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Abstract

Interferon (IFN) family cytokines stimulate a broad group of genes known as
interferon stimulated genes (ISGs). The primary function of ISGs is to provide antiviral
host defense. IFN-a and IFN-B signal through IFN-a receptor (IFNAR) whereas IFN-A
signals through IFN-A receptor (IFNLR). IFNAR is expressed by many cell types, but
IFNLR is primarily expressed by epithelial cells in barrier tissues. However, unlike most
epithelial barriers that respond to both IFN-A and IFN-a/, intestinal epithelial cells (IECs)
preferentially respond to IFN-A and are hyporesponsive to IFN-a/B. As such, IFN-A has a
dominant role in protecting IECs from enteric viruses. The physiological rationale for this
selective responsiveness by IECs is poorly understood. Furthermore, the interactions of
IFN-A signaling in IECs with the environmental context of bacterial microbiota have not
been determined. In this dissertation, | describe the consequences and contexts

surrounding the IFN-A response by IECs.

To assess the rationale for IFN-a/B hyporesponsiveness by IECs, | interrogated
the capabilities of IFN-a/B and IFN-A responses. First, | confirmed that IFN-A treatment
elicits robust and uniform ISG expression in neonatal mouse IECs and inhibits replication
of IEC-tropic rotavirus. In contrast, IFN-B elicits a marginal ISG response in neonatal
mouse IECs and does not inhibit rotavirus replication. In vitro treatment of IEC organoids
with IFN-A results in ISG expression that mirrors the in vivo IFN-A response. However, IEC
organoids have increased expression of IFNAR relative to neonate IECs, and the
response of IEC organoids to IFN-B is strikingly increased in magnitude and scope. The
expanded IFN-B-specific response includes pro-apoptotic genes and potentiates toxicity
triggered by tumor necrosis factor alpha (TNFa). The ISGs stimulated in common by IFN-
B and IFN-A have strong interferon-stimulated response element (ISRE) promoter motifs,

whereas the expanded set of IFN-B-specific ISGs, including pro-apoptotic genes, have



weak ISRE motifs. Thus, preferential responsiveness of IECs to IFN-A in vivo enables
selective 1ISG expression during infection that confers antiviral protection but minimizes

disruption of intestinal homeostasis.

The dominant role of IFN-A signaling in the intestinal epithelium is accompanied by
the context of abundant stimuli in the form of the intestinal bacterial microbiota. | sought
to determine whether the presence of bacterial microbiota in the enteric environment
stimulates IFN-A signaling. | found that bacterial microbiota stimulate a homeostatic 1ISG
signature in the intestine of specific pathogen-free mice. This homeostatic ISG expression
is restricted to IECs, depends on IEC-intrinsic expression of IFNLR, and is associated with
IFN-A production by leukocytes. Strikingly, imaging of these homeostatic ISGs reveals
localization to pockets of the epithelium and concentration in mature IECs.
Correspondingly, a minority of mature IECs express these ISGs in public single-cell RNA
sequencing datasets from mice and humans. Furthermore, | assessed the ability of orally-
administered bacterial components to restore localized 1SGs in mice lacking bacterial
microbiota. Lastly, | found that IECs lacking IFNLR are hyper-susceptible to initiation of
murine rotavirus infection. These observations indicate that bacterial microbiota stimulate
ISGs in localized regions of the intestinal epithelium at homeostasis, thereby preemptively
activating antiviral defenses in vulnerable IECs to improve host defense against enteric

viruses.

Here, | describe the consequences and contexts surrounding the IFN-A response
by IECs. | found that the IFN-A response is preferentially used by IECs because IFN-a/3
signaling potentiates epithelial cytotoxicity. | also found that the intestinal microbiota
stimulate a localized, homeostatic ISG response in the intestinal epithelium. Together

these findings highlight the unique role that IFN-A plays in the intestinal epithelium.
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CHAPTER 1: Introduction

The Murine Intestine — A Brief Primer

The intestine is a mixed endodermal and mesodermal tissue compartment
composed of two distinct regions: the small intestine and the colon (1). These mucosal
tissues are an essential interface between host and the non-host environment. Knowledge
of the mucosal interface gained through basic research is highly relevant to organismal
health and resistance to disease. Given the difficulties associated with acquiring healthy
human tissues, the mouse model system is commonly used to assess basic biology prior
to confirmation in humans. Use of mouse models are especially essential to study tissues
that are difficult to access in humans, such as the intestine.

In the intestine the host absorbs nutrients, repels pathogens, and balances its
homeostasis with commensal microbes. The intestine composes a highly circuitous
mucosal barrier tissue that is often multiple times longer than the organism. The small
intestine is the largest segment of the intestine, making up roughly 80% of its total length.
The small intestine is organized into the duodenum, jejunum, and ileum in anterior to
posterior order (Figure 1.1). Given the length of the small intestine, its most general role
is absorption of nutrients required for host survival. To this end, the small intestine has
structures called villi — “projections” of the epithelium and underlying cells (lamina propria).
The initial formation of small intestinal villi occurs during fetal development and serves to
increase the surface area of the intestine (2). However, given the length and surface area
of the small intestine, it is also the site of infection by many enteric pathogens and boasts
a high density of immune cells that reinforce host-immunity against pathogens and
exclusion of commensal microbiota (3). Unlike the small intestine, the colon does not have

distinct villi structures and is composed of a much more regular, undulating epithelial
1



surface. The colon is home to the greatest density of commensal bacterial microbiota in
the gastrointestinal tract (3), but has a much sparser density of immune cells than the
small intestine (3). This is partially due to the decreases in surface area relative to the
small intestine and also because the colon is covered in a dense layer of mucus that helps
prevent interactions between commensal microbes and pathogens with the host (4). The
intestine is lined with a single-cell layer of simple columnar cells called intestinal epithelial
cells (IECs). These cells are the primary barrier between the non-host space (intestinal

lumen) and the host lamina propria.

Stomach

Duodenum

Immune
Cells

Jejunum

Villi //
| /

/;/ lleum

I

| f Cecum

/ Mucus and
Colon

/ / Commensal

( Microbiota

Figure 1.1. The regions of the gastrointestinal tract. The small intestine, composed of the
duodenum, jejunum, and ileum. The cecum and colon. Gradient indicating increased density of
immune cells and the presence of villi structures in the small intestine and increased mucus and
commensal microbiota in the colon.

Adapted with permission from Springer Nature: Nature Reviews Immunology. Regional
specialization within the intestinal immune system, Allan M. Mowat and William W. Agace, 2014.
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Intestinal Epithelial Cells
Intestinal Epithelial Cell Development and Differentiation

IECs are derived from the intestinal crypts — small invaginations of the epithelial
layer that make up the stem cell niche (5-7). From these crypts, the intestinal epithelium
proliferates and migrates to fill the space between crypts (8, 9). In the small intestine,
these IECs migrate up the villi and develop into mature, differentiated cells prior to
shedding at the villus tip. The intestinal crypts harbor long-lived, continually-proliferating
intestinal stem cells (ISCs). Active epithelial renewal is driven by ISCs that have robust
expression of Lgr5, an essential growth factor receptor that complexes with Frizzled
receptors to mediate ISC self-renewal (10, 11). In addition to containing proliferating ISCs,
small intestinal crypts also host Paneth cells, a relatively quiescent population of ISCs
called +4 cells, and transit amplifying (TA) cells that give rise to intestinal epithelial
progenitor cells (12). These Paneth cells lie interspersed with ISCs at the bottom of the
intestinal crypt and produce essential growth factors required for TA cell proliferation and
ISC self-renewal (13). The growth factors secreted by Paneth cells include both Wnt and
Notch family ligands such as Wnt-3, Wnt-11, and DIl4 that are essential for the
maintenance of the ISC niche (14-17). An additional growth factor that plays an outsized
role in maintaining the ISC niche is R-spondin, a growth factor produced by stromal cells
near intestinal crypts (18, 19). In fact, R-spondin signals through Lgr5, the hallmark
receptor of ISCs, to potentiate Wnt signaling in these cells (20). Although Lgr5 is the
canonical marker of ISCs, a more widely expressed homologue, Lgr4 is also stimulated
by R-spondin. However, combined deletion of both Lgr4 and Lgr5 is sufficient to abolish
ISC self-renewal, highlighting the importance of robust Wnt signaling for the maintenance
of the ISC population (21). In cases where primary proliferating ISCs are damaged or

destroyed, slower-cycling +4 cells are capable of reconstituting the ISC niche as well as
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differentiating to repopulate diverse epithelial cell types (22—-24). The preservation and
proliferative potential of these +4 cells under adverse conditions underscores the many

necessary functions of the intestinal epithelium.
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Figure 1.2. A diagram of intestinal epithelial cells in the small intestine and colon. Intestinal
crypts with LGR5+ intestinal stem cells. Paneth cells and +4 stem cells are present in the small
intestine (A). Differences in epithelial cell arrangement with a lack of villi in the colon (B).
Proliferation of intestinal stem cells into TA cell intermediates. Differentiation of IECs into secretory
lineage cells (goblet cell, tuft cell, enteroendocrine cell) or absorptive lineage cells occurs in both

tissues.

Adapted with permission from Springer Nature: Nature Reviews Molecular Cell Biology. Adult
intestinal stem cells: critical drivers of epithelial homeostasis and regeneration, Nick Barker, 2014.

Diverse Functions and Features of Intestinal Epithelial Cells

Differentiated IECs have many functions but are developmentally grouped into two
distinct types: secretory or absorptive. Secretory IECs include Paneth cells,
enteroendocrine cells, goblet cells, and tuft cells whereas absorptive cells are enterocytes
(6). IECs arise from epithelial lineage progenitor cells through different balances of
transcription factor usage informed by a complex signaling milieu and intrinsic proliferation
cues (25). In particular, the differentiation of progenitor cells into a secretory or an
absorptive IEC has been largely attributed to transcriptional programs mediated by the

transcription factor ATOH1 (also known as MATHL1) (26). Deletion of Atohl in the majority
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of IECs dramatically decreases the proportion of secretory cells: paneth, enteroendocrine,
and goblet cells, suggesting ATOH1 is the dominant regulator of secretory IEC
differentiation. Full deletion of Atohl in all IECs is embryonic lethal, suggesting secretory
IEC function may be necessary for viability (27). Conversely, constitutively-expressed
ATOH1 is sufficient to direct differentiation of TA cells into secretory cells, and expands
secretory cell types to the detriment of absorptive cell populations (28). In fact, the
relationship between secretory and absorptive IEC differentiation is directly antagonistic
and is mediated by Notch signaling. HES1, a downstream effector of Notch has been
shown to repress ATOH1 function and, therefore, decrease the proportion of secretory
IECs (29). Likewise, inhibition of the Notch pathway relieves ATOH1 repression and
increases the proportion of secretory IECs (30, 31)

Secretory IECs play diverse roles that are absolutely essential for maintenance of
homeostasis in the intestine, consistent with loss of secretory IECs correlating with
embryonic lethality (27). In addition to their role supplying intestinal crypts with growth
factors, Paneth cells also perform essential immune functions. In particular, Paneth cells
prolifically secrete antimicrobial effector molecules such as antimicrobial peptides,
defensins, lysozymes, and phospholipases that are functional against a variety of
microbes (32, 33). Although Paneth cells secrete a wide variety of effector molecules, the
range of hormones secreted by enteroendocrine cells are even more astounding.
Enteroendocrine cells can be subclassified into a dizzying array of cell types that each
produce signaling molecules ranging from established hormones to neurotransmitters.
These effectors include serotonin, glucagon-like and insulin-like digestive hormones, and
even satiety hormones like ghrelin (34). Unlike enteroendocrine cells, goblet cells have
relatively limited effector output, but still play an essential role in intestinal homeostasis.

Goblet cells are most well-known for their production of mucins, the key component of



mucus (35). The primary mucin goblet cells produce is mucin-2 in additions to mucins that
range from freely secreted to cell-membrane-anchored. The aggregation of these mucins
leads to the formation of a protective mucus barrier. Interestingly, in addition to actively
contributing to host mucus barrier formation, goblet cells also are sites for passage of
luminal antigen across the intestinal epithelial barrier (36, 37). Additionally, goblet cells
have been observed interacting with underlying phagocytes, firmly placing them at the
intersection between luminal antigen and host immunity (38). Lastly, intestinal tuft cells
are a relatively new and understudied secretory cell that are defined by a striking “tufted”
appearance and a number of other puzzling characteristics (39). These unique cells
express a variety of proteins associated with chemosensory “taste” functionality, neuron-
associated cell-markers, and even a kinase that is canonically associated with immune
signaling by hematopoietic cells (40). Consistent with a role in immunity, tuft cells play an
essential role in anti-helminth immunity by secreting IL-25 and TSLP to activate innate
lymphoid cells and skew T cell responses in the intestine (41-43). Unlike secretory IECs,
absorptive enterocytes have a more unified role and regulate the uptake of nutrients and
solutes from the luminal space (44). The vast majority of cellular absorption occurs through
these enterocytes, including direct transcytosis of up to um-sized particles (45, 46).
Absorption of solutes and ions can also be mediated around the boundaries of IECs in a
paracellular manner, with enterocytes contributing to the restriction and permissiveness
of paracellular trafficking by modulating tight junctions (47). Ultimately, enterocytes
express a plethora of transport machinery to allow for absorption of all macromolecular
groups, including: carbohydrates, lipids, peptides, and amino acids — an essential function

for host survival (48, 49).



Intestinal Epithelial Cell Death and Extrusion

Normal function of IECs requires their constant turnover through controlled cell
death pathways and a lack of controlled IEC turnover can manifest in outgrowth of
malignant cells (50). As such, IEC turnover occurs rapidly, at a rate of 3-5 days in mice
and 5-7 days in humans with essentially all turnover in the small intestine occurring at the
tips of villi (5, 7). The pace with which IECs are replaced is corroborated with histological
observations noting that over 5% of villi contain an IEC that is in the process of being
extruded from the epithelial layer (51). This suggests widespread remodeling of the
intestinal epithelium occurs continually. Nearly all of the IECs that are extruded from the
intestinal epithelium are positive for activated caspase-3, an essential executioner
caspase that is canonically associated with apoptosis (51-53). It is clear that individual,
dissociated IECs undergo apoptosis, but it remains unclear whether apoptosis is the cause
or the consequence of cellular extrusion under homeostatic conditions (54). A recent study
noted that there was no lack of epithelial shedding in mice with IEC-specific deletion of
caspase-3 and caspase-7, suggesting that canonical apoptosis is not required for
homeostatic extrusion from the epithelial barrier (55). Extrusion of IECs is a complex
process that leads to the formation of a contractile actin and myosin ring. In the case of
apoptotic cells, increases in the concentration of sphingosine 1-phosphate (S1P) are
associated with signaling to S1P receptor 2 on neighboring cells to initiate cellular
extrusion (56). However, live cell extrusion has also been studied. In zebrafish models,
crowding of non-apoptotic cells can also increase S1P through mechanosensing by
Piezol, a stretch-activated ion channel (57). The actual formation of this contractile ring
is mediated by Rho kinases, presumably through regulators like P115 RhoGEF (53).
Ultimately, Rho coordinates with myosin kinases to directionally squeeze the IEC from its

place in the epithelial layer (58, 59).



