" HIC1 has been shown to interact with and regulate key transcription factors

191,214

involved in cell cycle progression and cellular metabolism . For example, HIC1 is involved

190
1

in a regulatory feed back loop with the deacteylase SIRT , which is a key regulator of fatty

acid oxidation 2"

. Further, it has been demonstrated that fatty acid metabolism is key to memory
T cell development and survival '**'". Thus, it is possible that in addition to directly regulating
T cell retention in tissues, HIC1 may also be required to promote quiescence through metabolic
pathways in T cells. Future studies will aim to characterize the role for HIC1 in T cell quiescence
and memory development.

Another observation was the increase in the frequency of IL-17A-producing Ty17 cells in

the intestine of Hicl?" mice. Tyl7 cells have been shown to play an important role in host
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I8 However, they have also been described as

defense to extracellular bacteria and fungi
pathogenic in multiple inflammatory diseases such as psoriasis and rheumatoid arthritis, and
targeting IL-17A has proven to be an effective therapy *'°**'. However, the role of IL-17A in
inflammatory bowel disease is controversial. Initial studies using the T cell transfer model of
colitis provided the first evidence that IL-23-driven Tyl7 cells were pathogenic °°. Further,
STAT3 was shown to be required to drive both colitis and systemic inflammation not only by
modulating Ty17 cell differentiation but also by promoting T cell activation and survival *".
However, targeted therapies against IL-17A in Crohn’s disease have been proven ineffective

222223 and recent studies have shown that IL-17A is important for maintaining intestinal barrier

9293 Further, it is

integrity and has a protective role in regard to the development of colitis
becoming more apparent that the Ty 17 cell lineage has a degree of heterogeneity with regards to
pathogenicity. For example, Tyl7 cells differentiated in the presence of TGFf are less
pathogenic and produce higher levels of IL-10 while cells differentiated in the presence of IL-23

are more pathogenic and can produce IFN-y ****%

. In addition, Tyl7 cells have a degree of
plasticity and fate-mapping studies have shown that ‘ex-Ty17’ cells lose their ability to produce
IL-17A altogether and exclusively produce IFN-y under certain conditions **°. As our studies
show increased production of IL-17A from Ty17 cells and a lack of pathogenicity in multiple
mouse models of intestinal inflammation, we hypothesize that in the absence of HIC1, Ty17 cells
are skewed to a more protective lineage and do not transition into pathogenic cells. Further, it has
been shown that STAT3 can inhibit transcription of key genes from other Ty cell lineages **’ and
therefore may provide Tyl7 lineage stability in the absence of HIC1. However, the precise

molecular mechanism of how HIC1 regulates the pathogenicity of T cells remains to be fully

elucidated.
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In summary, we have identified the transcription factor HIC1 as an atRA-responsive cell-
intrinsic regulator of T cell function in the intestine. Through its interaction with STAT3, HIC1
limits IL-17A production by Tx17 cells and is required for the development of intestinal
inflammation. Together, these results suggest that HIC1 is an attractive therapeutic target for the
treatment of inflammatory diseases of the intestine such as Crohn’s disease and potentially other

diseases associated with dysregulated Ty17 cell responses.
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Chapter 4: HIC1 links retinoic acid signalling to group 3 innate lymphoid cell-

dependent regulation of intestinal immunity and homeostasis

4.1 Overview

Chapter 3 focused on the role of HIC1 in intestinal T cell responses; however, in that
study we also identified other intestinal immune cells (such as DCs and macrophages) that also
expressed Hicl. Although T cells are present in vast numbers and deliver potent adaptive
immune responses against antigens, the intestinal immune system also relies on innate immune
cells and their rapid effector functions to maintain intestinal homeostasis *****. DCs, and
monocytes/macrophages are not only responsible for phagocytosis of pathogens and presentation
of antigens but are also responsible for shaping the immune response through co-stimulatory

228

molecules and cytokine secretion “. Further, the recently identified groups of ILCs are key

¥ Therefore, in this chapter, we sought

orchestrators of immune defenses at mucosal surfaces
to further characterized atRA dependent expression of HICI in other intestinal immune cell
populations. In order to further characterize HIC1 function in other immune cells, we generated
mice with either a deletion of Hic/ in all hematopoietic cells or specifically in ROR-yt-
expressing cells. At steady state, we show that HICI is critical for intestinal immune homeostasis
by regulating ILC3s as deletion of Hic/ results in a significant reduction in the number of ILC3s
in the intestine. Further, we identify an ILC3-intrinsic role for HIC1 in regulating intestinal Ty

cell responses to commensal bacteria as well as providing protective immunity to infections with

the intestinal pathogens Citrobacter rodentium and Trichuris muris. These results identify a
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central role for atRA-dependent expression of Hic/ in ILC3s in the regulation of intestinal

immune responses.

4.2 Results

4.2.1 Hicl is expressed by intestinal ILCs and is critical for intestinal immune
homeostasis

We have previously shown that Hic/ was highly expressed by T cells, DCs and
macrophages within the intestinal lamina propria (LP) and intraepithelial compartments (Chapter

201

e
19 mice) ! we

3). Using mice with a fluorescent reporter gene inserted in the Hicl locus (Hic
were able to determine that in addition to the previously identified populations, lineage-negative
(CD3 CD5 CD8 CD11c CD11b CD19 NKI1.1 Grl Ter119 B220") (lin"®) CD90.2" CDI127"
ILCs isolated from the intestinal lamina propria express Hic! (Figure 4.1A). Similar to our
previous results, Hicl expression in ILCs was dependent on the availability of atRA, as
HicI“"™™ mice reared on a VAD diet did not express Hicl in ILCs within the LP (Figure 4.1B).
To determine the role of HICI in ILCs, we first crossed mice with /oxP sites flanking the Hicl
gene (Hic/™" mice) with mice that express the Cre recombinase under control of the Vav
promoter (Vav-Cre mice) to generate mice with a hematopoietic specific deletion of Hicl
(Hic1™ mice). Upon hematopoietic cell-specific deletion of Hicl we observed a total reduction
in the number of CD45" leukocytes in the intestinal LP at steady state (Figure 4.1C and D).
Similar to results reported in Chapter 3 using a T cell specific deletion of Hicl, we saw a

reduction in the total number of TCRP" T cells (Figure 4.1E and F). Analysis of

CD11¢"MHCII" antigen presenting dendritic cells demonstrated a large shift in DC populations.
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There was a significant decrease in number of the CD103°CD11b" DCs accompanied with a
significant increase in CD103'CD11b  DCs (Figure 4.1G and H). Further, we observed a
significant change in ILC populations in the LP. There were significantly fewer ROR-yt" ILCs
(ILC3s) in the LP of Hic1" mice, with a significant reduction in the number of ROR-yt” TBET"
ILC3s (Figure 4.11 and J). We also detected a small but significant increase in the number of
CD4" ILC3s (also known as lymphoid tissue inducer (LTi) cells) but no change in numbers of
the canonical GATA3" ILC (ILC2) population (Figure 4.11 and J). Thus hematopoietic cell-

intrinsic HICI is critical for regulation of T cell, DC, and ILC populations in the intestinal LP.
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Figure 4.1 Hicl is expressed by intestinal ILCs and is required for intestinal immune homeostasis.

(A) ILCs (lin"** CD90" CD127" cells) were analyzed by flow cytometry for HicI“"™ reporter expression from
the intestinal lamina propria (LP). Data representative of 2 independent experiments (B) Hicl reporter
expression in intestinal LP ILCs from Hic1“™ mice fed a control diet, HicI“"™ mice fed a vitamin A
deficient (VAD) diet, and controls fed a control diet was analyzed by flow cytometry. Data are representative
of 2 independent experiments. (C - J) Intestinal LP cells from HicP"'" and Hic1"™ mice at steady state were
analyzed by flow cytometry to enumerate populations of: (C, D) CD45" leukocytes, (E, F) TCRB™ T cells, (G,
H) CD11¢" MHCII" CD64" macrophages, CD11¢" MHCII® CD64 DCs, (I, J) ROR-yt" ILC3s, GATA3" ILC2s,
CD4" ILC3s (LTis) and TBET®™ ROR-yt" ILC3s. Data pooled from 2 independent experiments (n=4 per

group). *, P < 0.05; Student’s ¢ test. Errors bars indicate SEM.

4.2.2 HICI1 regulates intestinal ILC3 populations in a cell-intrinsic manner

To determine whether HIC1 functioned in a cell-autonomous manner in regulating the
homeostasis of intestinal ILCs, we reconstituted lethally irradiated CD45.1" mice with mixed
bone marrow (BM) harvested from congenic wild type (CD45.1/2") mice and CD45.2" Hic " or
Hic1”™ mice. Although a 50:50 mix of donor BM (wild type/Hic ") yielded chimeric recipient

mice with an ~40:60 ratio of donor-derived ILC3s, a 50:50 ratio of donor BM (wild

type/Hicl"™) only yielded a ~70:30 ratio of donor-derived ILC3s (Figure 4.2A and B),
indicating there is a cell-intrinsic role for HICI as the wild type BM significantly outcompeted

the Hicl" BM in developing intestinal ILC3s.

80



A Spleen SILP B SILP

CD45.2*B220* cells ~ CD45.2* ILC3s
5 £15 W Hic1™"
“ g S - Hic1var
1 &9\a ! = CD45.2 Hic1 o “g’ 1.0 L
w G D45.1/CD45.2 WT 5
. $ CD45.1/CD45 _(% 8 05
o 362 .- 41.5 T O
e Y e et T 200
< v G < ’ &
o [m
O O
=P CD45.2 Hic1vav
J CD45.1/CD45.2 WT
36.8
—CD45.1 —

Figure 4.2 ILC-intrinsic HIC1 regulates ILC3 populations within the intestine.

Reconstitution of mixed bone marrow (BM) chimeras of Hicl Y@ BM and control Hic™" BM competed with
CD45.1/2 BM and together injected into lethally irradiated CD45.1 mice was examined 12 weeks after
transplant. (A) Representative plots of splenic B cells (gated on CD45.2" B220") and small intestinal lamina
propia (SILP) ILC3 (gated on CD45.2" 1in"* CD90.2" ROR-yt") (b) Relative ILC3 chimerism normalized to

splenic B cells. Data are from two independent experiments (# = 6—8 mice per group).
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4.2.3 HICI1 does not regulate ILC precursors in the bone marrow

As we observed a significant reduction of ILC3s in the LP in the absence of HIC1, we
next tested directly whether the lack of HIC1 affected the upstream development of ILC
precursors in the bone marrow. ILCs develop in the bone marrow through a lineage pathway that
begins with a common lymphoid progenitor (CLP) and progresses through an a4f7-expressing
lymphoid progenitor (aLP), a common progenitor to all helper-like ILCs (ChILP) and, in the
case of ILC2s, an ILC2 precursor (ILC2p) **°. Analysis of surface marker expression on lineage-
negative, CD45" bone marrow cells showed that HIC1 was not required for the development of
CLP, aLP, ChILP or ILC2p populations (Figure 4.3A and B). Thus, the reduced number of
ILC3s in the LP is not due to a reduced frequency of ILC precursors and suggests that HIC1 is

required for ILC3 homeostasis in the periphery.
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Figure 4.3 HIC1 does not regulate ILC precursors in the bone marrow.

(A) Gating strategy and (B) cell numbers of CLPs (CD45" lin"® CD127" FIt3" a4p77), a4p7” lymphoid
progenitors (oLP; CD45" 1in"*®* CD127" F1t3~ a4p7"), ChILPs (CD45" 1in"® CD127" FIt3~ a4p7" CD25 c-Kit")
and ILC2 progenitors (ILC2p; (CD45" 1in"*® CD127" FIt3™ a4p7" CD25" ¢-Kit") from bone marrow of Hicl"™
and Hic’™" mice. Data are from two independent experiments (z = 4 per group). ns, not significant. *, P <

0.05; Student’s 7 test. Errors bars indicate SEM.
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4.2.4 Hematopoietic specific deletion of Hicl results in susceptibility to intestinal
bacterial infection.

ILC3s have been shown to play a significant role in resistance to infection with the
attaching and effacing bacterial pathogen Citrobacter rodentium **'°. Following infection with

C. rodentium, Hicl"™

mice exhibited enhanced weight loss and significantly higher bacterial
burdens in the feces compared to Hic” controls (Figure 4.4A and B). Furthermore, infected
Hicl”™ mice but not Hic"" mice had dissemination of bacteria to the liver (Figure 4.4C),
demonstrating a significant impairment in the intestinal barrier following infection. Associated
with impaired bacterial containment and clearance were reduced levels of transcripts for the
cytokines ///7a and 1122, as well as the intestinal antimicrobial peptide Reg3g (Figure 4.4D).

Thus, HIC1 within hematopoietic cells is critical to mount a proper immune response against C.

rodentium.
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Figure 4.4 Hematopoietic deficiency of HIC1 results in susceptibility to Citrobacter rodentium infection.