Under inflammatory conditions, IEC shedding occurs more regularly than under
homeostatic conditions, often in response to dead and dying cells. The hallmark
inflammatory cytokine studied in the intestine is tumor necrosis factor a (TNFa), which has
strong genetic links to inflammatory bowel disease (60-62). TNFa has pleiotropic effects
on intestinal permeability and wound-healing, and cell death (63). At homeostasis, IECs
express both components of the tumor necrosis factor receptor (TNFR), TNFR1 and
TNFR2. These receptors are not downregulated during intestinal inflammation which
allows robust signaling in IECs (64). The detailed pathways that lead to cell death following
TNFa signaling are regulated by magnitude of signaling stimuli and the current cell state,
and TNFa signaling leads to a variety of death outcomes (65). In mouse models, robust
signaling through TNFR1/2 leads to dramatic shedding and apoptosis of IECs (66, 67). In
simple terms, this apoptotic TNFR signaling is mediated by interactions with fas-
associating death domain-containing protein (FADD), which associates with TNFR and
complexes with pro-caspase-8 to lead to self-cleavage and activation (65). The activation
of caspase-8 leads to cleavage of executioner caspases-3/7 and cellular apoptosis.
Caspase-8 can also cleave a pro-apoptotic protein, BID, to activate a cascade of BCL-2
family proteins that leads to mitochondrial outer membrane permeablization and
apoptosis. Despite TNFa’s moniker as a “necrosis factor”, necroptosis of IECs following
TNFa stimulation generally only occurs under certain circumstances, such as when
caspase-8 is inhibited (68, 69). In these cases, the TNF signaling pathway is shunted
towards activation of receptor-interacting protein kinase 3 (RIPK3) which can
subsequently activate mixed lineage kinase domain-like (MLKL) (70). Upon activation,
MLKL complexes with ion channels and leads to rapid destabilization of cellular gradients

and cell death.
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Figure 1.3. TNF signaling outcomes. Signaling through TNFR1 can lead to NF-kB activation,
apoptosis, or necroptosis. Apoptosis requires association with FADD and activation of caspase-8
and caspases-3/7.

Adapted from Frontiers Media: Frontiers in Cell and Developmental Biology. The Balance of TNF
Mediated Pathways Regulates Inflammatory Cell Death Signaling in Healthy and Diseased
Tissues, Joshua Webster and Domagoj Vucic, 2020.

Intestinal Organoid Model System

Investigation of IECs was catalyzed by the development of the intestinal organoid
model system. Intestinal organoids are a three-dimensional cell culture and were
pioneered by the Clevers Group in 2009 (71). The development of these organoids
enabled the long-term maintenance of primary intestinal epithelium and dramatically
increased the ease of studying IECs. For example, organoids now can be derived from
human patients as well as agricultural animals such as pigs, rabbits, chickens, and cows
(72). These organoids also enable direct isolation and growth of genetically modified

primary cells and they are also amenable to genetic engineering with CRISPR technology



(73). At their basis, organoid cultures were developed to recapitulate the ISC niche and
allow for the constant proliferation of ISCs in vitro. To this end, organoids originated by
isolating intestinal crypts, suspending them in a laminin-rich extracellular matrix (ECM),
and culturing them with recombinant R-spondin, epidermal growth factor (EGF), and
Noggin to stimulate their proliferation (71). Since that time additional IEC organoid culture
media has been developed, including conditioned media (CM) that replaces EGF with
Whnt-3a (74). The development of CM-producing L-WRN cells has disseminated the ability
to culture organoids with relatively high-reproducibility, fueling the use of the organoid

model system (75).

IEC organoids have been derived from nearly the entire gastrointestinal tract
ranging from the stomach to the colon (74). These organoids readily polarize with the
apical side facing away from the ECM in which they are suspended, towards the interior
of the 3D organoid. However, removal of ECM from established organoids results in a
dynamic repolarization of the apical surface of the IECs to the exterior of the 3D organoid
(76). The ease with which organoids develop from intestinal tissues is largely attributed to
intrinsic interactions between IECs and stochastic gradients of Notch and DII1 in hyper-
localized areas of the organoid (77). These gradients lead to symmetry breaking and the
self-assembled budding of crypt-like structures. The degree to which organoids are
retained in a spherical organization or spontaneously bud leads to their classification as
either spheroids (spherical with no obvious crypt-like buds) or enteroids (multiple lobules
of crypt-like buds) (78). The factors that determine spheroid or enteroid formation are not
fully understood, but replacing of EGF with Wnt-3a is associated with spheroid formation
(74). Perhaps the abundance of Wnt ligand in CM overrides the local cues required for
crypt-like bud formation or maybe Wnt increases proliferation rate of amplifying cells in the

organoid, which can reduce the differentiation of secretory cells (25). Despite these
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differences between enteroids and spheroids, both types of structures retain their intrinsic
tissue-specific programming during long-term culture, allowing for nuanced interrogation
of differences in the intestinal epithelium along the length of the gastrointestinal tract (79,

80).
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Figure 1.4. Intestinal organoids. Intestinal crypts with LGR5+ intestinal stem cells are isolated
from fresh intestinal tissue. Incubation with stem cell factor media results in self-organization of
proliferating organoids that can be maintained in culture long-term or cryopreserved.

Adapted with permission from Springer Nature: Cell Death & Differentiation. Organoid-based
modeling of intestinal development, regeneration, and repair, Joep Sprangers, Irene C. Zaalberg,
& Madelon M. Maurice, 2021.

Since organoids readily recapitulate the intestinal epithelium and are primary cells,
they are well suited to model enteric infection (81). A number of human and simian viruses
have been found to infect organoid cultures including infection of human organoids with
lab-grown rhesus rotavirus and patient-derived rotavirus strains (82-84). Human
organoids can also be infected with other enteric viruses like encephalomyocarditis virus,
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echovirus 11, coxsackievirus B, enterovirus 71, and even SARS-CoV-2 (85-89). Similarly,
organoids can be infected with pathogenic bacteria by direct microinjection of the
pathogen into the apical-facing center of individual organoids (81). While this may sound
straightforward, cell culture media must be carefully formulated to allow balanced growth
of both IECs and bacteria (90). With these approaches, a number of bacterial infections
have been established in organoids models, including Salmonella, Helicobacter, and
Clostridium (91-94). Even protozoan parasites such as Cryptosporidium can be
microinjected into organoids to model infection in vitro (95). Although these infections are
relatively rudimentary at present, future advances in co-culturing organoids with
pathogenic or commensal microbes will provide increasingly complex models to simulate
the role of IECs in vivo. Currently, the standard organoid model system restricts analysis
to the intestinal epithelium. However, very simple co-culture models exist to assess
interactions between host immune cells and the intestinal epithelium. To investigate
macrophage-epithelial interactions, co-culture models require seeding organoid cells in a
two-dimensional monolayer (96). However, T cell co-culture models allow for direct
addition of T cells to three-dimensional organoid culture (97, 98). The continued
development of these models will soon allow for simplified reconstructions of in vivo

microbe and immune interactions with the intestinal epithelium.
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Interferon Signaling

Interferon Signaling Pathways

Interferons (IFNs) are a family of cytokines that provide antiviral defense by
inducing the expression of interferon stimulated genes (ISGs), a large group of genes that
include direct-acting antiviral genes (99, 100). Members of the IFN family are divided into
three major types. IFN-as and IFN-B (hereafter IFN-a/f) are the most commonly studied
type | IFNs, but other less-characterized type | IFNs include IFN-¢, IFN-w, IFN-K, IFN-3,
IFN-T and IFN-C (101). These other forms of type | IFNs are highly species- and cell-type
specific and will therefore not be discussed here. The other major types of interferon are
IFN-y (type Il IFN) and IFN-As (type Il IFNs) (102, 103). Signaling by IFN-a/B, IFN-y, and
IFN-As are differentiated by their use of different cognate receptors. IFN-a/f signals
through a heterodimeric receptor composed of Ifnarl and Ifnar2 (IFNAR) (104), whereas
IFN-y signals through a complex of heterodimeric Ifngrl and Ifngr2 (IFNGR) (105). IFN-As
signal through a heterodimeric receptor (IFNLR) composed of a specific chain, Ifnirl, and
a non-specific chain that is shared with IL-10 family cytokines, [110rb (106, 107). Indeed,
although IFN-A shares cytokine function with IFN-a/, it is structurally much more similar
to IL-10 family cytokines than type | IFNs (108). IFN-A’s structural similarity to IL-10 family
cytokines is consistent with its ability to bind to the common IL-10 family receptor, IL10R[

(109).

Canonical signaling by all three types of IFN occur through the Janus-kinase (JAK)
and signal transducer and activator of transcription (STAT) pathway, with IFNAR and
IFNLR signaling using the same set of signaling factors, unlike IFNGR (110). Specifically,
IFNAR and IFNLR both use the same canonical signaling kinases, JAK1 and tyrosine
kinase 2 (TYK2), whereas IFNGR signals through JAK1 and JAK2 (111). Subsequently,

these kinases phosphorylate STAT transcription factors that mediate induction of 1ISG
13



expression. In the case of IFNAR and IFNLR signaling, JAK1 and TYK2 lead to
phosphorylation of STAT1 and STAT2 which allows them to bind to interferon regulatory
factor 9 (IRF9) (Figure 1.4). This heterotrimeric complex, termed interferon stimulated
gene factor 3 (ISGF3), translocates to the nucleus and binds interferon-stimulated
response element (ISRE) motifs in the promoter region of 1ISGs (99, 106, 107, 112).
Alternatively, in the case of canonical IFNGR signaling, JAK1 and JAK2 phosphorylate
STAT1 which dimerizes and translocates to the nucleus to bind gamma-activated
sequence (GAS) motifs in the promoter region of some ISGs (111). Signaling through all
of the IFN pathways leads to the expression of a broad group of ISGs, however, the best

characterized of the ISGs are those with antiviral activity.
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Figure 1.5. IFN-a/f and IFN-A induction and signaling. Detections of MAMPs and PAMPs
occurs through a variety of sensors including helicases like RIG-I1 and MDA, DNA sensors such as
cGAS, and membrane-localized receptors such as TLRs. Sensing leads to activation of IRF3/7 and
NF-kB to stimulate expression of IFN-a/f and IFN-A. Binding of IFN-a/B and IFN-A to their cognate
receptors leads to activation of ISGF3, composed of STAT1, STAT2, and IRF9. ISGF3 binds to the
promoter of ISGs and activates a broad group of genes, including genes with antiviral activity.

Used with permission from S. Karger AG, Basel: Journal of Innate Immunity, Interferon-A in the

Context of Viral Infections: Production, Response and Therapeutic Implications, Pascale Hermant
and Thomas Michiels, 2014.
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The Antiviral Function of Interferon Stimulated Genes

Given the shared canonical transcription factor usage by IFNAR and IFNLR
signaling, the transcriptional responses of IFN-A and IFN-a/f largely overlap. In fact, IFN-
A does not stimulate expression of unique ISGs that are not stimulated by IFN-a/ (113—
115). The overlapping core transcriptional response between IFNAR and IFNLR contains
a number of well-characterized anti-viral ISGs that can target specific steps of certain viral
lifecycles (110). Some of the primary viral processes that ISGs antagonize are entry,
nuclear import, transcription, translation, viral RNA and protein stability, and egress (116).
Following virion binding, viral internalization requires bypassing the cellular membrane of
the host cell. One family of ISGs that classically antagonize viral entry are the interferon-
induced transmembrane (IFITM) proteins such as IFITM1, IFITM2, and IFITM3 (117).
Consistent with their role in preventing viral entry, IFITMs are primarily localized to the
plasma membrane and endocytic vesicles where they inhibit membrane fusion and
endosomal processes through incompletely characterized mechanisms. As such, IFITMs
primarily inhibit entry of enveloped viruses, though IFITM3 has also been shown to inhibit
entry of non-enveloped reovirus through an endosomal mechanism (118). Another set of
ISGs is the myxovirus resistance (MX) family which can target multiple steps of various
viral lifecycles. Some MX family members such Mouse Mx1 and human MxB both localize
to nuclear membranes and may antagonize nuclear import of viral components (119). In
cases where initiation of viral replication cannot be blocked, the oligoadenylate synthetase
(OAS) family of ISGs recognizes dsRNA and activates RNaseL to mediate the degradation
of viral RNAs (120). Another unigque group of ISGs are the ISG15 family that contain
proteins with ubiquitin-like function. This family facilitates the conjugative addition of ISG15
to both host and viral proteins to alter their function (114). In the case of altering viral

proteins, ISG15 typically prevents oligomerization and assembly of viral components.
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ISG15 can also dampen host IFN signaling to prevent runaway positive feedback loops.
In a regulatory mechanism analogous to de-ubiquitination, USP18 is a de-ISGylating
enzyme that removes ISG15 modifications and increases the antiviral ISG response (121).
Another expansive family of ISGs is the tripartite motif (TRIM) proteins, consisting of
dozens of members that can target nearly every step of the viral lifecycle (122). These
TRIM proteins have a variety of abilities ranging from ubiquin-ligase activity, to immune
signaling modulation, and even the ability of TRIM21 to function as an antibody receptor.
Some TRIM proteins suppress viral transcription, like TRIM22, whereas TRIM25 can
regulate zinc-finger antiviral proteins (ZAP) to mediate translational suppression of viruses
(123). Another group of ISGs that suppress viral translation are IFN-induced protein with
tetratricopeptide repeats (IFIT) family members (124). These IFITs inhibit viral translation
by binding triphosphorylated viral RNA as well as by suppressing the general translational
activity of the host cell by binding to the eukaryotic initiation factor 3 (elF3) translational
complex (125). Lastly, antiviral ISGs such as tetherin and viperin can inhibit budding of
specific viruses to prevent viral dissemination (116). Together, the canonical IFN response
induces the broad expression antiviral proteins that can target many steps of the viral

lifecycle.

Non-Canonical IFN Signaling and Differences in IFN-a/ and IFN-

A Responses

In addition to the canonical mediators of ISG transcription, ISGF3 and STAT1-
homodimers, slightly altered transcription factor complexes can also play a role in the ISG
expression under highly-specific circumstances (126—129). The primary non-canonical,
JAK-STAT pathways that are present in IFN-a/p signaling are unphosphorylated ISGF3

(U-ISGF3) signaling and STAT1-independent signaling. Although IFN-a/ and IFN-A
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signal through the same canonical pathway, it remains unclear whether IFN-A can elicit U-
ISGF3 and STAT1-independent signaling. At its simplest, U-ISGF3 signaling is an
extension of traditional ISGF3-mediated transcription. U-ISGF3 signaling is thought to
occur due to either nuclear retention of ISGF3 that is subsequently dephosphorylated or
nuclear accumulation of unphosphorylated components of ISGF3. For example, following
IFN-B stimulation, dephosphorylation of ISGF3 can occur and nuclear U-ISGF3 can
contribute to lingering expression of some antiviral ISGs (130). Components of ISGF3 are
reported to accumulate in the nuclei of many cell lines through unknown mechanisms. The
formation of nuclear U-ISGF3 in the absence of IFN stimulation appears sufficient to
induce basal expression of antiviral ISGs that are dramatically reduced upon deletion of
any U-ISGF3 components (131). In contrast to U-ISGF3, STATLl-independent
transcription utilizes an incomplete ISGF3 signaling complex consisting of just STAT2 and
IRF9. These STAT1-independent were first characterized during overexpression
experiments in miscellaneous cell lines (132, 133) and ultimately STAT1-indepdent
complexes do not bind DNA with high stability (134). STAT1-independent protection
against dengue virus infection has been suggested in mice because deletion of both
STAT1 and STATZ2 increases susceptibility to infection to a greater extent than just STAT1
deletion (135). However, single deletion of STAT2 alone does not increase susceptibility,

indicating that more research is required to confirm these phenotypes.

It has also been suggested that IFN-y can signal through non-canonical pathways.
Examples include STAT1-homodimer association with IRF9 or by using an ISGF3
complex with an unphosphorylated STAT2 protein (ISGF3-1I). The most well-
characterized IRF9 interactions with STAT1-homodimer were noted in immortalized cell
lines following stimulation with IFN-y and they were required for expression of the

chemokine CXCL10 (136). These findings were repeated in bone-marrow macrophages
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and showed that macrophages lacking IRF9 express less Cxcl10 than WT macrophages
following stimulation with IFN-y (137). This increased CXCL10 production was then
suggested to play a role in a dextran sulfate sodium model of colitis. Lastly, IFN-y is
capable of inducing the formation of ISGF3 that lacks phosphorylated STAT2 in mouse
embryonic fibroblast cell lines (138). This ISGF3-1l complex was also observed in A549
cells and was independent from IFN-a/f and IFN-A signaling (139). Ultimately, it is unclear
how broadly IFN-a/B and IFN-y use these altered forms of canonical IFN signaling
complexes. Extending their impacts to multiple cell lines and controlling for inadvertent
activation of the IFN signaling pathway are necessary to confirm some of these non-

canonical processes.

Despite the implication that IFN-a/f can use these non-canonical signaling
complexes, there are very few noted differences in the use of signaling pathways between
IFN-a/B and IFN-A. However, there are several intriguing differences in the transcriptional
responses to IFN-A and IFN-a/B. For example, distinct differences in the kinetics of ISG
transcriptional responses have been noted between IFN-A and IFN-a/B, with IFN-A
stimulated a slower, but more sustained ISG response than IFN-a/f (140, 141). These
kinetic differences were found to be independent of receptor abundance since
overexpression of IFNAR or IFNLR did not alter the timing of transcriptional responses
(142). Although it is unclear why the kinetics of IFN-A and IFN-a/p responses vary, there
is evidence that IFN-A displays more reliance on mitogen-activated protein kinase (MAPK)
signaling than IFN-a/f for optimal induction of ISGs by IFN-A (143-145). In particular,
inhibition of p38, ERK, or JNK all selectively decreased ISG responses elicited by IFN-A.
Furthermore, inflammatory gene expression is differentially regulated between IFN-a/f3
and IFN-A. IFN-a/B is capable of inducing inflammatory cytokine expression by myeloid

cells such as dendritic cells, macrophages, and neutrophils — unlike IFN-A (146, 147). This
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difference in inflammatory cytokine expression is due to selectively induction of IRF1 by

IFN-a/B which subsequently facilitates the induction of inflammatory cytokines (148).
Induction of Interferon Expression

Interferons (IFNs) are commonly induced in response to detection of pathogen-
and microbe- associated molecular patterns (PAMPs and MAMPS) via a suite of
cytoplasmic and membrane-associated sensors (Figure 1.4) (149-151). There are
numerous cytoplasmic sensors that detect nucleic acids during viral infection, but many of
the nucleic acid sensing pathways signal through stimulator of interferon genes (STING)
or mitochondrial antiviral-signaling protein (MAVS) (152). One hallmark mechanism for
activating the STING pathway is by sensing of cytosolic DNA by cGAMP synthase (CGAS).
cGAS sensing results in cyclization of ATP and GTP into a secondary messenger
molecule, cyclic GMP-AMP (cGAMP). Following its synthesis, cGAMP can bind to STING
in the endoplasmic reticulum (ER) and induce expression of IFNs through TANK-binding
kinase 1 (TBK1) (153, 154). Subsequently, activation of TBK1 leads to phosphorylation of
interferon regulatory factor 3 (IRF3) and induction of IFN expression (152). Other cytosolic
DNA sensors have been reported to signal through TBK1, including DNA-dependent
activator of IRFs (DAI), IFI16, and DDX41, but play minor roles relative to cGAS-STING.
Two sensors upstream of MAVS are RIG-1 and MDAS. Both sense dsRNA with their helical
domains and activate caspase-recruitment (CARD) domains to initiate IFN responses
(155). Activation of CARD domains results in CARD oligomerization which is sufficient to
drive induction of IFNs by binding to the CARD-like domain of MAVS (156, 157). Signaling
through MAVS subsequently activates TBK1 and induces expression of IFNs.

Although cytosolic sensing plays a prominent role in IFN induction, stimulation of

membrane-associated toll-like receptors (TLR) can also induce IFN responses. There are
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thirteen TLRs in mice, however only nine (TLR1-TLR9) are shared with humans and are
commonly studied (150). TLR1, TLR2, TLR4, TLR5, and TLR6 recognizing bacterial
components such as lipopolysaccharide (TLR4), flagellin (TLR5), and lipopeptides
(TLR1/2 and TLR 2/6). On the other hand, TLR3, TLR7, TLRS8, and TLR9 recognize
distinct classes of nucleic acid such as dsRNA (TLR3), unmethylated double-stranded
DNA (TLR9), and ssRNAs or specific quinolone compounds and nucleoside analogs
(TLR7 and TLR8) (149). Coincidently, the localization of these TLRs correlates with the
type of ligand recognized, as bacterial-sensing TLRs localize to the plasma membrane
and nucleic acid sensing TLRs signal from the endosome (149). TLR-dependent pathways
primarily signal through two separate adaptor proteins: myeloid differentiation primary
response 88 (MYD88) and TIR-domain-containing adapter-inducing interferon-g (TRIF)
(158). Of the nine common TLRs, only TLR3 is unable to recruit MYD88 and depends
solely on TRIF as its signaling adapter (159). TLR4 can signal through both MYD88 and
TRIF, although TRIF usage is restricted to endosomal compartments following
endocytosis of receptor after ligand binding (159, 160).

Signaling through cytoplasmic sensing pathways and TLRs leads to induction of
many genes that play roles in inflammation, survival, and proliferation. However, these
pathways can also stimulate the expression of IFNs. Expression of IFNs is largely
controlled transcriptionally by interferon regulatory factors (IRFs) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB). Of these factors, IRF3 and IRF7
in IFN regulation have been particularly well-studied and both play essential roles in the
induction of IFNs. IRF3 is constitutively expressed in many cell types at steady-state. On
the other hand, IRF7 expression is induced by sensing of viral infection, LPS, or by IFN
itself in most non-lymphoid cells (161-163). As such, IRF7 is essential for maximal

expression of all IFNs, due to the positive feedback loop induced by autocrine exposure
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to IFNs (164-166). One feature of IRF7 is its ability to directly interact with MyD88 and
subsequently induce IFN expression (167, 168). As such, cells with constitutive
expression of IRF7, such as plasmacytoid dendritic cells (pDCs), are primed for robust
IFN production (169). IRF3 and IRF7 bind to ISRE sites in the promoter regions of IFN-A
and IFN-a/B, however each IFN relies on specific combinations of IRFs and NF-kB for
expression (103, 151, 170). IFN-A and IFN-as are preferentially driven by IRF7 as opposed
to IFN-B which is productively stimulated by both IRF3 and IRF7 (164, 166, 171-173).
However, IFN-A and IFN-B also use NF-kB family members for efficient induction, unlike
IFN-as (174). These findings show that induction of IFN-A is unique compared to IFN-ao/.
IFN-A exhibits robust expression in response to stimuli due to primary dependence on
IRF7, but this response is slightly delayed due to less dependence on the constitutively
expressed IRF3. However, IFN-A is also reported to be highly dependent on NF-«kB for
robust expression compared to IFN-a/B (175), suggesting that the specific contexts for
IFN-A expression may be heavily regulated by NF-kB.

Since IFN responses are most well-characterized as antiviral, virus-induced IFN
expression has been extensively studied (103, 151, 164, 166, 170-173). However,
bacteria can also stimulate expression of IFN through both TLRs and cytosolic sensors
(176). In bone-marrow derived dendritic cells, essentially every bacterial TLR ligand is
sufficient to induce IFN-A and IFN-f3 expression (76). Likewise many bacterial components
such LPS, flagellin, and lipoproteins are capable of inducing IFN in specific in vivo contexts
(161, 177-180). Similarly, bacterial-mediated stimulation of nucleic-acid sensing TLRs is
associated with increased IFN-B expression in certain in vivo contexts (181-183). Two
commonly studied intracellular bacterial pathogens, Listeria monocytogenes and
Mycobacterium tuberculosis, induce expression of IFN-a/B and IFN-y. These bacterial

infections highlight some of the differences between bacterial and viral responses to
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individual types of IFN (179, 180, 184, 185). Upon infection with L. monocytogenes and
M. tuberculosis, IFN-y is essential for bacterial clearance and resistance to infection,
however IFN-a/B increases susceptibility to M. tuberculosis (186, 187). IFN-a/p does not
universally increase susceptibility to intracellular bacteria though. For example, IFN-o/
signaling has mixed effects on L. monocytogenes infection (188). The impact of IFN-a/
on L. monocytogenes infection is linked to the timing IFN signaling and the route of
infection (189, 190). In particular, IFN-a/f signaling is detrimental to the host following
intraperitoneal injection of Listeria infection, but is protective during intragastric infection.
These findings suggest that the role of IFNs and the responsiveness of the host may vary

by location.

Interferon Responsiveness in the Intestine

IFNAR is almost ubiquitously expressed and, as such, nearly all cells and tissues
respond to IFN-a/B. On the other hand, Ifnlrl is predominantly expressed in the
gastrointestinal tract, with skin and lung tissues also having abundant Ifnlrl transcripts
(191). Consistent with these findings, mice with a LacZ reporter gene inserted into the
Ifnlrl gene locus had the most prominent expression of Ifnirl in the gastrointestinal tract
at homeostasis (192). Ifnlrl expression is limited to specific cell types and is largely
restricted to epithelial cells and neutrophils (103, 191, 193). By comparison, IFNAR is
almost ubiquitously expressed in every type of cell. Consistent with the tissue-specific and
cell type-specific expression of Ifnlrl, the gastrointestinal epithelium robustly responds to
IFN-A stimulation (194-196). Intriguingly however, IEC responsiveness to IFN-A is
accompanied by hyporesponsiveness to IFN-a/B. Imaging of mouse small intestines
following injection of IFN-A or IFN-a indicated distinct compartmentalization of IFN
responsiveness (195, 197). Injection with IFN-A increased phosphorylation of STAT1 and

reporter ISG activation in IECs, but not underlying lamina propria cells. However,
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stimulation with IFN-a displayed an inverse phenotype with increased phosphorylation of
STATL1 and reporter ISG activation in lamina propria cells, but not IECs. These findings
were further corroborated by transcriptional analysis of sorted IECs and lamina propria
cells (194). Some of this compartmentalized response may be due to less expression of
Ifnarl and Ifnar2 transcripts in IECs as compared to non-epithelial cells in the intestine
(194). However, there is some evidence suggesting that signaling through IFNAR is
possible in IECs. For example, disruption of IFNAR1 endocytosis in IECs increases IEC
proliferation and apoptosis (198). These findings suggest that IFNAR is translated in IECs
in vivo and may support limited signaling but be unable to robustly respond to IFN-a/
(198). Consistent with the hyporesponsiveness of IECs to IFN-a/B, IFN-A plays a dominant
role in protection of IECs against epithelial-tropic enteric viruses like murine rotavirus and
murine norovirus (MNV) (195, 196, 199, 200). This hyporesponsiveness to IFN-a/B in the
intestinal epithelium is unique and not observed in epithelial cells at other barrier tissues
that respond to both IFN-a/f and IFN-A. For example, the lung is a highly analogous
mucosal barrier tissue to the gastrointestinal tract and yet lung epithelial cells respond to
both IFN-a/B and IFN-A in vivo (147, 201). Similarly, the vaginal epithelium also responds
to both IFN-a/f and IFN-A (175, 202). Even reproductive tissues like the placenta can
respond to both IFN-a/f and IFN-A (203, 204). Thus, downregulation of epithelial response
to IFN-a/B seen in the intestine is not observed in other barrier tissues, suggesting that

dependence on IFN-A signaling in IECs is due to unique, tissue-specific context.

Interestingly, culturing primary intestinal epithelial cells as organoids does not fully
recapitulate the compartmentalized IFN responses observed in vivo. In fact, instead of
hyporesponsiveness to IFN-a/p, organoids display robust responses to both IFN-A and
IFN-a/B (205). In fact, IFN-a/B more potently stimulates ISGs than IFN-A in organoid

cultures. Accordingly, stimulation of organoids with both IFN-A and IFN-a/p elicits robust
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antiviral responses and protection against mammalian reovirus, human rotavirus, and
human astrovirus infections (143, 206, 207). It remains unclear why organoids respond to
IFN-a/B. The mechanism of in vivo IFN-a/f hyporesponsiveness has not been established,
but increased IFN-a/B responsiveness may be due to loss of regulatory repression of
signaling in vivo. Alternatively there may be tissue-specific cues in vivo that are lost in
organoid cultures. Administration of IFN-A to mice results in robust ISG expression in
differentiated intestinal epithelium (194-196), however, the ISG response in organoids
appears much more heterogeneous (205). It remains to be seen how closely these
differences in IFN responsivness are related to organoid-specific biology. Regardless, the
suppression of IFN-a/B responses in vivo suggests that there are unique physiological

advantages for preferential responsiveness to IFN-A by the intestinal epithelium in vivo.
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The Rotavirus Model System

Rotavirus Structure, Life Cycle, and Pathogenicity

Rotaviruses (RV) are genus of the Reoviridae family and predominantly infect the
gastrointestinal tract of a variety of mammalian species. There are currently 8 groups of
rotavirus (Group A — Group H) that are differentiated by antigenic properties and
seqguence, but group A rotaviruses are responsible for more than 90% of infections in
humans (208). Currently, rotavirus is the dominant cause of diarrheal mortality across all
age groups (209). In the past 15 years, two rotavirus vaccines have been licensed for use
in the United States and provide near complete protection from severe rotavirus-induced
gastroenteritis (210, 211). Since their introduction, rotavirus vaccines have gradually
reduced mortality in children, however, there are still over 200,000 estimated deaths,

globally, largely concentrated in developing countries (212).

As a member of Reoviridae, rotaviruses have double-stranded RNA genomes
organized into 11 segments. Cumulatively, these segments encode 6 structural proteins
(VP1, VP2, VP3, VP4, VP6, VP7) and 6 non-structural proteins (NSP1, NSP2, NSP3,
NSP4, NSP5, NSP6) that facilitate replicative function of the virus (213). Structurally,
rotavirus virions are non-enveloped and consist of triple-layered particles (TLPs) that are
wrapped in a layer of VP7 proteins interspersed with VP4 spike proteins. In combination,
these VP4 and VP7 facilitate binding and viral entry into host cells through complex,
combinatorial interactions with integrins and glycans such as sialic acid and histone-blood
group antigens (HBGAS) (214). The role of sialic acid for viral binding is particularly well-
defined, with strain-dependent requirements for the presence of sialic acid (215, 216).
Likewise, it has been speculated that age-dependent variation of HBGAs may contribute
to increased incidence of rotavirus infection in neonates and children (217). Unlike binding

of virion, rotavirus internalization remains relatively under characterized. Currently,
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endocytosis is thought to be required for virion internalization with requirements for the
Endosomal Sorting Complex Required for Transport (ESCRT) pathway and species-
specific interactions with Rab proteins (218, 219). Ultimately, internalization of rotavirus
leads to formation of viral replicative complexes in the cytoplasm of the host cell. These
‘viroplasms’ produce double-layered viral particles which mature to TLPs in the
endoplasmic reticulum (ER) of the host. Following maturation, virions can be released

from the ER through both lytic and non-lytic mechanisms (220, 221).