Hic1"™ and Hic"" mice were orally inoculated with C. rodentium. (A) Weight loss (percentage of initial
weight) was calculated for each mouse over course of infection. (B, C) Bacterial loads (CFU/g) from fecal
pellets (B) and liver (C) were measured at 11 days post inoculation. (D) Quantitative RT-PCR was performed
to determine expression of 1/17a, 1122 and Reg3g from distal colon tissue 11 days post inoculation. Data are
pooled from 2 independent experiments (n = 8-9 per group). *, P < 0.05; Student’s 7 test. Errors bars indicate

SEM. nd, none detected.
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4.2.5 ILC3-intrinsic Hicl expression is critical for defence against intestinal bacterial
infection.
As T cells, CD103" CD11b" DCs and ILC3s are all important in initiating and

propagating ILC3/Ty17 responses in the intestine >*'*>"*?

and these population are perturbed in
Hicl”™ mice, we next sought to determine the effect of HIC1 deficiency in these specific cell
populations during infection C. rodentium. We crossed Hic """ mice with mice expressing Cre
under the control of either the Cd4 promoter or ltgax promoter to generate T cell-specific
(Hic1“"? mice) and dendritic cell-specific (HicI“?''¢ mice) HIC1-deficient mice. Both Hicl"*
mice (Figure 4.5A — C) and HicI“""'* mice (Figure 4.5D — F) were as resistant to infection with

C. rodentium as control Hicl™"

mice, with equivalent weight loss, fecal bacterial burdens and
expression of cytokines and antimicrobial peptide mRNA in the intestine. Thus, these results
demonstrate that expression of HIC1 in T cells or CD11c-expressing cells is not required for
immunity to bacterial infection and suggests loss of HIC1 in another cell population is

1 Vav

responsible for the phenotype observed in Hicl™*" mice.
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Figure 4.5 Hicl expression in T cells and dendritic cells in not required for immunity to Citrobacter rodentium
infection.

(A=C) Hic1?* and HicP’"" mice or (D-F) Hic1”"'* and Hic™" mice were orally inoculated with C. rodentium.
(A, D) Weight loss (percentage of initial weight) was calculated for each mouse over course of infection. (B, E)
Bacterial loads (CFU/g) from fecal pellets were measured at 11 days post inoculation. (C, F) Quantitative RT-
PCR was performed to determine expression of 7/17a, 1122 and Reg3g from distal colon tissue 11 days post
inoculation. Data are pooled from 2 independent experiments (n = 6 per group, (A—C)) or (n = 5-6 per group,

D-F)). *, P < 0.05; Student’s ¢ test. Errors bars indicate SEM. ns, not significant.
g
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To determine the role of HIC1 in ILC3s during infection with C. rodentium, we crossed
Hic™" mice with mice expressing Cre recombinase under the control of the Rorc promoter
(HicI®" mice). Following infection with C. rodentium, and similar to what we observed in the
Hicl™ mice, HicI® mice displayed increased weight loss, higher fecal bacterial burdens and
increased bacterial dissemination than control Hic /"' mice (Figure 4.6A — C). Associated with
increased susceptibility was reduced expression of ///7a, 1122 and Reg3g in intestinal tissues
(Figure 4.6D). Based on our results, we hypothesized that HIC1 is an important regulator of
ILC3 function during C. rodentium infection. To better examine the effect of HIC1 deletion on
ILC3s, we examined the intestinal LP of Hic’™" mice and HicI® mice at day 4 post C.
rodentium infection. Enhanced susceptibility to infection with C. rodentium that we observed in
Hicl® mice correlated with the loss of ILC3s and reduced numbers IL-22-producing ILC3s
(Figure 4.6E and F). Taken together, these results suggest that expression of HICI in ROR-yt"

ILC3s is critical for resistance to intestinal bacterial infection.
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Figure 4.6 ILC3-intrinsic HIC1 is required for immunity to Citrobacter rodentium infection.

Hic1®™ and Hicl™ mice were orally inoculated with C. rodentium. (A) Weight loss (percentage of initial
weight) was calculated for each mouse over course of infection. (B, C) Bacterial loads (CFU/g) from fecal
pellets (B) and liver (C) were measured at 11 days post inoculation. (D) Quantitative RT-PCR was performed
to determine expression of 1/17a, 1122 and Reg3g from distal colon tissue 11 days post inoculation. (E, F)
Total ILC3s and IL-22 producing ILC3s from intestinal lamina propria were analyzed by flow cytometry 4
days post inoculation. Data are pooled from two independent experiments (n = 7-8 per group). *, P < 0.05;

Student’s 7 test. Errors bars indicate SEM. nd, none detected.
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4.2.6 Hematopoietic deficiency of HIC1 results in susceptibility to intestinal helminth
infection.

Our results show that HIC1 is an atRA-responsive factor that is critical for regulation of
ILC3 homeostasis and function. As a recent study demonstrated that blockade of atRA signalling
results in dysfunctional ILC3 responses along with a compensatory increase in ILC2 responses
and enhanced immunity to infection with the intestinal helminth parasite Trichuris muris ', we
hypothesized that in addition to the defective ILC3 response observed in both Hicl"® mice and
Hicl® mice, we would find enhanced ILC2 responses in the absence of HIC1. To test this, we
infected Hic " and Hic1"™ mice with T. muris. In contrast to our expectations, we did not
observe a heightened protective ILC2/Ty2 cell response, but found that Hic!”® mice were

susceptible to infection. Hicl"™

mice maintained a significant worm burden and enlarged
mesenteric lymph nodes 21 days after infection (Figure 4.7A and B). Histological analysis
revealed that 7. muris-infected Hicl” mice displayed a reduced frequency of goblet cells, with
parasites embedded within the caecal epithelium (Figure 4.7C and D). Associated with the
increased susceptibility, HicI"® mice mounted a non-protective type 1 response following
infection, as restimulation of the draining mesenteric lymph nodes (mLN) revealed a significant
increase in secreted [FN-y (Figure 4.7E) and expression of the /fig in the intestinal tissues
(Figure 4.7F), concomitant with a reduced type 2 response. We also observed a switch in the 7.
muris-specific antibody response from IL-4-dependent IgG1 to IFN-y-dependent IgG2a in the

] Vav

serum of infected Hic mice (Figure 4.7G). Thus, loss of HIC1 in hematopoietic cells results

in increased susceptibility to infection with 7. muris.
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Figure 4.7 Hematopoietic HIC1 deficiency results in susceptibility to Trichuris muris infection.

Hic1"™ and Hic™" mice were infected with 200 7. muris eggs. (A) Worm burdens were determined
microscopically from cecal contents 21 days post infection. (B) Total cells of mesenteric lymph nodes (mLN)
were counted. (C) PAS-stained cecal sections, scale bar = 50 pm. (D) Goblet cells were quantified from PAS-
stained cecal sections. (E) Supernatants of aCD3/CD28 restimulated mLN cells were evaluated for secretion
of IFN-y and IL-13 by ELISA. (F) Quantitative RT-PCR was performed to determine expression of 114, 1113,
and Ifng from proximal colon tissue. (G) Serum Trichuris-specific IgG1 and IgG2a levels were quantified by
ELISA. (A-F) Data are pooled from three independent experiments (n=10-12 per group). (G) Data are
representative of three independent experiments (n=4 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001;

Student’s 7 test. Errors bars indicate SEM.
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4.277 HIC1in T cells and dendritic cells is dispensable for immunity to Trichuris muris.
To determine which cell type required HIC1 expression to promote immunity to 7. muris,
we infected both HicI?* mice and Hicl“”''* mice. Strikingly, loss of HIC1 in T cells or
CDl1c-expressing cells had no effect on the development of protective immunity against 7.
muris. We observed equivalent expulsion of worms and expression of I/fing and //13 in the
intestinal tissues between control Hic F"' mice, Hic1“"* mice (Figure 4.8A and B) and Hicl“"''¢
mice (Figure 4.8C and D). Thus, we conclude that expression of HICI in T cells or CD1l1c-

expressing cells is not required for immunity to 7. muris.
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Figure 4.8 HIC1 in T cells and dendritic cells is dispensable for immunity to Trichuris muris.

(A, B) Hic1? and Hic’™" mice or (C, D) Hic1°"’" and HicI"" mice were infected with 200 7. muris eggs. (A,

C) Worm burdens were determined microscopically from cecal contents 21 days post infection. (B, D)

Quantitative RT-PCR was performed to determine expression of Il/4, 1l113, and Ifng from proximal colon

tissue. Data are pooled from 2 independent experiments (n = 8 per group). *, P < 0.05; Student’s 7 test. Errors

bars indicate SEM. ns, not significant.
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4.2.8 ILC3-intrinsic expression of Hicl is required for immunity to 7. muris.
As there was no observable role for HIC1 in T cell or DC function during 7. muris
infection, we next sought to determine if there was a defect in HIC1 deficient ILC3s that prevent

clearance of the parasite. Surprisingly, Hicl®"

mice infected with 7. muris were susceptible to
infection, maintaining a significant parasite burden at day 21 post-infection (Figure 4.9A).
Similar to Hicl"® mice, we observed enlarged mesenteric lymph nodes (Figure 4.9B), as well as
increased inflammatory cell infiltration, reduced number of goblet cells, submucosal edema, and
parasites embedded within the caecal epithelium (Figure 4.9C and D). Consistent with the lack

of protective immunity, we found that Hicl*"*

mice displayed high levels of secreted IFN-y
from restimulated mLN cells as well as increased expression of Ifng in intestinal tissues (Figure
4.9E and F), which is associated with increased levels of IFN-y-dependent IgG2a antibodies in
the serum (Figure 4.9G). However, we failed to observe reduced expression of type 2 cytokines
in the mLN or intestine (Figure 4.9E and F), suggesting that the heightened levels of IFN-y was
promoting susceptibility in the context of a protective type 2 immune response. Thus, ILC3-

intrinsic expression of HICI1 is critically required for the development of protective type 2

immune responses against 7. muris.
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Figure 4.9 ILC3 specific deletion of Hicl renders mice susceptible to Trichuris muris infection.

Hic1® and Hic™" mice were infected with 200 7. muris eggs. (A) Worm burdens were determined
microscopically from cecal contents 21 days post infection. (B) Total cells of mesenteric lymph nodes (mLN)
were counted. (C) PAS-stained cecal sections, scale bar = 50 pm. (D) Goblet cells were quantified from PAS-
stained cecal sections. (E) Supernatants of aCD3/CD28 restimulated mLN cells were evaluated for secretion
of IFN-y and IL-13 by ELISA. (F) Quantitative RT-PCR was performed to determine expression of 114, 1113,
and Ifng from proximal colon tissue. (G) Serum Trichuris-specific IgG1 and IgG2a levels were quantified by
ELISA. (A-F) Data are pooled from two independent experiments (n=8 per group). (G) Data are
representative of two independent experiments (n=4 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001;

Student’s 7 test. Errors bars indicate SEM.
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4.2.9 Neutralization of IFN-y in 7. muris-infected HicI1**" mice promotes resistance
Based on our results showing heightened levels of IFN-y, we next asked whether
antibody blockade of IFN-y would render Hic/® mice resistant to infection. We found that
treatment of 7. muris-infected HicI®” mice with a-IFN-y antibody promoted resistance, with a
complete clearance of parasites in antibody-treated mice by day 21 post infection (Figure
4.10A). Increased resistance was associated with increased numbers of goblet cells (Figure
4.10B and C) along with reduced levels of IFN-y and heightened levels of IL-4 and IL-13
(Figure 4.10D and E). Antibody treatment also resulted in reduced levels of 7. muris-specific
IgG2a and increased levels of IgG1 in the serum (Figure 4.10F). Thus, these results suggest that
ILC3-specific expression of Hicl is not required for resistance to 7. muris infection when IFN-y

responses are neutralized.
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Figure 4.10 Neutralization of IFN-y in Trichuris muris —infected Hic1*" mice facilitates immunity to
infection.

HicI®™ mice were infected with 200 7. muris eggs and treated i.p. with antibodies against IFN-y or an isotype
control (Rat Ig). (A) Worm burdens were determined microscopically from cecal contents 21 days post
infection. (B) PAS-stained cecal sections, scale bar = 50 pm. (C) Goblet cells were quantified from PAS-
stained cecal sections. (D) Supernatants of aCD3/CD28 restimulated mLN cells were evaluated for secretion
of IFN-y and IL-13 by ELISA. (E) Quantitative RT-PCR was performed to determine expression of 114, 1113,
and Ifng from proximal colon tissue. (F) Serum Trichuris-specific IgG1 and IgG2a levels were quantified by
ELISA. Data are from one experiment (n=4 per group). *, P < 0.05; **, P < 0.01; Student’s 7 test. Errors bars

indicate SEM. nd, none detected.
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4.2.10 ILC3-intrinsic HIC1 is required to limit commensal bacteria specific Ty cell
responses.