The study of rotavirus pathogenesis has led to the isolation of patient-derived
strains as well as the development of animal rotavirus models, including: rhesus rotavirus,
bovine rotavirus, porcine rotavirus, and murine rotavirus (222—-224). In particular, infection
of laboratory mice with rotavirus has provided unique insights into the mechanisms of
pathogenicity and immunity. Infection of mice with both murine and rhesus rotavirus
results in peak shedding of viral antigen in stool between days 3 and 5 with full clearance
of infection by day 10 (225-227). Consistent with the timing of viral clearance, resolution
of rotavirus infection largely depends on mobilization of the adaptive immune response.
In particular, robust B cell responses and production of antibody facilitate resolution of
infection (228). This B cell response is bolstered by CD4 T cell activity, but neither CD4,

nor CD8 T cell activity is required for clearance of murine rotavirus infection (229).

Intriguingly, murine rotavirus infection in mice recapitulates age-dependent
diarrheal symptoms with adult mice not developing diarrhea that is present in neonatal
mice (230). One possible reason why adult mice are not susceptible to diarrheal disease
may be due to the mechanism of diarrheal-induction. Previously, the non-structural protein
4 (NSP4) of rotavirus was found to be a potent enterotoxin which is singularly capable of

inducing diarrhea, likely through activation of calcium signaling (231, 232). Although
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calcium signaling is implicated in rotavirus-induced diarrhea, infection appears to
predominantly increase intestinal motility, rather than having acute effects on intestinal
permeability (233). Additionally, diarrheal symptoms in neonatal mice may also be linked
to age-dependent effects on TLR expression by IECs. In particular, IECs exhibit higher
expression of TIr3 in adult mice than neonatal mice and therefore adult mice have
increased IFN- expression in response to murine rotavirus than neonatal mice (234).
These differences correlate with increased viral load in neonatal mice compared to adult
mice, suggesting that the immature IFN responses in neonatal mice may exacerbate

murine rotavirus infection and lead to increased diarrheal symptoms.

Rotaviruses are predominantly considered enteric pathogens, although there are
reports that mice can acquire systemic infection of both murine and rhesus rotavirus (235,
236). In the gastrointestinal tract, murine rotavirus most readily infects the ileum region of
the small intestine over the cecum, colon, or other regions of the small intestine. In the
small intestine, murine rotavirus robustly infects enterocytes, with preferential infection of
enterocytes distally located at the tips of villi (227, 237, 238). Following infection,
histological perturbations occur within the intestinal epithelium, including the blunting or
shortening of intestinal villi and the formation of vacuoles within infected IECs (239). On a
cellular level, these acute changes include contraction of crypt-associated stem cells and

paneth cells, and a decrease in the maturity of differentiating enterocytes (240).
Rotavirus and Interferon Signaling

The ability of rotavirus to combat the expression of IFNs and a subsequent IFN
response has been characterized in cell lines and infections of laboratory mice (241). In
vitro characterization of the interactions between rotavirus and IFN signaling has primarily

been performed with human rotaviruses and rhesus rotavirus. Reports indicate that

28



multiple species of rotavirus NSP1, including human and simian rotaviruses, can
antagonize induction of IFN by targeting IRFs for degradation (242, 243). Both human and
rhesus rotavirus strains are also able to inhibit IFN responses by directly antagonizing
STAT1 and STAT2 (244, 245). Additionally, rhesus rotavirus can target type | and type |l

IFN receptors for degradation in vitro (246).

Characterization of rotavirus infection in mice has consolidated around distinct
differences in the pathogenicity of rhesus and murine rotavirus. Generally, rhesus
rotavirus induces more IFNs than murine rotavirus during in vivo infection of neonatal
mice, correlating with less efficient infection by rhesus rotavirus than murine rotavirus
(247, 248). These findings suggest that IFN controls heterologous rotavirus infection of
mice to a greater extent than homologous rotavirus infection. This control of rhesus
rotavirus by IFNs extends to systemic tissues, as knockout of both type | and type Il IFN
signaling increases systemic replication of rhesus rotavirus, but not murine rotavirus (236).
Even in the intestine where IFN-A responses are dominant, the protective capacity of
endogenous IFN-A against homologous murine rotavirus remains enigmatic. Direct
sensing of murine rotavirus by TLR3 in IECs can induce IFN-A responses during the peak
of homologous infections, but cytosolic signaling through MAVS is dispensable for
protection against murine rotavirus (234, 248). Despite the induction of IFN-A responses,
murine rotavirus is highly adapted to its murine host and efficiently replicates in vivo, unlike
rhesus rotavirus (248). This is largely due to immune evasion provided by combinatorial
action of murine rotavirus NSP1, NSP2, and NSP3 (249) and the ability of murine rotavirus

to downregulate IFN receptors in infected cells (246).

Ultimately, consensus on the ability of endogenously-produced IFN-A to control

murine rotavirus infection throughout the course of infection has not been reached and
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there are conflicting reports on the susceptibility of Ifnlrl” mice to murine rotavirus
infection. For instance, the Kotenko lab did not find differences in murine rotavirus antigen
shedding from WT or Ifnlrl”’ neonatal mice (197). Likewise, two other lab groups that
assessed murine rotavirus titers and viral RNA found no role for endogenous IFN signaling
in controlling infection using neonatal Statl’ mice that lack all IFN signaling (247, 249,
250). However, one of these studies found increased murine rotavirus antigen shedding
in the stool of neonatal Statl” mice, despite no evidence of increased antigen in intestinal
tissue (250). In contrast to the study by Kotenko group, the Staeheli lab and colleagues
determined that deleting Ifnlrl dramatically increases murine rotavirus antigen shedding
in neonatal mice and in intestinal tissue (195, 251). Ultimately, these discrepant findings
suggest that the ability of endogenous IFN to control murine rotavirus may be more

nuanced than initially appreciated.

The protective capacity of the endogenous IFN-A response to murine rotavirus
infection is unclear, perhaps reflecting the success of murine rotaviruses immune evasion
mechanisms. However, despite the unsettled nature of endogenous protection by IFNSs,
the capacity of prophylactic and therapeutic administration of IFN-A to reduce murine
rotavirus infection remains unequivocal. Two studies convincingly show that
administration of IFN-A to neonatal mice 8 hours prior to inoculation significantly reduces
murine rotavirus antigen in intestinal tissue (195, 251). The differences in protective
capacity of endogenous and prophylactic IFN-A has also been modeled in rotavirus
infection of organoids, with prophylactic initiation of antiviral defenses appearing to be

essential to control rotavirus infection (206).
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Intestinal Bacterial Microbiota

Development and Composition of the Intestinal Bacterial
Microbiota

The gastrointestinal tract is home to the greatest diversity and density of bacterial
species out of any host tissue. In the case of humans, it is estimated that tens of trillions
of bacteria from up to 500 species colonize the gastrointestinal tract as intestinal
microbiota (252, 253). These bacteria are present in increasing density as the
gastrointestinal tract progresses, with relatively sparse bacterial presence in the highly
acidic stomach and incredibly dense bacterial presence in the colon (254). This density
gradient is also partially reinforced by bile acids that are secreted into the duodenum and
can have antibacterial, detergent-like properties (255). Despite this species diversity and
density, most of the bacterial microbiome consists of four specific Phyla of bacteria:
Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria. In fact, up to 90% of the
bacterial microbiota are either Bacteroidetes or Firmicutes (254, 256, 257). Both the small
intestine and the colon house populations of Bacteroidetes, whereas the colon also has
large populations of Firmicutes (252, 258, 259). There are several features that makes the
colon more amenable to bacterial growth than the small intestine including: more neutral
pH, a larger volume, and less concentration of bile acids (254). These factors allow two
other prevalent bacterial phyla to expand in the colon, Actinobacteria and Proteobacteria

(257)

The composition of a host’s bacterial microbiota is always changing in response to
the introduction of new species and specific nutrient availability acquired through
ingestion. However, the most rapid changes to the bacterial microbiota occur during birth
with the primary seeding of maternal microbiota (260). Prior to delivery, the fetal
microbiome is thought to be completely undeveloped, as amniotic fluid does not contain
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detectable microbial sequences (261). Upon delivery newborns acquire maternal
associated microbiota; in fact, the newborn microbiome recapitulates the route of their
delivery with vaginal-delivered newborns harboring their mother’'s vaginal-associated
microbial communities and cesarean-delivered newborns harboring their mother’s skin-
associated microbiota (262). After initial maternal seeding, the second largest
developmental changes to the bacterial microbiota occur during weaning and upon
ingestion of microbe-replete solid food (263-265). Accordingly, microbiota diversity

strongly correlates with dietary diversity across mammals (266).

Given the variability in the seeding and development of the intestinal microbiota,
each host has a highly individual microbiota. This is evident even in genetically uniform
mice housed in controlled laboratory environments. Variation in the composition of the
intestinal microbiota has been readily noted on a facility-by-facility basis (267), most
infamously in the case of vendor-specific differences in the presence of segmented-
filamentous bacteria (SFB) (268). Even intra-institutional differences in intestinal
microbiota have been noted, with the most prominent differences being dependent on
different caging and maternal sources (269). These microbial differences illustrate the
need for littermate controls when performing rigorous experimentation as the simplest

method of standardizing the bacterial microbiota (270).

Manipulation of Bacterial Microbiota

Given the complex diversity of bacterial microbiota, techniques have been
developed to interrogate the role of the bacterial microbiota in host-processes. One of the
simplest methods to determine the role of the bacterial microbiota is by depletion.
Techniques to raise germ-free animals began as early as the late 19" century and

development of gnotobiotic rodent models soon followed the mid-20%" century (271). These
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models have been refined over the past seventy years and now represent the gold-
standard of microbiota research as they consist of meticulously controlled sterilization
procedures to deliver material to mice living in isolators (272). Increasingly, less stringent
approaches to deplete bacterial microbiota have been developed, including persistent
administration of multiple antibiotics (ABX). These cocktails of ABX are formulated to
target broad species of bacteria and first consisted of vancomycin, neomycin, ampicillin,
and metronidazole (273). Additional antibiotic regimens include treatment with
streptomycin and amoxicillin/clavulanic acid (274), likely in an attempt to stave off
dehydration-induced weight loss induced by the bitterness of metronidazole (275, 276). In
some cases, limited administration of antibiotics are sufficient to perturb the communal
dynamics of the intestinal microbiota and are used in specific experiments (277, 278).
Combinatorial use of several antibiotic classes must be used to effectively target
the entirety of the intestinal bacterial microbiota. Ampicillin and amoxicillin are B-lactam
antibiotics that bind penicillin-binding proteins to terminate bacterial cell wall formation and
are broadly bactericidal (279). Vancomycin is a glycopeptide antibiotic that binds to
bacterial lipid Il, a peptidoglycan precursor used to form the cell wall of gram-positive
bacteria (280). Neomycin and streptomycin are aminoglycoside antibiotics that inhibit
bacterial protein synthesis by binding bacterial ribosomes (281, 282). To be effective
aminoglycosides must be taken up by bacteria which requires active electron transport;
therefore, although aminoglycosides are broadly antibacterial, they are ineffective against
anaerobic bacteria (283). On the other hand, metronidazole is a nitrogenous antibiotic that
disrupts DNA but requires a partially reduced state that is most prevalent in anaerobic
bacteria (284). Given their broad coverage and diverse mechanisms, these antibiotic

regiments are sufficient to ablate nearly all intestinal bacteria. Following treatment with
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these cocktails, essentially the only detectable source of bacterial sequences are a small
amount sourced from plant-associated dietary intake (274, 285).

In addition to depletion of bacterial microbiota, targeted studies perform defined
microbial colonization of germ-free mice with either single bacterial species or a limited
diversity of bacterial species (274). Among the most well-known of these
monocolonization experiments was performed with SFB in germ-free mice to show
sufficiency of SFB to skew enteric immune responses (268, 286). Similar experiments
have been performed with Bacteroides fragilis (287, 288) and with Escherichia coli
mutants (289) to assess their impacts on the enteric immune system, highlighting the
tractability of single-species microbiota models. More complex colonization models also
exist, most prominently being a cocktail of microbes called altered Schaedler’s flora (ASF)
(290). This formulation consists of specific Clostridium, Lacobacillus, Mucispirillum,
Eubacterium, Firmicutes, and Parabacteroides species that stably colonize the length of
the gastrointestinal tract and recapitulate a minimal microbiome (291). Similar to
monocolonization, colonization with ASF has been used to study enteric immunology with
great effect (292). Continued use of minimally microbial-colonized animals will reveal

further functions of the intestinal bacterial microbiota.
Physiological Effects of the Intestinal Bacterial Microbiota

The intestinal bacterial microbiota perform many essential homeostatic functions
and one of the primary ways that intestinal bacterial microbiota perform these functions is
through the production of bacterial metabolites. These metabolites include lipid species,
carbohydrate species, and bile acids made by lipid and amino acid precursors. The
presence or absence of these metabolites can have dramatic and systemic effects on the

host, including on host metabolism (293). For example, the sera of germ-free mice has
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reduced concentrations of “energy-associated” metabolites like pyruvate, citrate, fumarate
and increased concentrations of certain lipid species like linoleic acid (294). These global
alterations in the metabolism of germ-free mice are suggested to be partially responsible
for the development of undersized hearts, lungs, and livers in the absence of bacterial
microbiota (295). The bacterial microbiota can also play complex roles in predisposing the
host to metabolic disease. For example, germ-free mice are protected from development
of obesity when fed a high-fat diet (296). This protection is partially because loss of
microbiota reduces suppression of Fiaf, a lipoprotein lipase inhibitor. Germ-free mice that
lack microbiota exhibit decreased LPL activity and decreased storage of triglycerides.
Bacterial microbiota can also shape susceptibility to heart-disease through production of
specific metabolites. For example, bacterial catabolism of phosphatidylcholine has been
linked to increased risk of atherosclerosis due to increased uptake of metabolic byproducts
by macrophages (297). However, phosphatidylcholine can also bind to peroxisome
proliferator-activated receptor a (PPARQ) in the liver to dramatically alter the metabolic
landscape of the host (298). Some of the many functions of PPARa include modulating
fatty acid oxidation and lipid transport (299), therefore bacterial microbiota can also
indirectly regulate host metabolism through hepatic mechanisms. Likewise, some
bacterial species like Lactococcus can process linoleic acid into different conjugated
linoleic acid (CLA) species. These CLAs can play modulate host metabolism depending
on their conjugated forms. c9,t11-CLA and t9,t11-CLA decreases risk of atherosclerosis,
whereas 110,c12-CLA can exacerbate atherosclerosis through PPAR-dependent

mechanisms (293).

Intestinal bacteria are also well-known to metabolize dietary carbohydrates into
multiple metabolites, as germ-free mice develop grossly distended cecums due to

increased concentration of undigested, complex carbohydrates which contributes to
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increased water retention (295). One well-characterized group of carbohydrate-derived
metabolites are the short chain fatty acids (SCFASs): acetate, propionate, and butyrate
(300). Following their production, these SCFAs play an outsized role in host functions
including energy metabolism, gut-brain neurology, and immunomodulation (301). The role
of SCFAs in host metabolism is mediated by both direct uptake as well as by signaling.
For example, IECs directly absorb SCFA along the length of the gastrointestinal tract,
providing them with direct access to these metabolites (302). It has been suggested that
SCFAs may provide direct contributions to host metabolism, with SCFAs estimated to
contribute up to 10% of the caloric requirement in humans (303). SCFAs also signal
through two G protein coupled receptors, GPR41 and GPR43, that use Pertussis toxin-
sensitive G protein intermediates to stimulate host responses (304). Much of the way that
SCFA alter host energy metabolism is by indirect mechanisms following signaling through
GPR41 and GPR43. GPR41 and GPR43 are expressed by enteroendocrine cells which
are known to secrete a variety of hormones (305, 306). Stimulation with SCFAs is thought
to increase secretion of gluocagon-like proteins, Glp-1 and Glp-2, to modulate blood
glucose levels and peptide YY (PYY) to suppress intestinal motility (307, 308). Signaling
by SCFAs also affects the proliferation of the intestinal epithelium, perhaps reflecting its
role as a proxy for abundant metabolic energy in the intestine (309). In addition to IEC-
specific roles, SCFAs also signhal to non-epithelial cells. For example, GPR41 is expressed
by certain sensory ganglia, suggesting SCFA can impact neural function (310). Recent
studies suggest that SCFAs can modulate neural processes in the intestine with effects
on brainstem sensory neurons and premotor neurons (311). Other roles for SCFA
signaling are prominent in the enteric immune system as neutrophils express abundant

amounts of GPR43 and use SCFAs as a chemoattractant to induce inflammation (312).
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Inflammatory roles for bacterial-derived SCFAs are implicated in models of colitis and

graft-versus-host disease (313).