ILC3s play a central role in intestinal immune homeostasis by limiting T cell responses
against commensal bacteria 2>, A subset of intestinal ILC3s can present commensal bacterial
antigen to CD4" T cells through MHCII but lack any co-stimulatory molecules and thus induce
anergy in commensal-specific T cells >**. As we observed reduced numbers of ILC3s as well as
enlarged mLN and heightened levels of IFN-y production from restimulated T cells from the
mLN of naive and T. muris-infected HicI®” mice, we hypothesized that the increased IFN-y
production was due to dysregulated T cell responses to bacteria. Consistent with this, we observe
a significant reduction in the number of regulatory MHCII" ILC3s in the intestinal LP of Hicl*"*
mice at steady state (Figure 4.11A and B). Interestingly, analysis of CD4" T cells from the mLN
of HicI® mice at steady state reveals that in comparison to control mice, HicI®”“ mice
exhibited significantly increased frequencies of proliferating Ki67" CD4" T cells (Figure 4.11D),
effector/effector memory CD44™€" CD62L"Y CD4" T cells (Figure 4.11E) as well as IFN-y"
CD4" T cells (Figure 4.11F), indicative of disrupted immune cell homeostasis. Consistent with
these responses being driven by commensal bacteria, oral administration of a cocktail of
antibiotics to HicI*”* mice was associated with significantly reduced peripheral IFN-y" CD4" T
cells and CD44"¢" CD62L"Y CD4" T cells and mLN size (Figure 4.11C — F). Taken together,
these results suggest that ILC3-intrinsic HIC1 is required to limit commensal specific Ty cell

responses in the steady state.
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Figure 4.11 ILC3-intrinsic HIC1 is required to limit CD4" Ty cell responses to commensal bacteria.

(A, B) MHCIT' ROR-yt" ILC3s from intestinal lamina propria of Hic1® and HicP"" mice were analyzed by
flow cytometry (C-F) Mesenteric lymph nodes (mLN) from HicP"" and Hic1*"" mice treated with or without
antibiotics (Abx) in their drinking water were analyzed for total cell numbers (C), and analyzed by flow
cytometry for frequency of Ki67" CD4" T cells (D), frequency of CD44"" CD62L"" CD4" T cells (E), and
frequency of IFN-y-producing CD4" T cells (F). (A, B) Data are pooled from two independent experiments
(n=4-5 per group). (C-F) Data are pooled from two independent experiments (n=5-7 per group). *, P < 0.05;
**, P <0.01; Student’s ¢ test. Errors bars indicate SEM. ns, not significant.

99



4.3 Discussion

Our results demonstrate that in the steady state, Hic/ is expressed by intestinal ILCs in a
Vitamin A-dependent manner. In the absence of HICI, we observed a dramatic decrease in
intestinal ILC3 numbers, which was associated with a failure to clear C. rodentium infection. In
addition, the reduction of regulatory MHCII" ILC3s resulted in an increased frequency IFN-y-
producing T cells locally and systemically. The heightened levels of IFN-y in the absence of
HIC1 inhibited the ability of Hicl "% mice and HicI® mice to mount a protective Ty2 cell-
associated immune response against 7. muris infection. Together, these results highlight an
important role for HIC1 not only in regulating intestinal immune homeostasis but also in
mounting proper immune responses to diverse intestinal infections.

In the absence of HIC1, we found a significant reduction in the number of ILC3s with no
effect on ILC2s in the intestine. This is consistent with studies examining the role of atRA on
intestinal ILC3 development and function. atRA-dependant expression of CCRY is critical for
intestinal migration of ILC3s, while intestinal ILC2 migration is independent of atRA '*°.
Similarly, it has been reported that development of intestinal group 3 ILCs and postnatally
formed lymphoid tissue within the intestine are dependent on atRA>”. Specifically, our results
show a reduced numbers of ROR-yt" TBET" ILC3s and an increase in the number of CD4" LTi
cells. This is in agreement with studies that have demonstrated that these two lineages have
distinct developmental pathways; LTi cells would develop in the fetus while TBET™ ILC3s
develop postnatally and rely on environmental signals including atRA *"'%**_ Interestingly, it
has been shown that atRA signalling is also important for generation of LTi cells in the fetus .
However, our results suggest that HIC1 is not involved in fetal LTi formation, as we find no

differences in LTi numbers or lymphoid structures in the absence of HICI. Further, the
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development of ILC progenitor cells in the bone marrow is not perturbed by loss of HICI,
suggesting that the primary role of atRA dependent expression of Hicl is to regulate the
development and function of adult cells in the periphery.

Resistance to intestinal infection with C. rodentium is mediated by IL-22, and ILC3s are

69,70 __ .
70 with

the predominant IL-22-producing cell population during the first week of infection
atRA signaling promoting IL-22 production by intestinal ILC3 *’. There are contradictory
studies on which ILC3 populations are key for resistance to C. rodentium with both CD4" LTi
cells and natural cytotoxicity receptor (NCR)" ILC3s each being described as either individually
critical or redundant "'*'*** " Another study looking at TBET" ILC3s (which include NCR"
ILC3s) demonstrated that TBET expression in a subset of ILC3s is critical for resistance to C.
rodentium infection . Our results are consistent with a role for NCR" or TBET" ILC3s in
immunity to C. rodentium as HicI“®* mice (deficient for HIC1 in T cells and LTi cells) are
resistant to infection while HicI®” mice (deficient for HIC1 in T cells and all ILC3s) are
susceptible. Thus, Hicl expression in ILC3s is critical for immunity to C. rodentium.

In addition to a reduction in ILC3s, a recent study identified that mice raised on a VAD
diet displayed increased ILC2 numbers and heightened type 2 immunity to helminth infection in

163

the intestine . However, in the absence of HIC1, we did not observe an increase in ILC2

numbers nor increased resistance to infection with 7. muris. Instead, we detected increased
production of IFN-y and an inability to mount a protective Ty2 cell response to 7. muris

infection. Further, treatment of 7. muris-infected Hicl®"

mice with a neutralizing antibody
against IFN-y rendered the mice resistant to infection, demonstrating that HIC1-dependent

responses are dispensable in the absence of IFN-y and that the effects of atRA on ILC2s are

likely independent of HIC1.
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Similarly to 7. muris infection, there was also an increased frequency of IFN-y-producing
T cells present in the mLN of HicI*” mice at steady state. Activation of these T cells relied on
commensal bacteria, as administration of antibiotics that ablated the microbiota reversed the
phenotype. Commensal bacteria are essential for promoting normal intestinal physiology but can

d 2*%**! 1L-22 has been described as having a role

trigger inflammation if not properly containe
in preventing intestinal inflammation by influencing commensal bacterial populations ***. In
addition, regulatory MHCII" ILC3s have been shown to prevent inflammation through induction
of anergy in commensal specific Ty, cells *****. As both IL-22 producing and MHCII* ILC3s are
diminished in the absence of ILC3-intrinsic HIC1, lose of either population could contribute to
the commensal bacteria dependent increase in IFN-y producing T cells. However, previous
studies have shown that IL-22-deficient mice did not develop spontaneous colitis **’. In addition,
transient blockade of IL-22, IL-17A, IL-23 or IL-17RA failed to exacerbate adaptive immune
cell responses to commensal bacteria ***, suggesting that ILCs influence adaptive immune cell
responses to commensals independent of cytokine production. In fact, only when ILCs are
depleted with an anti-CD90 antibody or MHCII is specifically deleted in ILCs do commensal
bacteria promote systemic inflammation ********'. Therefore, the anti-commensal driven increase
in IFN-v at steady state that leads to susceptibility to 7. muris in mice with Hicl-deficient ILC3s
is likely not due to a reduced number of IL-22 producing ILCs but rather due to the lose of
regulatory MHCII" ILC3s.

Taken together, these results establish a role for the transcriptional repressor HIC1 as an
atRA-responsive cell-intrinsic regulator of ILC3 cell function in the intestine, and identify a

potential regulatory pathway that could be targeted to modulate ILC3 responses in the intestine.
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Chapter 5: General discussion and conclusion

5.1 Summary
Summarized below are the conclusions reached from this dissertation and the overall research
significance to the central hypothesis: HIC1 will play an essential role in atRA mediated

mucosal immune responses during intestinal infections and inflammatory disease.

Chapter 3: The transcriptional repressor HIC1 regulates intestinal T cell immune
homeostasis.

1. Hicl is expressed by intestinal T cells in an atRA dependent manner.

2. HICI promotes intestinal T cell homeostasis.

3. HICI limits IL-17A production by Ty17 cells through interaction with STAT3.

4. T cell-intrinsic expression of Hicl is required for the development of multiple models

of intestinal inflammation.

Studies in Chapter 3 investigated the expression pattern and role for HICI in intestinal T
cells during homeostasis and disease. Broadly, our studies identified a novel role for HICI in
regulating intestinal T cell populations during steady state and in promoting inflammation in the
intestine. This work further contributes to our understanding of the effects of atRA on the
intestinal immune system through regulation of expression of Hic/ in intestinal immune cells.
At steady state, in the absence of HICI, we observe a significant reduction in T cell numbers;
however, we discovered that there was no defect in atRA driven expression of gut trafficking

molecules CCR9 and a4f7. Conversely, we observe a specific decrease in the number of resident
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CD69'CD103" T cells within the intestine. This is the first indication that atRA, through
regulation of HIC1, could play a larger role than T cell trafficking to the gut and could be critical
in the retention or development of intestinal Trym cells. The association of Vitamin A deficiency
with poor response to vaccines is well known **'*°, however, there are only a handful of studies
that directly link atRA to memory T cell formation *****. Our work suggests that HIC1 could be
a molecular link between atRA and memory T cell development in the intestine. Further, we
show that HIC1 provides a molecular mechanism for atRA inhibition of Ty cell production of
IL-17A through interaction with STAT3 in vitro and in vivo. Interestingly, others have shown

that atRA inhibits up regulation of /6 and 1/23r '*'

— both of which are key receptors for Ty17
cell differentiation and are STAT3 target genes *'° — without altering the levels of pSTAT3 ', A
mechanism similar to what we propose for atRA driven HIC1 suppression of IL-17A, indicating
HIC1 could be responsible for atRA regulation of other STAT3 target genes. Although our in
vitro data suggests HIC1 is not completely required for the atRA-mediated inhibition of Ty17
differentiation, indicating that there is still a yet identified mechanism involved. In regards to
intestinal inflammation, our results provide further evidence to the literature that IL-17A
producing Ty17 cells offer protection from disease rather than drive pathology. Previous clinical

trials that have focused on the blocking IL-17A have failed; *****

a better treatment strategy may
be to target factors that prevent Ty cell from becoming pathogenic. A recent study using an
inhibitor against ROR-yt has proven effective in preventing mouse models of inflammation **°.
However, this treatment depletes T17 cells from the intestine and potentially leaves the animals

susceptible to opportunistic infections, therefore, an appealing alternative would be to develop an

inhibitor against HIC1 as it could potentially leave the Ty17 cells intact and fully capable of
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mounting an anti-bacterial response (as seen in Chapter 4) but prevent the cells from becoming

pathogenic during inflammatory bowel disease.

Chapter 4: HIC1 links retinoic acid signaling to group 3 innate lymphoid cell-dependent
regulation of intestinal immunity and homeostasis.

1. Hicl is expressed by intestinal ILCs in an atRA dependent manner.

2. Hematopoietic cell-intrinsic HIC1 is required for T cell, DC and ILC homeostasis in
the intestine.

3. ILC3-intrinsic HICI is required for resistance to Citrobacter rodentium infection.

4. ILC3-intrinsic HIC1 is required to limit commensal bacteria specific Ty cell
responses.

5. Increased levels of commensal driven IFN-y interfere with resistance to Trichuris

muris infection in mice with a specific deletion of Hic/ in ILC3s.