In addition to SCFAs, bile acids can be produced by the intestinal bacterial
microbiota and have effects on intestinal immunity and inflammatory responses (314).
Primary bile acids such as chenodeoxycholic acid (CDCA) and cholic acid (CA) are
conjugated in the liver and are then secreted by the gall bladder into the intestine to aid in
digestion (315). However, certain members of the bacterial microbiota can metabolize
primary bile acids into secondary bile acids using bile acid inducible (bai) genes (316).
These bai genes can convert primary bile acids like CDCA and CA into the secondary bile
acids such deoxycholic acid (DCA) and lithocholic acid (LCA) by removing a 7a/B-hyroxy
group. All four of these bile acids are known to bind Farnesoid X receptor (FXR), a nuclear
receptor that is abundantly expressed in the intestine (317). Stimulation of FXR with bile
acids is associated with homeostatic functions such as tight junction maintenance, cellular

proliferation, and immunomodulatory effects (318).

Independent of SCFAs and bile acids, there are many other homeostatic functions
performed by the bacterial microbiota. For example, members of the intestinal bacterial
microbiota have been purported to aid in the synthesis of vitamins (319). In particular, it is
most commonly suggested that microbiota aid the synthesis of B family vitamins such as
B12, riboflavin, and folate (320, 321). The bacterial microbiota can also directly provide
colonization resistance against bacterial pathogens usually by nature of complex,
incompletely understood community dynamics (322). Disruption of these ecosystems with
limited antibiotic use can increases susceptibility to enteric pathogens (323). Inversely,
colonization of germ-free animals with limited bacterial species can be sufficient to
mediate defense against enteric pathogens like Listeria monocytogenes, Enterococcus

faecium, and Clostridium difficile (324—-326). Other effects of the bacterial microbiota are
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observed in enteric tissue with depletion of bacterial microbiota (327); these changes
include reduced proliferation of IECs (276), alterations in the attachment of mucins in the
small intestine and colon (328), and decreased integrity of tight junctions (329-331).
Lastly, the intestinal bacterial microbiota directly interact with the enteric immune system
in a myriad of ways, which will be covered more fully below in “The Enteric Immune

Environment”.
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The Enteric Immune Environment

Immune Cells of the Enteric Niche

The gastrointestinal tract is the largest physical compartment of the immune
system and houses large numbers of both lymphoid and myeloid cells (3). T cells, B cells
and plasma cells, and innate lymphoid cells (ILCs) compose the majority of the lymphoid
compartment. The myeloid compartment includes enteric macrophages and dendritic cells
(DCs) (332). Generally, these immune cells reside in the lamina propria underlying the
intestinal epithelium or in association with IECs. In the lamina propria of the small intestine,
accumulations of enteric immune cells develop into secondary lymphoid organs in utero
(333). These regions are maintained through adulthood, are known as Peyer’s patches
(PP), and generally recapitulate lymph node architecture by housing lymphoid cells and
antigen-presenting DCs. Additional immune infrastructure such as lymphatic vessels also

develop in utero and link these PP to regional lymph nodes in the mesentery (MLNS).

One of the most prevalent types of immune cell in the intestine are T cells. These
cells can reside in PPs and the lamina propria, but they also can stably interact with IECs,
in which case they are called intraepithelial lymphocytes (IELs). Estimates indicate that
there is nearly one IEL for every ten epithelial cells in the intestine, suggesting that they
play a large role in the enteric immune system (334). IELs are a highly heterogeneous
group, consisting of “natural” and “induced” subsets, each being an umbrella for more
niche IEL types that are distinguished by comparison of cell markers and signaling
machinery (335, 336). A common cell marker of IELs is the constitutive expression of
CD103, an integrin that binds to E-cadherin on IECs, which allows IELs to patrol the
intestinal epithelial layer (337). Natural populations of IELs are more prevalent early in life
and undergo alternative maturation in the thymus that uses a positive-selection process

on self-antigen (338). One group of well-known natural IELs are yd T cells, delineated by
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their usage of specific yd T cell receptors (TCRyd) (339). These natural yo T cells are
appreciated to surveil the IEC space, by probing and infiltrating the intestinal epithelial
layer (340, 341). The primary role of these cells is to maintain the integrity of the epithelium
and modulate intestinal inflammation. As such, natural y® IELs can secrete antimicrobial
peptides (AMPs) and transforming growth factor-B (TGF-B), an immunomodulatory
cytokine (342, 343). Depletion of yo T cells is detrimental in animal models of IBD,
suggesting that these cells are essential for controlling intestinal inflammation (344, 345).
As opposed to “natural” IELs, many “induced” IELs are predominantly CD8+, cytotoxic,
TCRaB T cells (335). These ap T cells also surveil the intestinal epithelium and can help
clear many types of infection, including: lymphocytic choriomeningitis virus (LCMV),
rotavirus, Salmonella, Toxoplasma, and Giardia (346—350). Interestingly, IELs are
capable of secreting IFNs in response to TCR stimulation, suggesting that they may play

a protective role in enteric viral infection (351).

Unlike T cells which are nearly ubiquitous throughout the gastrointestinal tract, B
cells are largely restricted to lymphoid structures such as Peyer’s patches and isolated
lymphoid follicles (352). In these locations B cells interact with antigen presenting cells,
become activated, and undergo class switch recombination to express immunoglobulin A
(IgA) (353, 354). This class switching can occur through canonical T cell-dependent
mechanisms and T cell-independent mechanisms that depends on microbial-stimulated
signaling factors like B-cell activating factor (BAFF) and a proliferation-inducing ligand
(APRIL) (354). IgA is the dominant form of immunoglobulin present in the intestine and
over 80% of plasma cells secrete IgA rather than IgG or IgM (355). After class-switching,
plasmablasts hone to the lamina propria of the small intestine or colon they become long-
lived plasma cells that secrete IgA as their primary effector function. This IgA is dimeric

and linked with a J-chain domain that facilitates transcytosis of IgA across the intestinal
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epithelial barrier by the polymeric immunoglobulin receptor (plgR) (356). During
transcytosis to the luminal space, part of the J-chain of IgA is cleaved resulting in free
dimeric, secretory IgA (slgA) which can neutralize pathogens and prevent commensal

microbe penetration of the epithelium (357).

The last common type of lymphoid cell in the intestine are ILCs. There are three
types of ILCs (ILC1, ILC2, and ILC3) that all derive from a common ILC precursor (358).
In simplest terms these ILCs are analogous to CD4 T cell subtypes and utilize the same
canonical transcription factors as Thl, Th2, and Th17 cells. ILC1s require T-bet like Thl
cells, ILC2s require GATA-3 like Th2 cells, and ILC3s are influenced by the transcription
factor RORyt like Th17 cells (359—-361). Similarly, ILC function also recapitulates features
of their helper T cell cousins (362). Upon activation by Thl cytokines ILC1s can secrete
IFN-y and TNF-a to potentiate responses against intracellular pathogens (363). Likewise,
upon activation, ILC2s express Th2 effector cytokines like IL-4 and IL-10 which can play
a role in anti-helminth and allergy-associated immune responses (364). Lastly, ILC3s
produce a similar cytokine profile as Th17 cells and secrete IL-17 and IL-22 which can
boost anti-fungal immunity and condition the intestinal epithelium in response to intestinal

microbiota (365, 366).

Myeloid cells of the intestine are largely comprised of macrophages and dendritic
cells (DCs). Enteric macrophages are seeded by monocytes that are recruited to the
intestine through the chemokine receptor CCR2 (367). On the other hand, enteric DCs are
derived from precursor DCs that express the classical DC transcription factor, Zbtb46
(368). Characterization of these cell types in the intestine is complicated because some
intestinal macrophages express surface markers canonically associated with DCs (332).

In particular, co-expression of CD11c and major histocompatibility complex [ (MHCII) is a
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hallmark of DCs; however, in the intestine nearly all mononuclear phagocytic cells are
positive for CD11c (369, 370). Furthermore, intestinal macrophages can also express high
levels of MHCII, preventing the use of CD11c+/MHCII+ phenotyping for discrimination of
enteric macrophages and DCs (371). Even relying on labeling or depleting cells that utilize
Zbtbh46 may not fully differentiate enteric macrophages and DCs, since depletion of
CCR2+ cells can reduce Zbtb46-expresing cells in the intestine (372). One suggested
mechanism to differentiate between enteric macrophages and DCs is by staining for
CD64, the immunoglobulin binding protein FcyRI, in combination with a pan myeloid

staining panel (373).

At homeostasis, enteric macrophages help maintain the intestinal epithelial barrier
and non-inflammatory states. Consistent with their phagocytic ability, enteric
macrophages sample apoptotic cells and phagocytose stray apoptotic material (374).
Despite the proximity of enteric macrophages to the intestinal epithelium and avid
phagocytic ability, the majority of these cells poorly initiate inflammatory responses (375).
In fact, most resident macrophages that robustly express the chemokine receptor
CX3CR1 (CX3CR1M) constitutively produce IL-10 (376). A minority of macrophages in the
intestine express more modest levels of CX3CR1 (CX3CR1"), expand dramatically during
inflammatory conditions, and express pro-inflammatory cytokines like TNF-a (372). Similar
to enteric macrophages, intestinal DCs play a large role reinforcing immune tolerance. In
particular, a subset of DCs that are CD103+ induce regulatory T cells differentiation by
secreting retinoic acid and TGF-B (377, 378). However, unlike CX3CR1" macrophages,
intestinal DCs are able to flip from a tolerogenic to inflammatory state upon TLR stimuli.
Following stimulation these intestinal DCs produce IL-23 to stimulate IFN-y production by

T cells and IL-6 to activate a general inflammatory state (379, 380).
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Interactions Between the Immune System and Intestinal

Bacterial Microbiota

The presence of the intestinal bacterial microbiota influences essentially every cell
in the enteric niche. Immune responses to bacterial microbiota are present within IECs,
macrophages and DCs, adaptive immune cells, and others (381-386). As the predominant
barrier cell-type, IEC interactions with the intestinal microbiota primarily involve direct
sensing of microbial products and subsequent responses. The most well-defined
mechanism of microbiota-sensing by IECs occurs through TLR signaling (387). In mice,
IECs express TLR2, TLR4, and TLRS5 in the small intestine and colon (388). All three of
these TLRs are expressed in proximal colonocytes, but in the small intestine TLR4 is
primarily localized to the distal regions of villi and TLR5 is largely restricted to paneth cells
in the crypts. Signaling through these TLRs is sufficient to drive multiple processes in IECs
ranging from proliferation, to antimicrobial peptide secretion, to mucus production, and
upregulation of IgA transcytosis proteins. Coincident with the observation that intestinal
microbiota are required for intestinal homeostasis, it was shown that deletion of Myd88
reduce IEC proliferation (273), suggesting that signaling by MAMPs promotes the
proliferative potential of IECs. Later, it was shown that TLR1/TLR2 expression by IECs is
dependent on the bacterial microbiota by comparing germ-free or ABX-treated mice with
conventionally raised mice (389). Furthermore, deletion of TIr2 reduced phosphorylation
of essential signaling mediators required for IEC proliferation, ERK1/2 and AKT (390). As
such, TIr2 deletion also phenocopied the decreased proliferation of IECs observed in both

Myd88 deletion and absence of bacterial microbiota.

The effects of this TLR signaling are not restricted to IEC-intrinsic responses, as

stimulation of IECs also leads to alterations in the secretion of effector molecules. One

43



example is the antimicrobial peptides secreted from the intestinal crypts by paneth cells.
Previously it was shown that treatment with antibiotics decreases the expression of
antimicrobial peptides (AMPSs) by paneth cells, including peptidoglycan-binding proteins
Regllly and RegllIB (391-393). Furthermore, sensing of bacterial microbiota by PRRs
upstream of Myd88 is required for induction of paneth AMPs, as deletion of Myd88 reduces
expression of Regllly and Reglllf (392, 394). Secretion of these AMPs leads to
sequestration of intestinal microbiota to the lumen and reductions in mucus-associated
bacteria (32). Additionally some of these AMPs such as Regllly are protective during
infection with bacterial pathogens like Listeria monocytogenes (395). Sensing of
microbiota via TLRs is present in goblet cells as well. IEC-specific deletion of Myd88 is
associated with decreases in secretion of mucin-2 by goblet cells (394). Furthermore,
specific “sentinel” populations of goblet cells in the colon respond to TLR2, TLR4, and
TLRS5 stimuli with increased secretion of mucin-2 (396). Lastly, IEC-specific deletion of
Myd88 decreases pIlgR and decreases the transcytosis of IgA across the intestinal
epithelial barrier. These secretory and transcytosis functions of IECs in response to
sensing of bacterial microbiota decrease incursions by bacterial microbiota and maintain
intestinal homeostasis. Interestingly, the effects of the intestinal microbiota on IECs
appear to be partially-regulated by circadian rhythms (397). In this case the expression of
epithelial TLRs correlated with circadian rhythms controlled by RORa, a protein directly
upstream of the master circadian genes Bmall and Clock. This circadian regulation also
extended to AMP genes like Reg3g, the transcytosis gene Pigr, and can drive circadian

variations in resistance to Salmonella infection (398).

Intestinal macrophages and DCs play an essential role in conditioning the enteric
immune system that was briefly described in the previous section. However, consistent

with their role as phagocytic cells and antigen processing cells, a major role of
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macrophages and DCs is also the acquisition of commensal, dietary, and pathogenic
antigen and subsequent priming of immune responses. Acquisition of luminal antigen by
macrophages and dendritic cells occurs in either Peyer's patches (PPs) or in discrete
locations scattered under the intestinal epithelium. In the PPs, specialized epithelial cells
known as M cells transcytose luminal antigen and deliver it directly to DCs and B cells
(399, 400). However, in non-lymphoid intestinal tissue, early literature suggested that
enteric CX3CR1+ macrophages actively survey the lumen of the small intestine by
extending transepithelial dendrites (TEDs) to sample luminal antigen (401, 402). These
initial observations incorrectly attributed this sampling to intestinal DCs. Since that time
these CX3CR1+ cells have been classified as macrophages and essentially all TEDs are
considered artifacts of tissue preservation, rather than homeostatic events. In fact, with
the introduction of live-animal imaging, TEDs in intestinal villi decreased from over one
per villus observed by ex vivo tissue imaging experiments to one in every few hundred villi
observed within living tissue (36). Another way that macrophages and dendritic cells
acquire luminal antigen is through goblet cell associated passages (GAPs). These GAPs
are passages formed in goblet cells following stimulation by acetylcholine (403, 404).
Although mucin secretion by goblet cells is also regulated by acetylcholine sensing, GAP
formation is not required for mucus secretion and not every goblet cell forms GAPs.
Intriguingly, these GAPs form in a Myd88-dependent manner as conditional deletion of
Myd88 in Atoh1 expressing secretory cells ablates GAP formation. Following the formation
of a GAP, a mixture of nearby CD103+ and CD103- myeloid cells acquire antigens passed
from the lumen (36, 38). Following their acquisition of antigen CD103+ DCs traffic to MLN
to present antigen to adaptive immune cells (405). However enteric macrophages exhibit
different activities delineated by their expression of CX3CR1. CX3CR1" macrophages

upregulate CCR7 and traffic to MLN like dendritic cells, but CX3CR1™ macrophages

45



remain in the lamina propria to form tertiary lymphoid structures (406). The formation of
these lymphoid structures plays a large role in the maturation of IgA responses in the
intestine. It is in these locations that myeloid secretion of BAFF and APRIL enhances T

cell independent class switch recombination in local populations of B cells (354).