Studies in Chapter 4 investigated the role of HIC1 in DC, T cell, and ILC populations of
the intestine during multiple infection models. With respect to the growing field of studies
looking at ILCs, we identified a new transcription factor critical in maintaining proper intestinal
ILC3 homeostasis as well as proper ILC3 function during challenges by the intestinal bacterial
infection Citrobacter rodentium and the intestinal helminth parasite Trichuris muris. Our data is
in agreement with previous reports outlining the importance of ILC3s in the production of 1L-22
in order to combat C. rodentium infection. However, our study further identifies the importance
of a TBET' ILC3 population within the intestine in defense against bacterial infections, as this

population is the key population diminished upon ILC3-intrinsic deletion of Hicl. Interestingly,
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we identified a previously unknown role for ILC3 in combating intestinal helminth infections.
Although ILC3 do not contribute directly to the immune response to clear the parasites, they are
critically required to limit commensal bacteria specific immune responses that would otherwise
interfere with the ability to mount a proper Ty2 response to 7. muris. Interestingly, a similar
phenotype was observed in aryl hydrocarbon receptor (AHR)-deficient mice infected with
Toxoplasma Gondii **'. AHR-deficient mice also have a significant reduction in the number of
ILC3 in the intestine and after infection with 7. Gondii, mice displayed increased intestinal
pathology associated with heightened T cell responses to commensal antigens. Together with our
data, this demonstrates the critical role of ILC3s in the intestine in curtailing immune responses
to commensal bacteria in order to not only mount the correct immune response but also the
proper strength of response in order to limit immune pathology during infection. Although our
findings do not determine a molecular role for HIC1 in maintaining ILC3 populations in the
intestine, we do show that bone marrow ILC progenitors are unaffected in the absence of HIC1
suggesting HIC1 plays a role in the maintenance of peripheral adult ILC3s. Recent studies have
described ‘memory’ like ILCs that persist after an immunological challenge in the lung and it is
widely accepted that ILC3s in the intestine are long lived and relatively radioresistant due to
their slow turnover *****_ As HIC1 is a well-known quiescent marker in cells, and these cells are
highly responsive to environment cues such as atRA *"'***¢ it is probable that HIC1 is required

to maintain a long lived quiescent pool of this adult ILC3 population in the intestine.
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5.2 Study limitations

Many of the goals of this dissertation have been met, however, there are certain
limitations and caveats that need to be addressed in these studies regarding mouse strains,
experimental models and data interpretation.

To begin, the mouse models of intestinal inflammation used in Chapter 3 all focus on a
Tul mechanism for driving disease, which roughly mimics the immune response seen in human
Crohn’s disease. However, the translatability of these models for ulcerative colitis is extremely
limited. To further our understanding of HIC1 in all forms of IBD, a better option would have
been to include the model of chronic Trinitrobenzene Sulfonic Acid (TNBS) colitis in the
BALBY/c strain of mice that produces a Ty2 based intestinal inflammation, which better mimics
ulcerative colitis . Similarly, if we could extend the models we did use onto other strains of
mice it would strengthen our results and show that our results did not depend on a specific
genetic background, however, we were restricted to using C57B1/6 mice as our genetic tools —
Cre/LoxP system — are limited to this strain of mice. Further, our interpretations of the data from
our colitis models were clouded by multiple phenotypes within the intestine. Specifically, in
regards to the anti-CD3e antibody driven inflammation model, we could not separate the
contributing effects of initiating disease with fewer T cells in the intestine from the altered
cytokine production of the T cells. Further, multiple reports have described the importance of

L2 Therefore, if there

memory T cell formation in the development of T cell transfer colitis
was a defect in forming memory T cells in the absence of HIC1 as indicated by the lack of
intestinal Try at steady state then both that phenotype as well as the altered cytokine production

could contribute to the overall phenotype that we observed. The inclusion of T cell ‘co-transfer’

and DSS induced colitis experiments allowed us to determine that the altered cytokine profile of
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the HIC1-deficient T cells does indeed contribute to the phenotype; however, we were never able
to directly address whether or not the altered T cell numbers or effector/memory state of the T
cells at homeostasis contributed to disease initiation or progression in our models.

Another major deficiency of this dissertation is the lack of molecular mechanism for
HICI in ILCs from Chapter 4. As intestinal ILC3 are such a rare population, it proved difficult to
isolate enough cells for downstream analysis; this problem was compounded when the phenotype
of the mice with ILC3-specific deletion Hicl results in even fewer cells. FACS coupled with
high throughput sequencing could help better characterize these cells, however, the population of
ILCs that remain in the gene-deficient animals may simply be ILCs that have escaped genetic
deletion of Hicl. Data analysis of Chapter 4 also provided challenges, as the Rorc promoter
driven Cre recombinase used to generate ILC3 specific HICI deficient animals was not
absolutely specific to ILC3s. ROR-yt is expressed early in T cell development in order to
promote thymocyte survival *>> and therefore this Cre recombinase would render T cells as well
as ILCs deficient for HIC1. To distinguish the effects of HICI1-deficient ILC3s from HICI-
deficient T cells, we had to use a strain of mice with a CD4 promoter driven Cre recombinase as
a control group. However, recent reports have highlighted redundant functions for ILCs and T

121
. Therefore, based on our results we cannot

cells in the defense against C. rodentium infections
conclude that our C. rodentium infection phenotype is not due to an additive effect from a defect
in both T cells and ILC3s rather than an effect in ILC3s alone.

The overall limitation of this dissertation is the ability to translate this data into clinical
relevance in human disease. The mouse and human immune systems have developed under

distinct evolutionary pressures and therefore display unique features. For example, human ILC3s

express TLRs and can recognize certain pathogens directly through these receptors, while mouse
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234255 Therefore, the different

ILC3s rely on NCRs and signals from the milieu for activation
mechanisms utilized for innate cell activation between species complicate the translatability of
our findings. Further, the inflammation models used in this dissertation rely on artificial
methods to induce diseases, such as immune-deficient mice or systemic administration of a T
cell activating antibody, which would not be seen in clinical presentations of human IBD.

Therefore our studies should be validated in non-murine systems before being further considered

for clinical relevance.

5.3 Future directions

This dissertation provides the first description of the role of HIC1 in regulating intestinal
immune responses. However, many key questions remain that need to be addressed in future
studies. Outlined below are a few interesting questions with potential experimental designs that

could further our knowledge of the role of HICI in intestinal immunity.

Does HICI regulate Trys cells or CD103 and CD69 expression in T cells from other tissues?

From Chapter 3 we found that Hicl is expressed in an atRA dependent manner in
intestinal T cells and, in the absence of HIC1, the numbers of CD103'CD69" Trm cells are
diminished in the intestine. Trym cells have been characterized in multiple tissues such as the skin,
lung and liver *°. Although our broad examination of total CD45" hematopoietic cells did not
indicate there was expression of Hic/ in other tissues, reports have claimed that perfusion is not
sufficient to remove circulating lymphocytes from some tissues and thus blood contamination

could be masking a potential phenotype >’. It is also interesting to note that the liver contains the
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majority of stored Vitamin A with the body and a subset of skin and lung DCs can express the

28 therefore, it would be

gene Aldhla2 which encodes the atRA synthesizing enzyme
fascinating to see if atRA, and by extension HICI, played a role in the maintenance of specific

Trum populations in sites distal to the intestine.

Does HICI play a role in immune cell tissue retention through expression of CD69 or CD103 or

T cell memory formation through metabolism?

The loss of intestinal CD103" CD69" Try cells described in Chapter 3 could be attributed
to two possible mechanisms. Either T cells are unable to up-regulate surface expression of CD69
or CD103, which facilitate tissue retention, or cells are unable to transition into a quiescent state
that will allow them to survive long term. We have shown a direct link between atRA and HICI
in these cells and studies have identified a correlation between human T cells treated with atRA
and activation status, including CD69 expression *** as well as CD103 expression in monocyte
derived DCs treated with atRA **° but an exact molecular mechanism has not been described.
Conversely, HIC1 has been described as a cellular quiescent marker and a direct regulator of cell
cycle genes as well as the metabolic regulator SIRT1 '°. Further, the HIC1 interacting protein

STATS3 has recently been identified as a critical regulator in mitochondrial function *°'*%

, with
STATS3 playing a central role in metabolic reprogramming >**. Recent reports have demonstrated
the importance of regulating cellular metabolism in memory T cell development and survival
216217 Therefore, loss of HIC1 could disrupt mechanism involved in energy metabolism, such as

SIRT1 levels or STAT3 function, which would influence the development of memory T cells.

Analysis of extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) with a
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Seahorse metabolic analyzer of cultured HIC1-deficient T cells could demonstrate an altered
metabolic state in these cells. Infection of mice with Lymphocytic choriomeningitis virus
(LCMV) results in a strong T cell memory response including LCMV-specific Trym cells that
reside in the intestine, skin and liver. This infection model would allow tracking of antigen
specific intestinal memory T cell formation throughout all stages of infection by using MHCI
and MHCII tetramers (GP334; and NPsos404) and intracellular cytokine staining with flow
cytometry. These studies would aim to characterize a role for HIC1 in T cell quiescence and

memory T cell development.

Does HICI offer a therapeutic or prophylactic target in treating intestinal inflammation?

The effect of deletion of Hic/ in T cells is an increased production of IL-17A and an
overall protective phenotype of T cells in regards to intestinal inflammation (Chapter 3). It would
be interesting to determine if HIC1 could be used as a therapeutic as well as a prophylactic target
for treatment of intestinal inflammation. Specifically, could inhibition of HIC1 turn pathogenic T
cells into anti-inflammatory T cells? The generation of an inducible HIC1-deficient mouse strain
by crossing Hic1™" mice with mice that express a tamoxifen-inducible form of Cre driven by the
Cd4 promoter/enhancer (Cd4-Cre™"* mice) *** could illuminate the timing in which HIC1 needs
to be blocked in order to promote protection from disease. Hicl deletion could be induced in
mice that have established intestinal inflammation (approximately 4-5 weeks post T cell transfer)
and examine if pathogenic intestinal T cells are also lost or somehow altered in the absence of

HIC1. These results would identify HIC1 as a potential therapeutic target to treat intestinal
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inflammation and suggest that chemical inhibition of HIC1 may provide a novel drug for

inflammation in the intestine.

Is HICI expressed in intestinal T cells from humans with IBD?

Our mouse model data suggests that HIC1 is an attractive target to modulate intestinal
inflammation (Chapter 3). However, whether HIC/ is expressed in intestinal T cells from
humans is unknown. Collaboration with a gastroenterologist with access to human intestinal
biopsies would allow us to analyze whether HIC1 is a valid target in human patients. CD4" and
CD8" T cells could be isolated from intestinal biopsies from both inflamed and non-inflamed
tissues of IBD patients. HICI expression levels in T cells could then be compared between
ulcerative colitis and Crohn’s disease patients as well as healthy controls. These experiments

could provide the rationale to follow up with HIC1 as a potential target in human IBD.

Does HICI regulate the differentiation of intestinal dendritic cell populations?

Although DCs are major producers of atRA in the intestine, recent studies have identified
a cell-intrinsic role for atRA in activating a transcriptional profile in pre-DCs that allow for the
differentiation of intestinal conventional DC subsets '**. Interestingly, experiments in Chapter 3
demonstrate that intestinal DCs express Hic/ and upon total hematopoietic specific deletion of
Hicl in Chapter 4, intestinal DCs subsets are significantly altered. Therefore, experiments
focusing on the function of HIC1-deficient DCs with a more specific Hic/ deletion could be

performed to test the role of HIC1 in intestinal DC homeostasis.
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Does the absence of T cell or ILC3 —intrinsic expression of Hicl alter the microbial populations

within the intestine and how does that impact disease?

The intestinal microbiota and intestinal immune cells are co-dependent with both
populations directly and in-directly influencing the other. The microbiota can directly activate
ILCs through NCR as well as influence their development through metabolizing short chain fatty
acids or ligands for receptors such as AHR 7% Similarly, T cells and ILCs can produce IL-22,
which directly influences the production of anti-microbial peptides that will alter the bacterial
populations within the intestinal microbiota ***. Further, dysbiosis of the intestinal microbiota has
been linked to IBD * and reports indicating the loss of certain bacteria can increase the risk for
developing IBD **’. Therefore, deep-sequencing studies examining the bacterial populations
within mice with T cell or ILC -intrinsic deficiencies for HICI at both steady state and during
disease could help identify important bacterial populations that will influence the development or
resolution of IBD. Further, the use of different antibiotics can be used to influence disease

progression in both strains of genetically altered mice.

Does HICI play a role in the pathogenesis of other Tyl7 driven diseases (i.e. multiple sclerosis

and rheumatoid arthritis)?

Although IL-17A is becoming more associated with a protective role in IBD, other Ty17

associated diseases such as multiple sclerosis and rheumatoid arthritis are still driven by

221,268

pathogenesis associated with the action of this cytokine . Interestingly, recent reports have
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highlighted a central link between inflammation in the central nervous system (CNS) and
immune cells of the gut with evidence showing trafficking of antigen specific T cells between
sites '°. Therefore it would be interesting to determine if the increased IL-17A in our HIC1-
deficient T cells exacerbates other models such as experimental autoimmune encephalomyelitis
(EAE) or if these T cells adopt an overall anti-inflammatory phenotype that prevent development

of disease in other non-intestinal inflammation models.

5.4 Concluding remarks

The findings presented in this dissertation provide the first evidence that the transcription
factor HIC1 is an atRA responsive gene that is critical in the regulation of intestinal immune
cells at homeostasis and during disease. Specifically, this analysis proposes that HIC1 is a major
component of the molecular mechanism that drives pathogenic T cells during IBD and protective

ILC responses during intestinal infections.

114



Bibliography

1.

10.

11.

12.

Neurath, M. F. Cytokines in inflammatory bowel disease. Nat. Rev. Immunol. 14, 329-342
(2014).

Klose, C. S. N. & Atrtis, D. Innate lymphoid cells as regulators of immunity, inflammation
and tissue homeostasis. Nat. Immunol. 17, 765774 (2016).

Flajnik, M. & Dupasquier, L. Evolution of innate and adaptive immunity: can we draw a
line? Trends Immunol. 25, 640—644 (2004).

Bonilla, F. A. ef al. Adaptive immunity. J. Allergy Clin. Immunol. 125, S33—S40 (2010).
Pieper, K., Grimbacher, B. & Eibel, H. B-cell biology and development. J. Allergy Clin.
Immunol. 131, 959-971 (2013).

Zhang, N. et al. CD8(+) T cells: foot soldiers of the immune system. Immunity 35, 161-8
(2011).

Zhu, J., Yamane, H. & Paul, W. E. Differentiation of effector CD4 T cell populations (*).
Annu. Rev. Immunol. 28, 445-89 (2010).

Korn, T., Bettelli, E., Oukka, M. & Kuchroo, V. K. IL-17 and Th17 Cells. Annu. Rev.
Immunol. 27, 485-517 (2009).

Rudensky, A. Y. Regulatory T cells and Foxp3. Immunol. Rev. 241, 260-8 (2011).
Sakaguchi, S., Miyara, M., Costantino, C. M. & Hafler, D. A. FOXP3+ regulatory T cells
in the human immune system. Nat. Rev. Immunol. 10, 490-500 (2010).

Wilson, C. B., Rowell, E. & Sekimata, M. Epigenetic control of T-helper-cell
differentiation. Nat. Rev. Immunol. 9, 91-105 (2009).

Lee, G. R, Kim, S. T., Spilianakis, C. G., Fields, P. E. & Flavell, R. A. T Helper Cell

Differentiation: Regulation by cis Elements and Epigenetics. Immunity 24, 369—379
115



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

(2006).

Chang, S. & Aune, T. M. Dynamic changes in histone-methylation ‘marks’ across the
locus encoding interferon-y during the differentiation of T helper type 2 cells. Nat.
Immunol. 8, 723-731 (2007).

Zhu, J. & Paul, W. E. Heterogeneity and plasticity of T helper cells. Cell Res. 20, 4—12
(2010).

DuPage, M. & Bluestone, J. A. Harnessing the plasticity of CD4+ T cells to treat immune-
mediated disease. Nat. Rev. Immunol. 16, 149—163 (2016).

Harbour, S. N., Maynard, C. L., Zindl, C. L., Schoeb, T. R. & Weaver, C. T. Th17 cells
give rise to Thl cells that are required for the pathogenesis of colitis. Proc. Natl. Acad.
Sci. 112, 7061-7066 (2015).

Lee, Y. K. et al. Late developmental plasticity in the T helper 17 lineage. Immunity 30,
92-107 (2009).

Wang, Y. et al. The Transcription Factors T-bet and Runx Are Required for the Ontogeny
of Pathogenic Interferon-y-Producing T Helper 17 Cells. Immunity 40, 355-366 (2014).
Gagliani, N. et al. Th17 cells transdifferentiate into regulatory T cells during resolution of
inflammation. Nature 523, 1-5 (2015).

Zhang, L., Yuan, S., Cheng, G. & Guo, B. Type I IFN promotes IL-10 production from T
cells to suppress Th17 cells and Th17-associated autoimmune inflammation. PLoS One 6,
€28432 (2011).

Peterson, L. W. & Artis, D. Intestinal epithelial cells: regulators of barrier function and
immune homeostasis. Nat. Rev. Immunol. 14, 141-153 (2014).

Mogensen, T. H. Pathogen recognition and inflammatory signaling in innate immune

116



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

defenses. Clin. Microbiol. Rev. 22, 24073, Table of Contents (2009).

Turvey, S. E. et al. Innate immunity. J. Allergy Clin. Immunol. 125, S24-32 (2010).
Geissmann, F. et al. Development of monocytes, macrophages, and dendritic cells.
Science 327, 656-61 (2010).

Norbury, C. C. Drinking a lot is good for dendritic cells. Immunology 117, 44351 (2006).
Geijtenbeek, T. B. H. & Gringhuis, S. L. Signalling through C-type lectin receptors:
shaping immune responses. Nat. Rev. Immunol. 9, 465-479 (2009).

Akira, S., Takeda, K. & Kaisho, T. Toll-like receptors: critical proteins linking innate and
acquired immunity. Nat. Immunol. 2, 675-680 (2001).

Neefjes, J., Jongsma, M. L. M., Paul, P. & Bakke, O. Towards a systems understanding of
MHC class I and MHC class II antigen presentation. Nat. Rev. Immunol. 11, 823 (2011).
Nierkens, S., Tel, J., Janssen, E. & Adema, G. J. Antigen cross-presentation by dendritic
cell subsets: one general or all sergeants? Trends Immunol. 34,361-70 (2013).

Spits, H., Bernink, J. H. & Lanier, L. NK cells and type 1 innate lymphoid cells: partners
in host defense. Nat. Immunol. 17, 758-764 (2016).

Walker, J. A. & McKenzie, A. N. J. Development and function of group 2 innate
lymphoid cells. Curr. Opin. Immunol. 25, 148-55 (2013).

Gladiator, A., Wangler, N., Trautwein-Weidner, K. & LeibundGut-Landmann, S. Cutting
edge: IL-17-secreting innate lymphoid cells are essential for host defense against fungal
infection. J. Immunol. 190, 521-5 (2013).

Liigering, A. et al. CCR6 identifies lymphoid tissue inducer cells within cryptopatches.
Clin. Exp. Immunol. 160, 440-9 (2010).

Sawa, S. et al. Lineage Relationship Analysis of RORyt+ Innate Lymphoid Cells. Science
117



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(80-. ). 330, 665-9 (2010).

Mebius, R. E., Rennert, P. & Weissman, I. L. Developing Lymph Nodes Collect
CD4+CD3— LTB+ Cells That Can Differentiate to APC, NK Cells, and Follicular Cells
but Not T or B Cells. Immunity 7, 493-504 (1997).

Eberl, G. et al. An essential function for the nuclear receptor RORYt in the generation of
fetal lymphoid tissue inducer cells. Nat. Immunol. S, 64—73 (2004).

Klose, C. S. N. et al. A T-bet gradient controls the fate and function of CCR6—RORyt+
innate lymphoid cells. Nature 494, 261-265 (2013).

Satoh-Takayama, N. et al. Microbial flora drives interleukin 22 production in intestinal
NKp46+ cells that provide innate mucosal immune defense. Immunity 29, 958—70 (2008).
Takatori, H. et al. Lymphoid tissue inducer—like cells are an innate source of IL-17 and
IL-22. J. Exp. Med. 206, 35 LP-41 (2009).

Tsuji, M. et al. Requirement for Lymphoid Tissue-Inducer Cells in Isolated Follicle
Formation and T Cell-Independent Immunoglobulin A Generation in the Gut. Immunity
29,261-271 (2008).

Ota, N. et al. IL-22 bridges the lymphotoxin pathway with the maintenance of colonic
lymphoid structures during infection with Citrobacter rodentium. Nat. Immunol. 12, 941—
948 (2011).

Chea, S. et al. Notch signaling in group 3 innate lymphoid cells modulates their plasticity.
Sci. Signal. 9, ra45 (2016).

Possot, C. et al. Notch signaling is necessary for adult, but not fetal, development of
RORyt+ innate lymphoid cells. Nat. Immunol. 12, 949-958 (2011).

Yoshida, H. et al. Expression of a4B7 Integrin Defines a Distinct Pathway of Lymphoid
118



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Progenitors Committed to T Cells, Fetal Intestinal Lymphotoxin Producer, NK, and
Dendritic Cells. J. Immunol. 167, 2511-2521 (2001).

Yu, X. et al. The basic leucine zipper transcription factor NFIL3 directs the development
of'a common innate lymphoid cell precursor. Elife 3, 282-289 (2014).

Klose, C. S. N. et al. Differentiation of Type 1 ILCs from a Common Progenitor to All
Helper-like Innate Lymphoid Cell Lineages. Cell 157, 340-356 (2014).

Fathman, J. W. et al. Identification of the earliest natural killer cell-committed progenitor
in murine bone marrow. Blood 118, 5439-5447 (2011).

Constantinides, M. G., McDonald, B. D., Verhoef, P. A. & Bendelac, A. A committed
precursor to innate lymphoid cells. Nature 508, 397-401 (2014).

Hoyler, T. et al. The Transcription Factor GATA-3 Controls Cell Fate and Maintenance of
Type 2 Innate Lymphoid Cells. Immunity 37, 634—648 (2012).

Montaldo, E. et al. Human RORyt+CD34+ Cells Are Lineage-Specified Progenitors of
Group 3 RORyt+ Innate Lymphoid Cells. Immunity 41, 988—1000 (2014).

Helander, H. F. & Féndriks, L. Surface area of the digestive tract — revisited. Scand. J.
Gastroenterol. 49, 681-689 (2014).

Steele, S. P., Melchor, S. J. & Petri, W. A. Tuft Cells: New Players in Colitis. Trends Mol.
Med. 22,921-924 (2016).

Yang, H., Antony, P. A., Wildhaber, B. E. & Teitelbaum, D. H. Intestinal intraepithelial
lymphocyte gamma delta-T cell-derived keratinocyte growth factor modulates epithelial
growth in the mouse. J. Immunol. 172, 4151-8 (2004).

Kamanaka, M. et al. Expression of Interleukin-10 in Intestinal Lymphocytes Detected by

an Interleukin-10 Reporter Knockin tiger Mouse. Immunity 25, 941-952 (2006).
119



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Lefrancois, L. & Goodman, T. In vivo modulation of cytolytic activity and Thy-1
expression in TCR-gamma delta+ intraepithelial lymphocytes. Science (80-. ). 243,
(1989).

Suzuki, H., Jeong, K. Il & Doi, K. Age-related changes in the regional variations in the
number and subsets of intraepithelial lymphocytes in mouse small intestine. Dev. Comp.
Immunol. 26, 589-595 (2002).

Masopust, D., Vezys, V., Wherry, E. J., Barber, D. L. & Ahmed, R. Cutting edge: gut
microenvironment promotes differentiation of a unique memory CD8 T cell population. J.
Immunol. 176, 2079-83 (2006).

Schulz, O. ef al. Intestinal CD103+, but not CX3CR1+, antigen sampling cells migrate in
lymph and serve classical dendritic cell functions. J. Exp. Med. 206, (2009).

McDole, J. R. et al. Goblet cells deliver luminal antigen to CD103+ dendritic cells in the
small intestine. Nature 483, 345-349 (2012).

Jaensson, E. et al. Small intestinal CD103+ dendritic cells display unique functional
properties that are conserved between mice and humans. J. Exp. Med. 205, (2008).
Persson, E. K. ef al. IRF4 Transcription-Factor-Dependent CD103+CD11b+ Dendritic
Cells Drive Mucosal T Helper 17 Cell Differentiation. Immunity 38, 958-969 (2013).
Lewis, K. L. et al. Notch2 Receptor Signaling Controls Functional Differentiation of
Dendritic Cells in the Spleen and Intestine. Immunity 35, 780-791 (2011).

Stone, K. D., Prussin, C. & Metcalfe, D. D. IgE, mast cells, basophils, and eosinophils. J.
Allergy Clin. Immunol. 125, S73-80 (2010).

Kolaczkowska, E. & Kubes, P. Neutrophil recruitment and function in health and

inflammation. Nat. Rev. Immunol. 13, 159—175 (2013).
120



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Macpherson, A. J., McCoy, K. D., Johansen, F.-E. & Brandtzaeg, P. The immune
geography of IgA induction and function. Mucosal Immunol. 1, 11-22 (2008).

Littman, D. R. & Rudensky, A. Y. Th17 and regulatory T cells in mediating and
restraining inflammation. Cell 140, 845-58 (2010).

Qiu, J. et al. The Aryl Hydrocarbon Receptor Regulates Gut Immunity through
Modulation of Innate Lymphoid Cells. Immunity 36, 92—104 (2012).

Dudakov, J. A., Hanash, A. M. & van den Brink, M. R. M. Interleukin-22:
Immunobiology and Pathology. Annu. Rev. Immunol. 33, 747-785 (2015).

Zheng, Y. et al. Interleukin-22 mediates early host defense against attaching and effacing
bacterial pathogens. Nat. Med. 14, 282-289 (2008).

Sonnenberg, G. F. et al. CD4(+) lymphoid tissue-inducer cells promote innate immunity
in the gut. Immunity 34, 122-34 (2011).

Neill, D. R. et al. Nuocytes represent a new innate effector leukocyte that mediates type-2
immunity. Nature 464, 1367-1370 (2010).