Direct interactions between conventional T cells and the intestinal bacterial
microbiota have not been well characterized; however, yd IELs express Regllly in
response to detection of intestinal microbiota. The vast majority of yd IELs express Regllly
in conventional mice, but there is no expression in germ-free and ABX-treated mice (343).
Interestingly, these IELs require Myd88 expression by IECs to express Regllly, suggesting
that interactions with microbiota may be mediated by IECs. One set of T cells that is
suggested to respond to bacterial microbiota are mucosal-associated invariant T (MAIT)
cells. These T cells have an invariant T cell receptor that recognizes ligands displayed by
MHC Class | (MHC I)-related protein 1 (MR1) (407, 408). MR1 is expressed in the majority
of tissues and is appreciated to bind to several bacterial-derived metabolites (409). These
MR1 ligands include a metabolite of vitamin B9, 6-formyl pterin, and some intermediates
from the vitamin B2 biosynthesis pathway (410, 411). As such, these cells require the
presence of bacterial microbiota for development in the host as well as the presence of
abundant metabolite ligands (412). These MAIT cells are much more abundant in humans
than laboratory mice (413), suggesting that dense seeding of MAIT cells during
development requires additional interactions with bacterial microbiota that are not

currently present in laboratory mice.
Impacts of Bacterial Microbiota on Viral Infection

The intestinal bacterial microbiota exhibit complex interactions with viral
pathogens, ranging from upregulating or antagonizing antiviral IFN signaling, to more
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general immunomodulatory effects, and even direct interactions with virions (414, 415).
One mechanism by which the bacterial microbiota interact with enteric viruses is through
bile acid intermediates. Secondary bile acids are metabolic products of the intestinal
microbiota and can have diverse effects on host immunity, including direct interactions
with IFN signaling (314). In vitro studies on hepatitis C virus and a porcine enteric
calicivirus suggest that bile acids may antagonize IFN signaling possibly by antagonizing
phosphorylation of STAT1 (416, 417). However, it remains unclear how well these in vitro
models recapitulate in vivo biology since sensing of bile acids also increases resistance
to rotavirus and murine norovirus (MNV) in mouse models (418, 419). In particular, both
the host-derived bile acid CDCA and the microbe-derived bile acid DCA appeared to prime
induction of IFN-A (418). However, sufficient engagement the bile acid receptor FXR
ablated the ability of CDCA and DCA to prime IFN-A induction, indicating that more
research is required into the distinct effects of bile acid signaling on the intestinal IFN

response in vivo.

There is a growing body of work showing that the bacterial microbiota induces
systemic IFN responses. In fact, there is stronger evidence that bile acids impact IFN
signaling in systemic tissues than they do in the intestine. For example, deletion of FXR
in mice decreases hepatic IFN induction in response to LCMV (420). Most convincingly,
depletion of microbiota was shown to reduce induction of IFN-as in splenic pDCs which
led to increased susceptibility to chikungunya virus injected into the foodpad of mice (421).
These effects in pDCs were rescued upon administration of the bile acid DCA in drinking
water, providing a link between enteric secondary bile acids and systemic IFN signaling.
Similarly, germ-free mice have reduced IFN-3 expression in splenic pDCs at homeostasis
(422), though the mechanism of bile acid responses was not assessed. These systemic

IFN effects are not strictly mediated by bile acids as the presence of microbiota was
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correlated with an IFNAR-dependent homeostatic ISG signature that was protective
against influenza infection (423, 424). Furthermore, the microbial metabolite,
desaminotyrosine, enhances IFNAR signaling in pulmonary macrophages leading to
protective amplification of the IFN response (424). Commensal microbiota also have been
shown to induce IFN-a/p responses in non-enteric macrophages and DCs that provide
protection against LCMV, vesicular stomatitis virus, and encephalomyocarditis virus (425—

427).

The bacterial microbiota also provide protection against viral infection through IFN-
independent mechanisms. In the case of rotavirus, antibiotic-treatment dramatically
increased susceptibility of mice to murine rotavirus infection and correlated with reduced
interleukin-22 (IL-22) expression; however, exogenous administration of IL-22 restored
protection. Although the mechanism of IL-22-mediated protection against murine rotavirus
was not determined, it was found to be independent of IFN-signaling since IL-22 provided
protection in Statl” mice (428). This study corroborated a previous observation that an
IL-22 and IL-18 can mediate IFN-independent protection against murine rotavirus and
provided evidence that the intestinal microbiota may reinforce this pathway at homeostasis
(429). Additionally, colonization of mice with SFB has been shown to prevent and cure
murine rotavirus infection in mice independent of both IL-22 and IFN signaling (430).
These IFN-independent mechanisms also extend to alterations in adaptive immune cells.
For example, treatment with ABX was found to reduce mouse mammary tumor virus
(MMTV) infection (431). This reduction was due to loss of IL-10 signaling which is required
for MMTV persistence in the mouse host (432). Similarly, ABX-treatment of mice
increased the severity of infection with three flaviviruses: West Nile virus, Dengue virus,

and Zika virus (433). This increased susceptibility to flavivirus infection was found to be
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due to inefficient priming of T cell responses, consistent with the ability of the intestinal

microbiota to induce global alterations to adaptive immunity.

The presence or absence of the intestinal bacterial microbiota can have dramatic
effects on the enteric immune system, as covered above. However, in some cases
intestinal bacterial microbiota physically interact with enteric viruses to impact viral
replication, independent of immune mechanisms. For this reason, care must be taken
when attributing the role of the bacterial microbiota in altering viral pathogenesis to
immunomodulatory mechanisms. For example, treatment with a cocktail of ABX was
correlated with decreased infection by poliovirus and reovirus in mice (434). However, in
the case of poliovirus, bacterial-derived LPS was determined to stabilize poliovirus virions
and binding to the poliovirus receptor (435). Similarly, bacterial components such as LPS
and peptidoglycan can increase the thermostability of reovirus virions and, subsequently,
increase enteric viral infection independent of altering binding or internalization kinetics
(436). These stabilizing interactions are not restricted to poliovirus and reovirus, as
additional viruses such as coxsackievirus B3, Aichi virus, and mengovirus also exhibit

increased stability when associated with LPS (437, 438).

The bacterial microbiota can also mediate non-immune alterations in the host that
can impact enteric viral infection. Norovirus infections are a keen example of these effects.
As mentioned previously, secondary bile acids are metabolic products of the intestinal
microbiota with wide-ranging effects on the host immune system (314), including
interactions with IFN-A signaling (418). However, both host-derived and microbiota-
derived bile acids were also shown to bind to the norovirus receptor, CD300If (439). These
bile acids are consistent with the report of a heat-resistant co-factor that enhanced

norovirus infection (440). Similar bile-acid dependent enhancements have also been
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modeled with human norovirus infections in organoids (441, 442). Separate from bile acid
effects, it was shown that ABX-treatment reduced MNV infection in an Ifnirl-dependent
manner (443). However, reduced MNV infection with ABX-treatment was later determined
to be partially due to ABX-dependent decreases in the presence of tuft cells that are the
obligate epithelial host of MNV (444). Furthermore, direct antibiotic-dependent effects
have even been observed in vitro. For example, neomycin can increase the size of plaque
formation when titering CVB3 (445). These effects were attributed to electrostatic
interactions that arise upon addition of positively-charged antibiotics to culture media,
highlighting that care must be taken when assessing the role of the intestinal microbiota

in viral infections, especially in context of antibiotic-treatment.

The Impact of Rewilding on the Laboratory Mouse Model

Recent studies described above have shed light on the importance of the intestinal
bacterial microbiota in conditioning the immune system. However, one major advance in
the field is the use of “wild” intestinal microbiota to study the immune system (446). In
2016, the Masopust and Jameson groups assessed the T cell responses of feral, pet store,
and cleanly-housed laboratory mice to determine the impacts of “wild” microbes on
adaptive immune status (447). They found that laboratory mice have highly naive T cell
immunity compared to mice from stores or the wild. Furthermore, they found that co-
housing laboratory mice with these wild mice increased the number of memory T cells and
concentrations of antibody in the 78% of laboratory mice that survived co-housing. This
microbial challenge appeared to dramatically mature the immune status of these mice
such that they more closely resembled the transcriptional profile of an adult human rather
than newborn humans, like naive laboratory mice. Following this study, the Rehermann

group performed controlled transplantation of wild microbiota to selectively study the role

50



of microbiota in defining immune status (448). To do this they transplanted the microbiota
from wild-caught mice into pregnant laboratory mice and raised successive generations
of laboratory mice with a true “wild-type” microbiota (wildR). The microbiota of these wildR
mice had dramatic expansion of Proteobacteria and contraction of Firmicutes compared
to control mice and very few major microbial discrepancies from wild-caught mice.
Intriguingly, wildR mice exhibited enhanced protection against influenza infection and
inflammatory tumorigenesis challenge compared to their lab controls. These differences
correlated with decreased inflammatory cytokine expression, suggesting that this wild
microbiota more efficiently balances inflammatory responses and pathogen challenge.
The Rehermann group continued their studies and profiled immune cells of systemic and
barrier tissues to determine the cellular differences between laboratory and wildR mice
(449). Perhaps unsurprisingly, they found the most robust and consistent cellular
alterations in the intestine, where wildR mice had expansion of dendritic cells and many T
cell types compared to controls. These stable alterations suggest that wild-microbiota mice
may be especially robust models for enteric infection. Accordingly, wild-microbiota mice
exhibited severe susceptibility to gastrointestinal helminth infection compared to
laboratory controls (450), largely due to reductions of Th2 responses in wild-microbiota
mice. Continued research in co-housed laboratory and pet store mice has revealed novel
Coronaviridae, Astroviridae, Picornaviridae, and Narnaviridae enteric pathogens (451).
These findings confirm that wild-microbiota models are broadly applicable to many classes

of enteric pathogens and will continue to expand into a broadly-utilized model in the field.
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Introduction

Interferon (IFN) family cytokines provide antiviral defense through stimulation of a
broad transcriptional response that includes direct-acting antiviral genes (99, 100).
Members of the IFN family are divided into three types based on receptor usage: multiple
type I IFN genes (many IFN-as, IFN-(3, others; hereafter IFN-a/B), a single type Il IFN gene
(IFN-y), and multiple type Il IFN genes (up to four IFN-As) (102, 103). IFN-a/p and IFN-A
are produced upon detection of viral nucleic acids and are primary components of the
early response to infection. The heterodimeric receptor for IFN-a/f (IFNAR) is expressed
by most cell types, but the distinct heterodimeric receptor for IFN-A (IFNLR) is
preferentially expressed by neutrophils and epithelial cells (103, 191, 193). Prior studies
from us and others in mouse models of gastrointestinal virus infection have used receptor-
deficient animals to show that IFN-A is particularly important for protection of intestinal
epithelial cells (IECs) (195, 199, 200, 452). Additional mouse studies suggest that IECs
require IFN-A for antiviral protection because they are less responsive to IFN-a/f in
comparison to other epithelial cell types (194, 195, 197), which may result from
downregulated IFNAR expression in vivo (194, 195). However, the physiological benefit

of this preferential IEC responsiveness to IFN-A has remained unclear.

Activation of IFNAR or IFNLR results in phosphorylation of signal transducer and
activator of transcription (STAT) transcription factors and upregulation of IFN-stimulated
genes (ISGs). More specifically, STAT1 and STAT2 are phosphorylated, bind interferon
response factor 9 (IRF9), and form a hetero-trimeric complex called interferon stimulated
gene factor 3 (ISGF-3). ISGF-3 translocates to the nucleus and binds interferon-stimulated
response element (ISRE) motifs in ISG promoters (99, 106, 107). Additionally, STAT1
homodimers, other STAT family members, and non-canonical factors also play a role in

the transcription of some ISGs (126, 453). Prior comparisons of ISG induction by IFN-A or
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IFN-a/B in cultured hepatocytes revealed largely overlapping responses consisting of
canonical antiviral ISGs (113-115, 140, 141, 144). However, other in-depth studies of
neutrophils and hepatocytes have indicated that IFN-a/B is generally more potent than
IFN-A and results in greater chemokine and cytokine production (109, 145-148).
Additionally, studies of IECs cultured in vitro as 3D organoids have found that they are
highly responsive to IFN-a/B, unlike IECs in vivo (143, 205-207, 454, 455). Thus, the

physiological basis of preferential IEC responsiveness to IFN-A in vivo remains unclear.

Herein, we directly and quantitatively compare the IEC response to IFN- and IFN-
A in vivo and in vitro. We find that the in vivo IEC response to IFN-B is minimal and does
not inhibit replication of IEC-tropic rotavirus. In contrast, in vitro IFN-f3 treatment of IEC
organoids elicits hundreds of ISGs, including pro-apoptotic genes, and potently blocks
rotavirus infection. In vitro and in vivo IECs are equally responsive to IFN-A and upregulate
known antiviral genes but not pro-apoptotic genes. Consistent with differing pro-apoptotic
gene expression, we show that cytotoxicity triggered by tumor necrosis factor alpha
(TNFa) is increased in IEC organoids pre-treated with IFN-B relative to IFN-A. Finally,
bioinformatic scoring of promoter motifs indicates that IFN-B-specific ISGs, including pro-
apoptotic genes, have low-scoring, weak ISREs. Antiviral ISGs stimulated in common by
IFN-A and IFN-B have high-scoring, strong ISREs. Together, these findings suggest that
preferential responsiveness of IECs to IFN-A in vivo ensures that antiviral ISGs are
minimally accompanied by pro-apoptotic genes to promote epithelial homeostasis during

clearance of enteric infection.
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Results

IECs in the neonatal intestine are minimally response to IFN-

To extend our understanding of the transcriptional response to IFN in the intestine,
we performed ISG in situ hybridization on intestinal tissues following IFN treatment in vivo.
We injected PBS, IFN-B, or IFN-A3 into seven-day-old neonatal mice, which have low
baseline ISG expression, and detected transcripts for a canonical ISG (Usp18) four hours
later. IFN-A stimulated a robust increase in expression within the epithelial layer with no
visible stimulation of cells in the underlying lamina propria tissue (Figure 2.1A). In
contrast, IFN-B injection resulted in a modest increase of Uspl18 in dispersed cells of the

epithelium and lamina propria (Figure 2.1A).

To more quantitatively compare transcript abundance in IECs and intra-epithelial
hematopoietic cells, we FACS sorted EpCAM-positive/CD45-negative epithelial
(EpCAM+) and CD45-positive/EpCAM-negative hematopoietic (CD45+) cells from
dissociated epithelium. Consistent with in situ hybridization results, qPCR analysis
showed that Usp18 was stimulated more than 20-fold in EpCAM+ cells following IFN-A
injection but less than two-fold following IFN-B injection (Figure 2.1B). Conversely, Usp18
was stimulated less than two-fold in intra-epithelial CD45+ cells following IFN-A injection

but stimulated five-fold following IFN-B injection (Figure 2.1B).

To determine whether Usp18 transcripts were indicative of a broader ISG program
that conferred antiviral protection upon IECs, we challenged neonatal mice treated as
above with IEC-tropic murine rotavirus and quantitated viral genomes in the intestine 20
hours later. IFN-A injection resulted in three- to ten-fold lower viral genomes compared to
PBS injection, but IFN-B injection provided no significant protection (Figure 2.1C). These

data align with previous reports of the preferential IEC response to IFN-A in adult mice,
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and suggest that hypo-responsiveness of IECs to IFN-a/f in vivo arises in early neonatal

life.

To determine if IFN receptor gene expression correlated with responsiveness to
cognate ligands, we performed gPCR for IFN receptor gene components in CD45+ and
EpCAM+ cells sorted from neonatal intestine (Figure 2.1B). Transcripts encoding the
IFNAR heterodimer (Ifnarl and Ifnar2) were relatively abundant in all cells, but were two-
fold lower in EpCAM+ IECs compared to IFN-B-responsive CD45+ cells (Figure 2.1D).
Transcripts for the specific subunit of the IFNLR heterodimer (Ifnirl) were significantly
more abundant in IFN-A-responsive IECs compared to CD45+ intra-epithelial cells, but
were less abundant overall than IFNAR gene transcripts. Transcript abundance of the

other IFNLR1 subunit (1110rb) was not significantly different between these cell types.

IFNAR abundance at the cell surface is regulated by both transcriptional and post-
transcriptional mechanisms (456, 457). Therefore, we compared surface expression of
IFNAR1 and IFNAR2 subunits on CD45+ and EpCAM+ intestinal cells by flow cytometry.
Staining for IFNAR1 was 4-fold above background for CD45+ cells and less than 2-fold
above background for EpCAM+ cells; staining for IFNAR2 was 2-fold above background
for CD45+ cells and 4-fold above background for EpCAM+ cells (Figure 2.1E). Thus,
IFNAR1/IFNAR?2 ratio is lower on IECs relative to CD45+ cells. These data suggest that
relatively low expression of IFNAR1 on IECs of the neonatal intestine underlies IEC hypo-
responsiveness to IFN-B in vivo, consistent with prior studies of IFNAR1 staining in adult

mice (194).

57



A PBS

IFN-A

DAPI
Usp18

Usp18

B v PBS
RV/segment * :Em-ﬁ Total RV
3a 3, — oy . &
%10 . 10 - S 10°
€ . K| & 8 108
510 5 102 u ) £
p dr . P g 107
2 .o g o, .
5 R 5 R 10
RO N RO Y S & & &
K K bé\" , \00" & & QQ7\
CD45+ EpCAM+ o“o e
E IFNAR1
C1CD45+ [ EpCAM+ e ERLANE gy Sl
3 IFNAR1 3 IFNAR1 E 44 =
& 1034 = — = 3 3 £ 2. “e® o
é o9 $ ~ = P 3 3 Q P i I .5.'d l
S 1024 i 3 3 CD45 EpCAM
3 = 3 I:N;\‘RZ 3 I:N:R2 iy
2101 : ik 94 E% — 3
S [l i i = 4 7]
v EN 1 E NN £ &
A a A a9 5 10" 5 2{["s]
{ { N < I8 I . S
& & © ® - . P o s
CD45 EpCAM

Figure 2.1. IECs in the neonatal intestine are minimally responsive to IFN-B. Neonatal mice
were injected with either IFN-B or IFN-A3 for four hours. A. Small intestinal tissue was isolated and
stained with DAPI and Usp18 antisense probes. Dashed line indicates the approximate boundary
between villi and lamina propria. B. Usp18 abundance in sorted IECs (EpCAM-positive/CD45-
negative) and hematopoietic cells (CD45-positive/EpCAM-negative) was determined by gPCR. C.
mice were inoculated with rotavirus and viral genomes were quantitated in intestines 20 hours later.
D. Comparison of IFN receptor gene abundance by gPCR in sorted EpCAM+ IECs and CD45+
hematopoietic cells. E. Flow cytometry staining of IFNAR1 and IFNAR2 on EpCAM+ IECs and
CD45+ hematopoietic cells. Grey histograms are control stains (no IFNAR antibody), and bar
graphs show geometric mean-fluorescence intensity (MFI) of IFNAR flourescence normalized to
control for each replicate. Data are combined from at least two experiments with a total of three to
five mice per experimental condition; data points indicate individual animals with bars indicating the
mean. Significance determined by one-way or two-way ANOVA (B-D) or t-test (E); *, p < 0.05; **,
p <0.01; *** p < 0.001, **** p < 0.0001.
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IEC organoids are dually response to IFN- and IFN-A

To determine whether IFN-a/f hypo-responsiveness was intrinsic to IECs, we generated
in vitro IEC organoids from isolated epithelial stem cells (Figure 2.2A). We stimulated
these IEC organoids with 0, 0.1, 1, 10, or 100 ng/mL of mouse IFN- or IFN-A2 for 2, 4, 8,
or 16 hours and quantitated the abundance of three canonical ISGs (Isg15, Usp18, and
Cxcl10). All three ISGs were increased by IFN-B and IFN-A2 treatments with a maximal
upregulation between 100 and 1000-fold (Figure 2.2B). The expression kinetics were
similar for all three ISGs following IFN-A stimulation, with maximal upregulation four to
eight hours post-treatment and sustained expression at 16 hours. Similar expression
kinetics were observed for Isg15 and Usp18 following IFN-B stimulation. However, at the
highest doses of IFN-f3, Cxcl10 reached a peak of induction at four hours and decreased
thereafter (Figure 2.2B). Comparison of the dose-response for IFN-B or IFN-A at four
hours post-treatment indicated that early ISG upregulation was between two- and ten-fold
greater for IFN-B compared to IFN-A (Figure 2.2C). These data indicate that IEC
organoids upregulate canonical ISGs in response to IFN-B and IFN-A, with minimal
differences in expression kinetics, but higher maximum response to IFN-3. Therefore, IFN-

a/B hypo-responsiveness observed in vivo is not an intrinsic property of IECs

To confirm that the above ISG expression was indicative of the overall antiviral
program stimulated by IFN treatments, we challenged IEC organoids with murine rotavirus
and quantitated viral genomes 0, 8, and 16 hours later. IFN-A treatment resulted in modest
reductions in viral genomes relative to PBS treatment, but IFN- treatment resulted in
three- to ten-fold reduction in viral genomes (Figure 2.2D). Therefore, IFN-f stimulates a
stronger antiviral response than IFN-A in cultured IEC organoids. These data indicate that
the antiviral ISG response of IECs in vivo is regulated by factors not recapitulated in

organoid culture.
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Figure 2.2. IEC organoids are dually responsive to IFN-B and IFN-A. A. Representative images
of IEC organoids. B. IEC organoids were treated with the indicated concentrations of recombinant
IFN-B or IFN-A2 for the indicated times and RNA was isolated for quantitation of Isg15, Usp18, and
Cxcl10 transcripts by qPCR. The dotted line indicates the limit of detection. C. Transcript
abundance of the indicated genes four-hours after IFN treatment across the range of IFN doses
tested. Dashed lines indicate maximal responses for IFN- (red) or IFN-A (blue). D. IEC organoids
pre-treated with PBS, IFN-B or IFN-A3 for eight hours were infected with rotavirus. Viral genomes
were quantified at the indicated time post-infection. Data is from two (B-C) or three (D) experiments
with duplicate treatment/infection wells; error bars show SEM. Statistical significance determined
by t-test (C) or one-way ANOVA (D); *, p < 0.05; **, p < 0.01.

60



Global ISG expression in response to IFN-B is suppressed in
vVivo

To more comprehensively compare the in vivo and in vitro IEC response to IFN,
we performed RNA sequencing on sorted EpCAM+ cells from neonatal mice treated with
PBS, IFN-B, or IFN-A3 and compared to RNAseq of IEC organoids treated with PBS, IFN-
B, or IFN-A2 for four hours. Normalized read counts for Usp18 were increased between 5-
and 1000-fold by IFN treatment, with a greater increase in IEC organoids by IFN-3
treatment relative to IFN-A treatment and a greater increase in neonatal IECs by IFN-A
treatment relative to IFN-f treatment (Figure 2.3A). These differences are reflective of
gPCR results from figures 2.1-2.2, validating the RNAseq dataset. PCA analysis indicated
that the primary component differentiating these samples (PC1, 95% of variance) was
their organoid or neonate origin and included differential expression of metabolism and
cell cycle genes (Figure 2.3B). The secondary PCA component (PC2, 2% variance)

separated IFN treatment groups from matched PBS controls (Figure 2.3B).

We identified differentially expressed genes among IFN treatment groups relative
to their corresponding PBS controls using liberal inclusion criteria (fold-change > 1.5,
adjusted p-value < 0.1). Few genes were downregulated by IFN treatments, consistent
with the known transcriptional activation downstream of IFN receptors. Identification of
ISGs in neonatal IECs revealed 210 IFN-A-stimulated genes but only 64 IFN-B-stimulated
genes (Figure 2.3C). Furthermore, all IFN-B-stimulated genes but one (63/64) were
present among the 210 IFN-A-stimulated genes (Figure 2.3C). Therefore, the global early

response of neonatal IECs to IFN-A is substantially larger than to IFN-f3.

IEC organoids had a comparable number of IFN-A-stimulated genes (190) as
neonatal IECs (210), with the majority of genes (134) present in both (Figure 2.3D-E).

However, in striking contrast to neonatal IECs, IEC organoids had a greater number (527)
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of IFN-B-stimulated genes (Figure 2.3E). Among IEC organoid treatment groups, there
were zero genes unique to IFN-A, with all 190 IFN-A-stimulated genes present among the
527 IFN-B-stimulated genes (Figure 2.3E). Therefore, the early responses of IEC
organoids to IFN-B and IFN-A are highly overlapping with IFN-A-stimulated genes

comprising a subset of IFN-f3-stimulated genes.

To more comprehensively analyze the relationship between IFN responses of
neonate and organoid IECs, we normalized the log2 fold-change of all 527 organoid ISGs
to matching PBS controls and plotted these changes on a heatmap with hierarchical
clustering (Figure 2.3F). IFN-A-stimulated neonate and organoid IECs clustered closer to
each other than to other treatment groups, supporting the conclusion that IFN-A responses
are similar between neonate and organoid. In contrast, IFN-B-stimulated neonatal IECs
clustered closer to PBS controls than to other IFN treatment groups (Figure 2.3F). These
comparisons indicate that the in vivo hypo-responsiveness of IECs to IFN-a/p applies

globally to all ISGs, whereas responsiveness to IFN-A is a relatively stable IEC-intrinsic

property.

To determine if expression of IFNAR genes was correlated with responsiveness of
IECs to IFN-B, we compared the abundance of receptor genes in neonatal and organoid
IECs. Ifnarl, Ifnar2, Ifnlrl, and 1110rb were not differentially expressed between these IEC
types (Figure 2.3G). However, additional comparisons of 30 previously-identified IFNAR
regulatory genes curated from the literature (456—458) indicated that 11/30 of these genes
were significantly more abundant in neonatal IECs relative to organoid IECs, but only 1/30
was modestly more abundant in organoid IECs (Figure 2.3H). The increased abundance
of 11/30 known IFNAR negative regulatory genes with minimal differences in IFNAR

receptor genes suggested the potential for post-transcriptional suppression of IFNAR in
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neonatal IECs. Indeed, we found that surface staining of IFNAR1 and IFNAR2 were
significantly increased on organoid IECs relative to neonatal IECs (Figure 2.3l). Together,
these data are consistent with a post-transcriptional mechanism of IEC hypo-

responsiveness to IFN-B in vivo.
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Figure 2.3. Global ISG expression in response to IFN-B is suppressed in vivo. IEC
organoids or neonatal mice were treated for four hours with PBS or IFN as in figures 2.1-2.2 and
isolated IECs were analyzed by RNAseq. A. Normalized read counts for Usp18. B. PCA analysis
of the top 500 differentially expressed genes. C-E. Venn diagrams showing the overlap in genes
stimulated by the indicated IFN treatment relative to their matched PBS treated controls. F.
Heatmap comparing log2 fold-change of 527 ISGs among organoid and neonate IFN treatment
groups relative to matched PBS controls. G-H. Log2 normalized counts of the indicated IFN
receptor genes (G) and heatmap of IFN regulatory genes (H) from PBS treated neonate and
organoid IECs. DEGs listed in (H) are significantly different between neonate and organoid. I.
Flow cytometry staining of IFNAR1 and IFNAR2 on neonate IECs (from Figure 2.1E) and
organoid IECs. Grey histograms are control stains (no IFNAR antibody), and bar graphs show
geometric mean-fluorescence intensity (MFI) of IFNAR fluorescence normalized to controls. Data
points represent replicate treatments (A, B, G) or replicate experiments (1). Significance
determined by t-test (I); *, p < 0.05; **, p < 0.01.
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Apoptosis genes are among IFN-B-specific ISGs

The preceding data from neonatal mice, together with prior studies of adult mice,
strongly suggest that hypo-responsiveness of IECs to IFN-a/B in vivo is physiologically
advantageous. To gain insight into the potential advantages of selective IFN-A
responsiveness, we further analyzed the transcriptomes of IFN-B-responsive IEC
organoids. The 337 “IFN-B-specific ISGs” of IEC organoids represented a subset of the
overall IFN response that is not present in vivo whereas the 190 genes stimulated by IFN-
A and IFN-B represented a “common ISG” module. Notably, the “common ISGs” were
stimulated to a significantly greater extent by IFN-B treatment than the “IFN-B-specific
ISGs” (Figure 2.4A), and the 190 common ISGs were stimulated to a significantly greater
extent by IFN-f than by IFN-A treatment (Figure 2.4B). Therefore, common ISGs consist
almost entirely of the most highly responsive genes. To identify differential pathway
associations, we compared the 337 IFN-B-specific ISGs with the 190 common ISGs using
g:Profiler (459). Comparison of curated pathways from gene ontology (GO), KEGG, and
Reactome databases indicated that 1) common ISGs were more significantly associated
with antiviral effector pathways, 2) common ISGs and IFN-B-specific ISGs were similarly
associated with antigen processing and presentation pathways, and 3) IFN-B-specific
ISGs were significantly associated with apoptosis pathways (Figure 2.4C). A heatmap of
all apoptosis pathway genes (KEGG:04210) confirmed that IFN-( treated IEC organoids
clustered separately from other treatment groups and controls (Figure 2.5A). Specifically,
IFN-B treatment of organoids uniquely stimulated 19/130 apoptosis pathway genes
including pro-apoptotic genes Bid, Bcl2I11, and Casp8 (Figure 2.5A-B). Together, these
analyses indicate that IFN- and IFN-A are similarly capable of eliciting antiviral effectors,

but IFN-B uniquely stimulates expression of apoptosis-pathway genes.
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Prior studies in other cell types have indicated that inflammatory cytokines are a
gene set that distinguishes IFN-a/f from IFN-A (147, 148). To determine whether these
genes were also differentially regulated in our IEC organoid studies, we performed
focused analysis of 37 inflammatory cytokines, including IL-6, IL-1B3, and TNFa, shown by
Galani et al. to be differentially regulated in neutrophils. Unlike neutrophils, the majority of
these inflammatory cytokines were not stimulated in IEC organoids, with the notable
exception of the pro-inflammatory chemokine Cxcl10 (Figure 2.5C). This suggests that
neutrophils and IECs differ in their capacity for ISG expression. To determine whether this
difference extended to the set of IFN-B-specific apoptosis ISGs identified here, we
analyzed expression of these genes in the RNAseq data from Galani et al. Similar to our
results in IECs, neutrophils upregulated apoptosis pathway genes following treatment with
IFN-a but not IFN-A (Figure 2.5D). These comparisons suggest that some IFN-a/B-specific
ISGs (i.e. inflammatory cytokines) are cell-type specific and others (i.e. pro-apoptotic

genes) are similar across cell types.
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Figure 2.4. Common ISGs in IEC organoids are highly stimulated and consist of canonical
antiviral genes. A. Log2 fold-change from RNAseq of genes stimulated by IFN-B but not IFN-A
(337, IFN-B-specific), or genes stimulated by both IFN-B and IFN-A (190, Common). B. Comparison
of log2 fold-change for common ISGs following stimulation by IFN-3 or IFN-A. Lines indicated gene
identity across treatment groups. C. Selected pathways differentiating the indicated ISG categories;
“padj” is the p-value adjusted for multiple comparisons. Statistical significance determined by Mann-