Fuchs, A. ef al. Intraepithelial Type 1 Innate Lymphoid Cells Are a Unique Subset of IL-
12- and IL-15-Responsive IFN-y-Producing Cells. Immunity 38, 769-781 (2013).
Mabbott, N. A., Donaldson, D. S., Ohno, H., Williams, I. R. & Mahajan, A. Microfold
(M) cells: important immunosurveillance posts in the intestinal epithelium. Mucosal
Immunol. 6, 666—677 (2013).

Bernstein, C. N. ef al. The Epidemiology of Inflammatory Bowel Disease in Canada: A
Population-Based Study. Am. J. Gastroenterol. 101, 1559-1568 (20006).

Molodecky, N. A. et al. Increasing Incidence and Prevalence of the Inflammatory Bowel

Diseases With Time, Based on Systematic Review. Gastroenterology 142, 46—54.e42
121



76.

77.

78.

79.

80.

81.

82.

&3.

&4.

(2012).

Hendrickson, B. A., Gokhale, R. & Cho, J. H. Clinical aspects and pathophysiology of
inflammatory bowel disease. Clin. Microbiol. Rev. 15, 79-94 (2002).

Soucy, G. et al. Clinical and pathological analysis of colonic Crohn’s disease, including a
subgroup with ulcerative colitis-like features. Mod. Pathol. 25,295 (2011).

Langan, R., Gotsch, P., Krafczyk, M. & Skillinge, D. Ulcerative Colitis: Diagnosis and
Treatment. Am. Fam. Physician. 76, p1323-1330 (2007).

Peters, C. P., Mjosberg, J. M., Bernink, J. H. & Spits, H. Innate lymphoid cells in
inflammatory bowel diseases. Immunol. Lett. 172, 124-131 (2016).

Peluso, 1., Pallone, F. & Monteleone, G. Interleukin-12 and Th1 immune response in
Crohn’s disease: pathogenetic relevance and therapeutic implication. World J.
Gastroenterol. 12, 5606—10 (2006).

Heller, F. et al. Interleukin-13 Is the Key Effector Th2 Cytokine in Ulcerative Colitis That
Affects Epithelial Tight Junctions, Apoptosis, and Cell Restitution. Gastroenterology 129,
550-564 (2005).

Gambineri, E. ef al. Clinical and molecular profile of a new series of patients with
immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome: Inconsistent
correlation between forkhead box protein 3 expression and disease severity. J. Allergy
Clin. Immunol. 122, 1105-1112.e1 (2008).

Buckner, J. H. Mechanisms of impaired regulation by CD4(+)CD25(+)FOXP3(+)
regulatory T cells in human autoimmune diseases. Nat. Rev. Immunol. 10, 849-59 (2010).
Boehm, F. et al. Deletion of Foxp3+ regulatory T cells in genetically targeted mice

supports development of intestinal inflammation. BMC Gastroenterol. 12,97 (2012).
122



85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

Shimomura, Y. et al. Regulatory role of B-1 B cells in chronic colitis. /nt. Immunol. 20,
729737 (2008).

Darrasse-Jéze, G. et al. Feedback control of regulatory T cell homeostasis by dendritic
cells in vivo. J. Exp. Med. 206, 1853-62 (2009).

Hardenberg, G., Steiner, T. S. & Levings, M. K. Environmental influences on T regulatory
cells in inflammatory bowel disease. Semin. Immunol. 23, 130—138 (2011).

Liu, Z.-]., Yadav, P.-K., Su, J.-L., Wang, J.-S. & Fei, K. Potential role of Th17 cells in the
pathogenesis of inflammatory bowel disease. World J. Gastroenterol. 15, 5784-8 (2009).
Fujino, S. et al. Increased expression of interleukin 17 in inflammatory bowel disease. Gut
52, 6570 (2003).

Ahern, P. P. ef al. Interleukin-23 Drives Intestinal Inflammation through Direct Activity
on T Cells. Immunity 33, 279-288 (2010).

Yen, D. et al. IL-23 is essential for T cell-mediated colitis and promotes inflammation via
IL-17 and IL-6. J. Clin. Invest. 116, 1310—6 (2006).

Maxwell, J. R. et al. Differential Roles for Interleukin-23 and Interleukin-17 in Intestinal
Immunoregulation. Immunity 43, 739-50 (2015).

Lee, J. S. et al. Interleukin-23-Independent IL-17 Production Regulates Intestinal
Epithelial Permeability. Immunity 43, 727-38 (2015).

O’Connor, W. et al. A protective function for interleukin 17A in T cell-mediated intestinal
inflammation. Nat. Immunol. 10, 603-9 (2009).

Pache, 1., Rogler, G. & Felley, C. TNF-alpha blockers in inflammatory bowel diseases:
practical consensus recommendations and a user’s guide. Swiss Med. Wkly. 139, 278-87

(2009).
123



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Peyrin-Biroulet, L. Anti-TNF therapy in inflammatory bowel diseases: a huge review.
Minerva Gastroenterol. Dietol. 56, 233—43 (2010).

Lichtenstein, G. R. Comprehensive review: antitumor necrosis factor agents in
inflammatory bowel disease and factors implicated in treatment response. Therap. Adv.
Gastroenterol. 6, 269-93 (2013).

Merger, M. et al. Defining the roles of perforin, Fas/FasL, and tumour necrosis factor in
T cell induced mucosal damage in the mouse intestine. Gut 51, 155-163 (2002).
Carpenter, P. A. et al. Non-Fc receptor-binding humanized anti-CD3 antibodies induce
apoptosis of activated human T cells. J. Immunol. 165, 6205-13 (2000).

Perruche, S. ef al. CD3-specific antibody—induced immune tolerance involves
transforming growth factor-f from phagocytes digesting apoptotic T cells. Nat. Med. 14,
528-535 (2008).

Chatenoud, L. & Bluestone, J. A. CD3-specific antibodies: a portal to the treatment of
autoimmunity. Nat. Rev. Immunol. 7, 622—632 (2007).

Esplugues, E. et al. Control of TH17 cells occurs in the small intestine. Nature 475, 5148
(2011).

Herold, K. C. ef al. Treatment of patients with new onset Type 1 diabetes with a single
course of anti-CD3 mAb teplizumab preserves insulin production for up to 5 years. Clin.
Immunol. 132, 166—173 (2009).

Powrie, F., Leach, M. W., Mauze, S., Caddle, L. B. & Coffman, R. L. Phenotypically
distinct subsets of CD4+ T cells induce or protect from chronic intestinal inflammation in
C. B-17 scid mice. Int. Immunol. 5, 1461-71 (1993).

Ostanin, D. V. et al. T cell transfer model of chronic colitis: concepts, considerations, and

124



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

tricks of the trade. Am. J. Physiol. - Gastrointest. Liver Physiol. 296, (2009).

Powrie, F. et al. Inhibition of Thl responses prevents inflammatory bowel disease in scid
mice reconstituted with CD45RBhi CD4+ T cells. Immunity 1, 553—62 (1994).

Ostanin, D. V et al. T cell transfer model of chronic colitis: concepts, considerations, and
tricks of the trade. Am. J. Physiol. Gastrointest. Liver Physiol. 296, G135-46 (2009).
Chassaing, B., Aitken, J. D., Malleshappa, M. & Vijay-Kumar, M. Dextran sulfate sodium
(DSS)-induced colitis in mice. Curr. Protoc. Immunol. 104, Unit 15.25. (2014).
Dieleman, L. A. et al. Dextran Sulfate Sodium-Induced Colitis Occurs in Severe
Combined Immunodeficient Mice. Gastroenterology 107, 1643—-52 (1994).

Liu, L. et al. Global, regional, and national causes of child mortality: an updated
systematic analysis for 2010 with time trends since 2000. Lancet (London, England) 379,
2151-61 (2012).

Bethony, J. et al. Soil-transmitted helminth infections: ascariasis, trichuriasis, and
hookworm. Lancet (London, England) 367, 1521-32 (2006).

Scallan, E. et al. Foodborne illness acquired in the United States--major pathogens.
Emerg. Infect. Dis. 17,7-15 (2011).

Painter, J. A. et al. Attribution of Foodborne Illnesses, Hospitalizations, and Deaths to
Food Commodities by using Outbreak Data, United States, 1998-2008. Emerg. Infect.
Dis. 19,407-415 (2013).

Petty, N. K. et al. The Citrobacter rodentium genome sequence reveals convergent
evolution with human pathogenic Escherichia coli. J. Bacteriol. 192, 525-38 (2010).
Mundy, R., MacDonald, T. T., Dougan, G., Frankel, G. & Wiles, S. Citrobacter rodentium

of mice and man. Cell. Microbiol. 7, 1697-1706 (2005).
125



116.

117.

118.

119.

120.

121.

122.

123.

124.

Frankel, G. & Phillips, A. D. Attaching effacing Escherichia coli and paradigms of Tir-
triggered actin polymerization: getting off the pedestal. Cell. Microbiol. 10, 549-556
(2008).

Nataro, J. P. & Kaper, J. B. Diarrheagenic Escherichia coli. Clin. Microbiol. Rev. 11, 142—
201 (1998).

Bergstrom, K. S., Sham, H. P., Zarepour, M. & Vallance, B. A. Innate host responses to
enteric bacterial pathogens: a balancing act between resistance and tolerance. Cell.
Microbiol. 14, 475-484 (2012).

Geddes, K. et al. Identification of an innate T helper type 17 response to intestinal
bacterial pathogens. Nat. Med. 17, 837-844 (2011).

Guo, X. et al. Induction of innate lymphoid cell-derived interleukin-22 by the
transcription factor STAT3 mediates protection against intestinal infection. Immunity 40,
25-39 (2014).

Rankin, L. C. et al. Complementarity and redundancy of IL-22-producing innate lymphoid
cells. Nat. Immunol. 17, 179—-86 (2016).

Curtis, M. M. & Way, S. S. Interleukin-17 in host defence against bacterial, mycobacterial
and fungal pathogens. Immunology 126, 177-85 (2009).

Liang, S. C. et al. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and
cooperatively enhance expression of antimicrobial peptides. J. Exp. Med. 203, 2271-9
(2006).

Weaver, C. T., Elson, C. O., Fouser, L. A. & Kolls, J. K. The Th17 Pathway and
Inflammatory Diseases of the Intestines, Lungs, and Skin. Annu. Rev. Pathol. Mech. Dis.

8,477-512 (2013).
126



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Bhinder, G. et al. The Citrobacter rodentium mouse model: studying pathogen and host
contributions to infectious colitis. J. Vis. Exp. 50222 (2013). doi:10.3791/50222
Koroleva, E. P. et al. Citrobacter rodentium-induced colitis: A robust model to study
mucosal immune responses in the gut. J. Immunol. Methods 421, 61-72 (2015).
Chandrakesan, P. et al. Utility of a bacterial infection model to study epithelial—
mesenchymal transition, mesenchymal—epithelial transition or tumorigenesis. Oncogene
33, 2639-2654 (2014).

Klementowicz, J. E., Travis, M. A. & Grencis, R. K. Trichuris muris: a model of
gastrointestinal parasite infection. Semin. Immunopathol. 34, 815-28 (2012).

Hurst, R. J. M. & Else, K. J. Trichuris muris research revisited: a journey through time.
Parasitology 140, 1325-1339 (2013).

Else, K. J., Hiiltner, L. & Grencis, R. K. Cellular immune responses to the murine
nematode parasite Trichuris muris. II. Differential induction of TH-cell subsets in resistant
versus susceptible mice. Immunology 75, 232—7 (1992).

Lehnertz, B. ef al. Activating and inhibitory functions for the histone lysine
methyltransferase G9a in T helper cell differentiation and function. J. Exp. Med. 207,
915-922 (2010).

Hadidi, S. et al. Myeloid cell-specific expression of Ship1 regulates IL-12 production and
immunity to helminth infection. Mucosal Immunol. 5, 535-43 (2012).

Taylor, B. C. et al. TSLP regulates intestinal immunity and inflammation in mouse
models of helminth infection and colitis. J. Exp. Med. 206, 655-667 (2009).

Zaph, C. et al. Epithelial-cell-intrinsic IKK-f} expression regulates intestinal immune

homeostasis. Nature 446, 552—556 (2007).
127



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Villamor, E. & Fawzi, W. W. Vitamin A Supplementation: Implications for Morbidity and
Mortality in Children. J. Nutr. 138, 1835-1839 (2008).

Humphrey, J. H., West, K. P., Sommer, A. & Sommer, A. Vitamin A deficiency and
attributable mortality among under-5-year-olds. Bull. World Health Organ. 70, 225-32
(1992).

Sommer, A., Tarwotjo, 1., Hussaini, G. & Susanto, D. Increased mortality in children with
mild vitamin A deficiency. Lancet (London, England) 2, 585-8 (1983).

Semba, R. D. ef al. Depressed immune response to tetanus in children with vitamin A
deficiency. J. Nutr. 122, 101-7 (1992).

Kaufman, D. R. ef al. Vitamin A Deficiency Impairs Vaccine-Elicited Gastrointestinal
Immunity. J. Immunol. 187, 1877 LP-1883 (2011).

Stephensen, C. B. Vitamin A, infection , and immune function. Annu. Rev. Nutr. 21, 167—
192 (2001).

Mora, J. R., Iwata, M. & von Andrian, U. H. Vitamin effects on the immune system:
vitamins A and D take centre stage. Nat. Rev. Immunol. 8, 685-98 (2008).

Harrison, E. H. Mechanisms involved in the intestinal absorption of dietary vitamin A and
provitamin A carotenoids. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1821, 70-77
(2012).

Friedman, S. L. Hepatic Stellate Cells: Protean, Multifunctional, and Enigmatic Cells of
the Liver. Physiol. Rev. 88, 125—172 (2008).

Duester, G., Mic, F. A. & Molotkov, A. Cytosolic retinoid dehydrogenases govern
ubiquitous metabolism of retinol to retinaldehyde followed by tissue-specific metabolism

to retinoic acid. Chem. Biol. Interact. 143,201-210 (2003).
128



145. Lampen, A., Meyer, S., Arnhold, T. & Nau, H. Metabolism of Vitamin A and Its Active
Metabolite All-trans-retinoic Acid in Small Intestinal Enterocytes. J. Pharmacol. Exp.
Ther. 295, 979-985 (2000).

146. Coombes, J. L. et al. A functionally specialized population of mucosal CD103+ DCs
induces Foxp3+ regulatory T cells via a TGF-beta and retinoic acid-dependent
mechanism. J. Exp. Med. 204, 1757-64 (2007).

147. Iwata, M. ef al. Retinoic acid imprints gut-homing specificity on T cells. Immunity 21,
527-38 (2004).

148. Mark, M., Ghyselinck, N. B. & Chambon, P. FUNCTION OF RETINOID NUCLEAR
RECEPTORS: Lessons from Genetic and Pharmacological Dissections of the Retinoic
Acid Signaling Pathway During Mouse Embryogenesis. Annu. Rev. Pharmacol. Toxicol.
46, 451480 (2006).

149. Leid, M., Kastner, P. & Chambon, P. Multiplicity generates diversity in the retinoic acid
signalling pathways. Trends Biochem. Sci. 17, 427-433 (1992).

150. Guo, Y. et al. Dissecting the Role of Retinoic Acid Receptor Isoforms in the CD8
Response to Infection. J. Immunol. 192, 3336-3344 (2014).

151. Hall, J. A. et al. Essential role for retinoic acid in the promotion of CD4(+) T cell effector
responses via retinoic acid receptor alpha. Immunity 34, 435-47 (2011).

152. Manicassamy, S. ef al. Toll-like receptor 2-dependent induction of vitamin A-
metabolizing enzymes in dendritic cells promotes T regulatory responses and inhibits
autoimmunity. Nat Med 15, 401-409 (2009).

153. van de Pavert, S. A. et al. Maternal retinoids control type 3 innate lymphoid cells and set

the offspring immunity. Nature 508, 123—-127 (2014).
129



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Kupumbati, T. S. ef al. Dominant negative retinoic acid receptor initiates tumor formation
in mice. Mol. Cancer 5, 12 (2006).

Johansson-Lindbom, B. ef al. Functional specialization of gut CD103+ dendritic cells in
the regulation of tissue-selective T cell homing. J. Exp. Med. 202, 1063-73 (2005).

Kim, M. H., Taparowsky, E. J. & Kim, C. H. Retinoic Acid Differentially Regulates the
Migration of Innate Lymphoid Cell Subsets to the Gut. Immunity 43, 107-119 (2015).
Svensson, M. et al. Retinoic acid receptor signaling levels and antigen dose regulate gut
homing receptor expression on CD8+ T cells. Mucosal Immunol. 1, 38—48 (2008).

Mora, J. R. & von Andrian, U. H. Role of retinoic acid in the imprinting of gut-homing
IgA-secreting cells. Semin. Immunol. 21, 28-35 (2009).

Mucida, D. et al. Reciprocal TH17 and regulatory T cell differentiation mediated by
retinoic acid. Science 317, 256—60 (2007).

Elias, K. M. ef al. Retinoic acid inhibits Th17 polarization and enhances FoxP3 expression
through a Stat-3/Stat-5 independent signaling pathway. Blood 111, 1013—-1020 (2008).
Xiao, S. et al. Retinoic Acid Increases Foxp3+ Regulatory T Cells and Inhibits
Development of Th17 Cells by Enhancing TGF- -Driven Smad3 Signaling and Inhibiting
IL-6 and IL-23 Receptor Expression. J. Immunol. 181, 2277-2284 (2008).

Takahashi, H. et al. TGF-f and retinoic acid induce the microRNA miR-10a, which
targets Bcl-6 and constrains the plasticity of helper T cells. Nat. Immunol. 13, 587-95
(2012).

Spencer, S. P. et al. Adaptation of Innate Lymphoid Cells to a Micronutrient Deficiency
Promotes Type 2 Barrier Immunity. Science (80-. ). 343, (2014).

Zeng, R., Bscheider, M., Lahl, K., Lee, M. & Butcher, E. C. Generation and
130



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

transcriptional programming of intestinal dendritic cells: essential role of retinoic acid.
Mucosal Immunol. 9, 183—-193 (2016).

Kelly, K. F. & Daniel, J. M. POZ for effect--POZ-ZF transcription factors in cancer and
development. Trends Cell Biol. 16, 57887 (2006).

Siggs, O. M. & Beutler, B. The BTB-ZF transcription factors. Cel/ Cycle 11, 3358-3369
(2012).

Barna, M. et al. Plzf Mediates Transcriptional Repression of HoxD Gene Expression
through Chromatin Remodeling. Dev. Cell 3, 499-510 (2002).

Mathew, R. et al. BTB-ZF factors recruit the E3 ligase cullin 3 to regulate lymphoid
effector programs. Nature 491, 618-621 (2012).

Lee, S.-U. & Maeda, T. POK/ZBTB proteins: an emerging family of proteins that regulate
lymphoid development and function. Immunol. Rev. 247, 107-19 (2012).

Allman, D. et al. BCL-6 expression during B-cell activation. Blood 87, (1996).

Nurieva, R. L. ef al. Bcl6 mediates the development of T follicular helper cells. Science
325, 1001-5 (2009).

Savage, A. K. et al. The transcription factor PLZF directs the effector program of the
NKT cell lineage. Immunity 29, 391-403 (2008).

Wang, L. et al. Distinct functions for the transcription factors GATA-3 and ThPOK during
intrathymic differentiation of CD4(+) T cells. Nat. Immunol. 9, 1122-30 (2008).

Muroi, S. et al. Cascading suppression of transcriptional silencers by ThPOK seals helper
T cell fate. Nat. Immunol. 9, 1113-21 (2008).

Maeda, T. et al. Regulation of B Versus T Lymphoid Lineage Fate Decision by the Proto-

Oncogene LRF. Science (80-. ). 316, (2007).
131



176.

177.

178.

179.

180.

181.

182.

183.

184.

He, X. et al. The zinc finger transcription factor Th-POK regulates CD4 versus CDS8 T-
cell lineage commitment. Nature 433, 826-33 (2005).

Kovalovsky, D. et al. The BTB—zinc finger transcriptional regulator PLZF controls the
development of invariant natural killer T cell effector functions. Nat. Immunol. 9, 1055—
1064 (2008).

Alonzo, E. S. et al. Development of Promyelocytic Zinc Finger and ThPOK-Expressing
Innate yo T Cells Is Controlled by Strength of TCR Signaling and 1d3. J. Immunol. 184,
(2010).

Kreslavsky, T. et al. TCR-inducible PLZF transcription factor required for innate
phenotype of a subset of gammadelta T cells with restricted TCR diversity. Proc. Natl.
Acad. Sci. U. S. 4. 106, 124538 (2009).

Kosan, C. ef al. Transcription factor miz-1 is required to regulate interleukin-7 receptor
signaling at early commitment stages of B cell differentiation. Immunity 33, 917-28
(2010).

Dent, A. L., Shaffer, A. L., Yu, X., Allman, D. & Staudt, L. M. Control of Inflammation,
Cytokine Expression, and Germinal Center Formation by BCL-6. Science (80-. ). 276,
(1997).

Yu, D. et al. The transcriptional repressor Bcl-6 directs T follicular helper cell lineage
commitment. Immunity 31, 457-68 (2009).

Johnston, R. J. ef al. Bcl6 and Blimp-1 Are Reciprocal and Antagonistic Regulators of T
Follicular Helper Cell Differentiation. Science (80-. ). 325, (2009).

Broxmeyer, H. E. ef al. Aberrant regulation of hematopoiesis by T cells in BAZF-

deficient mice. Mol. Cell. Biol. 27, 5275-85 (2007).
132



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Beaulieu, A. M., Zawislak, C. L., Nakayama, T. & Sun, J. C. The transcription factor
Zbtb32 controls the proliferative burst of virus-specific natural killer cells responding to
infection. Nat. Immunol. 15, 546553 (2014).

Rood, B. R. & Leprince, D. Deciphering HIC1 control pathways to reveal new avenues in
cancer therapeutics. Expert Opin. Ther. Targets 17, 811-827 (2013).

Dehennaut, V., Loison, L., Pinte, S. & Leprince, D. Molecular dissection of the interaction
between HIC1 and SIRTI. Biochemical and Biophysical Research Communications 421,
(2012).

Chen, W. Y. et al. Heterozygous disruption of Hicl predisposes mice to a gender-
dependent spectrum of malignant tumors. Nat. Genet. 33, 197-202 (2003).

Wales, M. M. et al. p53 activates expression of HIC-1, a new candidate tumour suppressor
gene on 17p13.3. Nat. Med. 1, 570-7 (1995).

Chen, W. Y. et al. Tumor suppressor HIC1 directly regulates SIRT1 to modulate p53-
dependent DNA-damage responses. Cell 123, 437-48 (2005).

Van Rechem, C. et al. Differential regulation of HIC1 target genes by CtBP and NuRD,
via an acetylation/SUMOylation switch, in quiescent versus proliferating cells. Mol. Cell.
Biol. 30, 4045-59 (2010).

Valenta, T., Lukas, J., Doubravska, L., Fafilek, B. & Korinek, V. HIC1 attenuates Wnt
signaling by recruitment of TCF-4 and beta-catenin to the nuclear bodies. EMBO J. 25,
232637 (2006).

Lin, Y.-M., Wang, C.-M., Jeng, J.-C., Leprince, D. & Shih, H.-M. HIC1 interacts with and
modulates the activity of STAT3. Cell Cycle 12,2266-76 (2013).

Hu, B. et al. HICI attenuates invasion and metastasis by inhibiting the IL-6/STAT3
133



195.

196.

197.

198.

199.

200.

201.

202.

203.

signalling pathway in human pancreatic cancer. Cancer Lett. 376, 387-98 (2016).

Kang, S. G., Park, J., Cho, J. Y., Ulrich, B. & Kim, C. H. Complementary roles of retinoic
acid and TGF-B1 in coordinated expression of mucosal integrins by T cells. Mucosal
Immunol. 4, 66-82 (2011).

Brown, C. C. et al. Retinoic acid is essential for Th1 cell lineage stability and prevents
transition to a Th17 cell program. Immunity 42, 499-511 (2015).

Lalevée, S. ef al. Genome-wide in silico identification of new conserved and functional
retinoic acid receptor response elements (direct repeats separated by 5 bp). J. Biol. Chem.
286, 3332234 (2011).

Magnusson, M. K. et al. Macrophage and dendritic cell subsets in IBD: ALDH+ cells are
reduced in colon tissue of patients with ulcerative colitis regardless of inflammation.
Mucosal Immunol. 9, 171-182 (2016).

Fransén, K. et al. Polymorphism in the Retinoic Acid Metabolizing Enzyme CYP26B1
and the Development of Crohn’s Disease. PLoS One 8, €72739 (2013).

Sanders, T. J. et al. Increased Production of Retinoic Acid by Intestinal Macrophages
Contributes to Their Inflammatory Phenotype in Patients With Crohn’s Disease.
Gastroenterology 146, 1278—-1288.e2 (2014).

Pospichalova, V. et al. Generation of two modified mouse alleles of the Hicl tumor
suppressor gene. Genesis 49, 142-51 (2011).

Antignano, F., Mullaly, S. C., Burrows, K. & Zaph, C. Trichuris muris infection: a model
of type 2 immunity and inflammation in the gut. Journal of visualized experiments JoVE
(2011).

Shale, M., Schiering, C. & Powrie, F. CD4(+) T-cell subsets in intestinal inflammation.

134



Immunol. Rev. 252, 164-82 (2013).

204. Matloubian, M. et al. Lymphocyte egress from thymus and peripheral lymphoid organs is
dependent on S1P receptor 1. Nature 427, 355-360 (2004).

205. Skon, C. N. ef al. Transcriptional downregulation of Slprl is required for the
establishment of resident memory CD8+ T cells. Nat. Immunol. 14, 1285-1293 (2013).

206. Schon, M. P. et al. Mucosal T lymphocyte numbers are selectively reduced in integrin
alpha E (CD103)-deficient mice. J. Immunol. 162, 6641-9 (1999).

207. Brown, C. C. & Noelle, R. J. Seeing through the dark: New insights into the immune
regulatory functions of vitamin A. Eur. J. Immunol. 45, 1287-95 (2015).

208. Hill, J. A. et al. Retinoic acid enhances Foxp3 induction indirectly by relieving inhibition
from CD4+CD44hi Cells. Immunity 29, 758-70 (2008).

209. Schambach, F., Schupp, M., Lazar, M. A. & Reiner, S. L. Activation of retinoic acid
receptor-alpha favours regulatory T cell induction at the expense of IL-17-secreting T
helper cell differentiation. Eur. J. Immunol. 37, 2396-9 (2007).

210. Mucida, D. ef al. Retinoic acid can directly promote TGF-beta-mediated Foxp3(+) Treg
cell conversion of naive T cells. Immunity 30, 471-2-3 (2009).

211. Rutz, S. et al. Deubiquitinase DUBA 1is a post-translational brake on interleukin-17
production in T cells. Nature 518, 417-21 (2015).

212. Boulay, G. et al. Hypermethylated in cancer 1 (HIC1) recruits polycomb repressive
complex 2 (PRC2) to a subset of its target genes through interaction with human
polycomb-like (hPCL) proteins. J. Biol. Chem. 287, 10509-24 (2012).

213. Durant, L. ef al. Diverse targets of the transcription factor STAT3 contribute to T cell

pathogenicity and homeostasis. Immunity 32, 605—15 (2010).
135



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Li, P. et al. Interferon gamma (IFN-y) disrupts energy expenditure and metabolic
homeostasis by suppressing SIRT1 transcription. Nucleic Acids Res. 40, 1609-20 (2012).
Gerhart-Hines, Z. et al. Metabolic control of muscle mitochondrial function and fatty acid
oxidation through SIRT1/PGC-1lalpha. EMBO J. 26, 1913-23 (2007).

van der Windt, G. J. W. & Pearce, E. L. Metabolic switching and fuel choice during T-cell
differentiation and memory development. Immunol. Rev. 249, 27-42 (2012).

Pearce, E. L. ef al. Enhancing CD8 T-cell memory by modulating fatty acid metabolism.
Nature 460, 103—107 (2009).

Annunziato, F., Romagnani, C. & Romagnani, S. The 3 major types of innate and adaptive
cell-mediated effector immunity. J. Allergy Clin. Immunol. 135, 626635 (2015).

Papp, K. A. et al. Brodalumab, an anti-interleukin-17-receptor antibody for psoriasis. V.
Engl. J. Med. 366, 1181-9 (2012).

Leonardi, C. ef al. Anti-interleukin-17 monoclonal antibody ixekizumab in chronic plaque
psoriasis. N. Engl. J. Med. 366, 1190-9 (2012).

Genovese, M. C. et al. LY2439821, a humanized anti-interleukin-17 monoclonal
antibody, in the treatment of patients with rheumatoid arthritis: A phase I randomized,
double-blind, placebo-controlled, proof-of-concept study. Arthritis Rheum. 62, 929-39
(2010).

Targan, S. R. et al. M02083 A Randomized, Double-Blind, Placebo-Controlled Study to
Evaluate the Safety, Tolerability, and Efficacy of AMG 827 in Subjects With Moderate to
Severe Crohn’s Disease. Gastroenterology 143, €26 (2012).

Hueber, W. et al. Secukinumab, a human anti-IL-17A monoclonal antibody, for moderate

to severe Crohn’s disease: unexpected results of a randomised, double-blind placebo-

136



224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

controlled trial. Gut 61, 1693—700 (2012).

Lee, Y. et al. Induction and molecular signature of pathogenic TH17 cells. Nat. Immunol.
13, 991-999 (2012).

McGeachy, M. J. et al. TGF-f and IL-6 drive the production of IL-17 and IL-10 by T cells
and restrain TH-17 cell-mediated pathology. Nat. Immunol. 8, 1390—1397 (2007).
Hirota, K. et al. Fate mapping of IL-17-producing T cells in inflammatory responses. Nat.
Immunol. 12,255-263 (2011).

Wan, C.-K. et al. Opposing roles of STAT1 and STAT3 in IL-21 function in CD4 + T
cells. Proc. Natl. Acad. Sci. (2015). doi:10.1073/pnas. 1511711112

Farache, J., Zigmond, E., Shakhar, G. & Jung, S. Contributions of dendritic cells and
macrophages to intestinal homeostasis and immune defense. Immunol. Cell Biol. 91, 232—
239 (2013).

Sanos, S. L. & Diefenbach, A. Innate lymphoid cells: from border protection to the
initiation of inflammatory diseases. Immunol. Cell Biol. 91, 215-224 (2013).

Zook, E. C. & Kee, B. L. Development of innate lymphoid cells. Nat. Immunol. 17, 775—
782 (2016).

Kinnebrew, M. A. et al. Interleukin 23 Production by Intestinal CD103+CD11b+
Dendritic Cells in Response to Bacterial Flagellin Enhances Mucosal Innate Immune
Defense. Immunity 36, 276287 (2012).

Collins, J. W. et al. Citrobacter rodentium: infection, inflammation and the microbiota.
Nat. Rev. Microbiol. 12, 612—623 (2014).

Hepworth, M. R. et al. Group 3 innate lymphoid cells mediate intestinal selection of

commensal bacteria—specific CD4+ T cells. Science (80-. ). 348, (2015).
137



234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

Hepworth, M. R. et al. Innate lymphoid cells regulate CD4+ T-cell responses to intestinal
commensal bacteria. Nature 498, 113—117 (2013).

Goverse, G. et al. Vitamin A Controls the Presence of RORy" Innate Lymphoid Cells and
Lymphoid Tissue in the Small Intestine. J. Immunol. 196, 51485155 (2016).

Sanos, S. L. ef al. RORyt and commensal microflora are required for the differentiation of
mucosal interleukin 22—producing NKp46+ cells. Nat. Immunol. 10, 83-91 (2009).
Mielke, L. A. ef al. Retinoic acid expression associates with enhanced IL-22 production
by y0 T cells and innate lymphoid cells and attenuation of intestinal inflammation. J. Exp.
Med. 210, 1117 LP-1124 (2013).

Song, C. et al. Unique and redundant functions of NKp46+ ILC3s in models of intestinal
inflammation. J. Exp. Med. 212, (2015).

Rankin, L. C. ef al. The transcription factor T-bet is essential for the development of
NKp46+ innate lymphocytes via the Notch pathway. Nat. Immunol. 14, 389-395 (2013).
Hooper, L. V. & Macpherson, A. J. Inmune adaptations that maintain homeostasis with
the intestinal microbiota. Nat. Rev. Immunol. 10, 159-169 (2010).

Sonnenberg, G. F. et al. Innate lymphoid cells promote anatomical containment of
lymphoid-resident commensal bacteria. Science 336, 1321-5 (2012).

Zenewicz, L. A. et al. IL-22 Deficiency Alters Colonic Microbiota To Be Transmissible
and Colitogenic. J. Immunol. 190, 5306 LP-5312 (2013).

Zenewicz, L. A. et al. Innate and adaptive interleukin-22 protects mice from inflammatory
bowel disease. Immunity 29, 947-57 (2008).

Ma, Y. & Ross, A. C. The anti-tetanus immune response of neonatal mice is augmented

by retinoic acid combined with polyriboinosinic:polyribocytidylic acid. Proc. Natl. Acad.

138



245.

246.

247.

248.

249.

250.

251.

252.

Sci. U. S. 4. 102, 1355661 (2005).

Allie, S. R., Zhang, W., Tsai, C.-Y., Noelle, R. J. & Usherwood, E. J. Critical role for all-
trans retinoic acid for optimal effector and effector memory CD8 T cell differentiation. J.
Immunol. 190, 2178-87 (2013).

Withers, D. R. ef al. Transient inhibition of ROR-[gammal]t therapeutically limits
intestinal inflammation by reducing TH17 cells and preserving group 3 innate lymphoid
cells. Nat Med 22,319-323 (2016).

Wagage, S. et al. The Group 3 Innate Lymphoid Cell Defect in Aryl Hydrocarbon
Receptor Deficient Mice Is Associated with T Cell Hyperactivation during Intestinal
Infection. PLoS One 10, ¢0128335 (2015).

Hanash, A. M. et al. Interleukin-22 Protects Intestinal Stem Cells from Immune-Mediated
Tissue Damage and Regulates Sensitivity to Graft versus Host Disease. Immunity 37, 339—
350 (2012).

Dudakov, J. A. et al. Interleukin-22 Drives Endogenous Thymic Regeneration in Mice.
Science (80-. ). 336, (2012).

Antoniou, E. ef al. The TNBS-induced colitis animal model: An overview. Ann. Med.
Surg. 11, 9-15 (2016).

Nemoto, Y. et al. Long-Lived Colitogenic CD4+ Memory T Cells Residing Outside the
Intestine Participate in the Perpetuation of Chronic Colitis. J. Immunol. 183, 5059-5068
(2009).

Okada, E. et al. IL-7 exacerbates chronic colitis with expansion of memory IL-7Rhigh
CD4+ mucosal T cells in mice. Am. J. Physiol. - Gastrointest. Liver Physiol. 288, 745—

754 (2005).
139



253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Wang, R. et al. TCF-1 Regulates Thymocyte Survival via a RORyt-dependent Pathway. J.
Immunol. 187, 5964-5973 (2011).

Crellin, N. K. et al. Regulation of Cytokine Secretion in Human CD127+ LTi-like Innate
Lymphoid Cells by Toll-like Receptor 2. Immunity 33, 752—764 (2010).

Sonnenberg, G. F. & Artis, D. Innate lymphoid cell interactions with microbiota:
implications for intestinal health and disease. Immunity 37, 601-10 (2012).

Mueller, S. N. & Mackay, L. K. Tissue-resident memory T cells: local specialists in
immune defence. Nat. Rev. Immunol. 16, 79-89 (2015).

Anderson, K. G. ef al. Intravascular staining redefines lung CD8 T cell responses. J.
Immunol. 189, 2702-2706 (2012).

Guilliams, M. et al. Skin-draining lymph nodes contain dermis-derived CD103— dendritic
cells that constitutively produce retinoic acid and induce Foxp3+ regulatory T cells. Blood
115, 1958-1968 (2010).

Dawson, H. D., Collins, G., Pyle, R., Key, M. & Taub, D. D. The Retinoic Acid Receptor-
o mediates human T-cell activation and Th2 cytokine and chemokine production. BMC
Immunol. 9, 16 (2008).

den Hartog, G., van Altena, C., Savelkoul, H. F. J. & van Neerven, R. J. J. The Mucosal
Factors Retinoic Acid and TGF-B1 Induce Phenotypically and Functionally Distinct
Dendritic Cell Types. Int. Arch. Allergy Immunol. 162,225-236 (2013).

Gough, D. J. et al. Mitochondrial STAT3 Supports Ras-Dependent Oncogenic
Transformation. Science (80-. ). 324, 1713—-1716 (2009).

Garama, D. J., White, C. L., Balic, J. J. & Gough, D. J. Mitochondrial STAT3: Powering

up a potent factor. Cytokine 87, 20-25 (2016).
140



263.

264.

265.

266.

267.

268.

Demaria, M. et al. A STAT3-mediated metabolic switch is involved in tumour
transformation and STAT3 addiction. Aging (Albany. NY). 2, 823—42 (2010).
Sledzifiska, A. et al. TGF-P Signalling Is Required for CD4+ T Cell Homeostasis But
Dispensable for Regulatory T Cell Function. PLoS Biol. 11, 1001674 (2013).

Smith, P. M. ef al. The microbial metabolites, short chain fatty acids, regulate colonic
Treg cell homeostasis. Science 341, 10.1126/science.1241165 (2013).

Matsuoka, K. & Kanai, T. The gut microbiota and inflammatory bowel disease. Semin.

Immunopathol. 37, 47-55 (2015).

Quévrain, E. ef al. Identification of an anti-inflammatory protein from Faecalibacterium

prausnitzii, a commensal bacterium deficient in Crohn’s disease. Gut 65, 415-425 (2016).

Havrdova, E. et al. Activity of secukinumab, an anti-IL-17A antibody, on brain lesions in

RRMS: results from a randomized, proof-of-concept study. J. Neurol. 263, 1287-1295

(2016).

141