Whitney test; **** p < 0.0001.
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Figure 2.5. IFN-B-specific ISGs include apoptosis pathway genes. A. Heatmap comparing log2
fold change of all KEGG apoptosis pathway genes among organoid and neonate IFN treatment
groups relative to their corresponding PBS controls. Names are shown for the cluster of “apoptosis
ISGs” stimulated by IFN-B treatment of organoids. B. Normalized RNAseq counts for three
apoptosis ISGs. C-D. Log2 fold change of inflammatory ISGs (C) or apoptosis ISGs (D) from IFN-
treated neutrophils (147) (open circles = IFN-a, open squares = IFN-A) or IEC organoids (filled
circles = IFN-(, filled squares = IFN-A) relative to their corresponding PBS controls. Statistical
significance determined by Kruskal-Wallis test. ***, p < 0.001; **** p < 0.0001; n.s., p >0.05.
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IFN-B potentiates TNFa-triggered apoptosis

Among apoptosis pathway genes identified in Figure 2.5A, Bid and Casp8 gene
products are integral effectors in the extrinsic apoptosis pathway triggered by the
inflammatory cytokine TNFa (460). To determine whether IFN-B treatment potentiates
TNFa-triggered apoptosis, we pre-treated IEC organoid cultures with IFN-B, IFN-A, or PBS
followed by treatment with TNFa and measured cell viability using the MTT assay (Figure
2.6A). Treatment with TNFa, IFN-B or IFN-A alone resulted in minimal loss of IEC viability
(<10%) suggesting that our IEC organoids are resistant to the cytotoxic effects of TNFa at
baseline. However, IFN-B treatment synergized with TNFa and resulted in an average
30% loss in viability. In contrast, IFN-A followed by TNFa treatment resulted in significantly
less (average 18%) loss of viability (Figure 2.6A). To confirm that death in these IEC
organoid cultures was related to apoptosis, we examined cleaved (active) executioner
caspase 3 by immunofluorescence. IFN-B treatment followed by TNFa resulted in a
significant increase in the percentage of cleaved caspase 3 in IEC organoids whereas
IFN-A treatment did not (Figure 2.6B-C). These data indicate that IFN-f stimulation results
in greater sensitivity of IECs to TNFa-triggered apoptosis, and suggest that hypo-

responsiveness of IECs to IFN-a/f in vivo favors epithelial viability.
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Figure 2.6. IFN-B potentiates TNFa-triggered apoptosis. A. MTT viability assay of IEC organoids
treated with 10ng/mL IFN-A3, IFN-B, or PBS for four hours followed by treatment with 100 ng/mL
TNFa for 20 hours. B-C. Cleaved-caspase 3 (CC3) in IEC organoids was assessed by
immunofluorescence following pre-treatment with 10ng/mL IFN-A3, IFN-(3, or PBS for 4-8 hours and
subsequent treatment with media or 100ng/mL TNFa for 16-20 hours. The positive apoptosis
control, staurosporine (SS), was administered to PBS organoids for 16-20 hours. Data are pooled
from three independent experiments with statistical significance determined by one-way ANOVA in
A and statistical significance determined by Kruskal-Wallis test with Dunn’s multiple comparisons
in B. Solid line depicts the mean in A and the median in B with **, p < 0.01; ***, p < 0.001; **** p <

0.0001; n.s., p >0.05.
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The strength of the canonical ISRE differentiates ISG categories

To globally define distinguishing promoter motifs of common and IFN-B-specific
ISG categories, we used the Hypergeometric Optimization of Motif EnRichment (HOMER)
software package (461). We searched for motifs enriched in IFN-B-specific ISG promoters
relative to a “background” of common ISG promoters or vice versa. This comparison
resulted in no statistically significant promoter motifs that distinguished IFN-B-specific
ISGs from common ISGs. However, a de novo motif was significantly enriched in common
ISG promoters relative to IFN-f-specific ISG promoters (Figure 2.7A). This “common ISG
motif’ was clustered near the transcription start site (TSS) of these genes, consistent with
a direct role in initiating transcription (Figure 2.7B). The de novo common ISG motif had
a high degree of similarity to previously described ISRE and IRF motifs, suggesting that it
reflected stronger canonical promoter motifs among common ISGs. Indeed, previously
defined (canonical) ISRE and IRF motifs were present with significantly higher frequency
among common ISGs than among IFN-B-specific ISGs (Figure 2.7A). Further comparison
of common ISGs and IFN-B-specific ISGs to a “background” of other genes within the
mouse genome revealed that ISRE and IRF motifs were significantly enriched in both ISG
sets, and a STAT1 motif was specifically enriched among common ISGs (Figure 2.7A-B).
As a control for these comparisons, the GC-rich basal promoter motif of specificity protein
1 (Spl) was found at a similar frequency near TSS of all gene categories (Figure 2.7A-

B).

We were interested in determining how well the global analysis of IFN-B-specific
ISG promoters reflected properties of apoptosis ISGs and neutrophil inflammatory ISGs.
Additionally, we sought to perform more quantitative motif comparisons beyond a simple
presence/absence determination. So, we determined the ISRE score for each gene, which

is higher for promoter sequences that more closely match the ideal ISRE (Figure 2.7A).
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ISRE motif scores were similarly low among apoptosis ISGs, inflammatory ISGs, or IFN-
B-specific ISGs, all of which were significantly lower than common ISGs (Figure 2.7C).
These data indicate that promotor characteristics of IFN-B-specific ISGs as a whole are

reflected in apoptosis and inflammatory gene subsets.

Prior studies in other cell types have indicated that IFN-A stimulates less robust
STAT1 phosphorylation and ISRE transactivation than IFN-a/f (114, 115). Consistent with
these findings, we observed a lower fold-increase of common ISGs by IFN-A than by IFN-
B (Figure 2.4B). To explore the relationship among ISRE score and fold-increase, we
performed correlation analyses of these two variables for all ISGs. We observed a
significant positive correlation between IFN-B-stimulated fold-change and ISRE score,
confirming the relevance of this promoter motif (Figure 2.7D). IFN-A-stimulated fold-
change was also significantly correlated with ISRE score, but had a significantly shallower
slope (p = 0.0293) (Figure 2.7E). Together, these data indicated ISGs with low-scoring
ISRE motifs were less likely to be stimulated by IFN-A and correspondingly more likely to

be IFN-B-specific.
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Figure 2.7. Strength of canonical ISRE differentiates ISG categories. Motifs were identified in
genomic sequences 500 bp upstream to 250 bp downstream of annotated transcriptional start sites
(TSS) for gene sets. A. Motif sequence logos for de novo “common ISG motif’ and known motifs
from the HOMER database. Height of bases are proportional to their preference at that position.
Frequency graph depicts the proportion of genes in each category with at least one instance of the
indicated motif scoring above threshold, with * indicating g-value < 0.05. B. Histograms of motif
location relative to TSS. C. Comparison of ISRE (GSE23622) motif score among previously defined
common, IFN-B specific, apoptosis, and inflammatory ISGs. Dashed line indicates threshold score
from analysis in (A); highest scoring motif is shown for each gene with at least one motif score > 1.
D-E. Correlation of ISRE score with log2 fold-change following treatment with IFN-3 (D) or IFN-A
(E). Vertical dashed line indicates threshold score from analysis in (A), horizontal dashed line
indicates 1.5-fold differential expression cutoff.
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IFN-B-specific apoptosis ISGs are dependent on the canonical
transcription factor STAT1

The preceding bioinformatic analyses suggested that promoters of IFN-B-specific
ISGs would be less effective in recruitment of ISGF-3 components (STAT1, STATZ2, and
IRF9). To determine whether binding of these canonical transcription factors to promoters
of common 1SGs differed from binding to promoters of IFN-B-specific 1SGs, we re-
analyzed a previously published dataset (GSE115433) that sequenced DNA following
chromatin immunoprecipitation (ChlP-seq) of STAT1, STAT2, and IRF9 from
macrophages. In these data, promoters of common ISGs were significantly more likely
than promoters of IFN-B-specific ISGs to be precipitated with any ISGF-3 component from
untreated or IFN-B-treated cells (Figure 2.8A). These data are consistent with our
bioinformatic analyses (Figure 2.7), and suggest that lower-scoring ISRE motifs in

promoters of IFN-B-specific ISGs result in less robust binding of STAT1, STAT2, and IRF9.

Despite the low-scoring ISRE motifs of IFN-B-specific ISGs, we hypothesized that
their stimulation by IFN- would remain dependent on canonical usage of STAT1. To test
this hypothesis, we generated IEC organoids from Stat1” mice that are unable to generate
active STAT1 homodimers, or heterotrimeric ISGF-3. We treated WT and Statl”
organoids with 10ng/mL IFN-B or IFN-A3 for four hours followed by gPCR to measure
induction of common ISGs (Isgl5, Cxcl10) and IFN-B-specific, apoptosis ISGs (Casp8,
Bid, Bcl2I11). Common ISGs were induced greater than 1000-fold by IFN-B and greater
than 100-fold by IFN-A in WT IECs. We confirmed that common ISGs were not induced by
either IFN type in Statl” IECs, consistent with an absolute requirement of STAT1 for their
stimulation (Figure 2.8A-B). Pro-apoptotic ISGs were induced two- to three-fold by IFN-3
in WT IECs, but were not induced by IFN-A in WT IECs or by either treatment in Statl”

IECs (Figure 2.8A-B). These data indicate that the IFN-B-specific ISGs Casp8, Bid, and
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Bcl2I11 are dependent on canonical ISG transcription factors. Taken together, our findings
support the conclusion that IFN-B-specific ISGs are largely distinguished by low-scoring
ISRE promoter motifs rather than a unique non-canonical motif. In conclusion, we propose
a straightforward model in which a stronger transcriptional response downstream of IFN-
B results in an expanded array of ISGs with low-scoring ISRE motifs. This expanded set
of ISGs includes pro-apoptotic genes that have the potential to disrupt epithelial

homeostasis and are therefore physiologically disadvantageous in vivo.
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Figure 2.8. IFN-B-specific apoptosis ISGs are dependent on canonical transcription factor
STATL1. A. Re-analysis of ChlP-seq data from GSE115433 (462). Percentage of genes in common
ISG and IFN-B-specific ISG sets that had significant ChiP-seq peaks for STAT1, STATZ2, or IRF9
within 500 bp of the transcription start site. Statistical significance determined by chi-square of
contingency tables of genes with or without peaks. *, p < 0.05; ****, p < 0.0001. B-C. Quantitative
PCR analysis of genes indicated on the x-axis following treatment of WT (filled symbol) or Stat1-"
(open symbol) IEC organoids with 10ng/mL IFN- (B) or IFN-A3 (C) for four hours; normalized to
PBS-treated controls. Data are combined from four experiments, with * indicating p-value < 0.05
by one-way ANOVA.
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Discussion

Here, we find that in vivo IECs are hypo-responsive to IFN-a/f beginning in early
neonatal life (Figure 2.1), thereby elevating the importance of IFN-A in epithelial antiviral
immunity. Prophylactic IFN-A, but not IFN-B, reduces early replication of the IEC-tropic
mouse rotavirus, consistent with prior studies of Pott et al. (195). This ineffective IFN-
response of neonatal IECs was somewhat unanticipated based on the prior study from Lin
et al., which found that IFN-a/f stimulated phospho-STATL1 in IECs of neonatal but not
adult mice (197). Our transcriptomic comparison of ISG responses indicates that phospho-
STAT1 may underlie a modest transcriptional response to IFN-B in neonatal IECs, but it
is significantly diminished relative to the in vivo response of neonatal IECs to IFN-A or the
in vitro response of IEC organoids to IFN-B (Figure 2.3). In fact, we find that IEC organoids
expanded in vitro from intestinal stem cells are highly responsive to IFN-B, with more
robust ISG induction relative to IFN-A (Figure 2.2). This IFN response profile of mouse
IEC organoids is consistent with recent human IEC organoid studies, which found that
IFN-a/B provides more potent antiviral protection from rotavirus (143, 206). We suggest
that, similar to mouse IECs, human IECs in their natural context in vivo may become hypo-

responsive to IFN-a/p.

Our studies of viral infection in mouse IEC organoids here together with prior
studies of others in human IEC organoids present a paradox: IFN-A is the dominant
effector in mouse models of gastrointestinal virus infection whereas IFN-a/f elicits
superior antiviral defense in vitro (206). Our work here shows that IFN-B treatment of IEC
organoids, in addition to stimulating significantly greater production of antiviral ISGs than
IFN-A, stimulates an expanded set of ISGs with low-scoring ISRE motifs (Figure 2.7). This
expanded ISG profile includes pro-apoptotic genes that potentiate TNFa-triggered

cytotoxicity (Figure 2.6). These findings in IECs are reminiscent of recent studies in
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neutrophils that identified a set of inflammatory cytokine genes, including TNFa, triggered
by IFN-B but not IFN-A (147). We find here that IECs are not capable of readily producing
most of these inflammatory ISGs in response to IFN-B, emphasizing the importance of
cell-lineage-specific studies (Figure 2.5C). However, when considered in the context of
preceding neutrophil studies, our findings here suggest that a neutrophilic, inflamed
intestine is a scenario in which IEC hypo-responsiveness to IFN-a/B would be particularly
beneficial. If IECs were not hypo-responsive in this inflammatory scenario, IFN-a/f would
synergistically elicit TNFa production by neutrophils and potentiate TNFa-triggered
cytotoxicity of IECs. Indeed, such a synergistic response may explain observations of
epithelial apoptosis in the IFN-a/B-responsive lung epithelium during influenza infection,
where IFNa but not IFN-A treatment amplifies apoptosis of lung epithelial cells (146). In
addition to the less damaging ISG profile of IFN-A, Broggi et al. showed that IFN-A can
actively suppress inflammatory responses of neutrophils by a post-transcriptional
mechanism, providing further homeostatic benefits (145). Thus, hypo-responsiveness of
IECs to IFN-a/B in vivo may be moderately dis-advantageous for antiviral protection, but
reduces the risk of inflammatory response amplification loops that result in epithelial

damage.

Previous work has suggested apical trafficking of IFNAR and reduced Ifnarl/Ifnar2
transcript expression as mechanisms for IEC hypo-responsive to IFN-a/p in vivo (194,
195). Our study supports a role for post-transcriptional regulation of IFNAR1 and IFNAR2
in determining IEC responsiveness to IFN-a/f. IEC organoids have increased surface
staining for both IFNAR subunits and reduced expression of several known negative
regulators of IFNAR signaling. These mechanisms may relate to post-natal changes in
intestinal exposure to nutrients and the microbiome, which elicit corresponding changes

in IEC metabolism and immunity. Neil et al. recently showed that when the microbiome is
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depleted from adult mice with antibiotics and the epithelium is exposed to damaging
dextran sodium sulfate, an IFN-o/B response in IECs can promote beneficial recruitment
of IL-22-producing leukocytes (463, 464). This role of IFN-a/f in IECs suggests the
following possibilities: 1) depletion of the microbiome together with epithelial damage
could increase IFN-a/B responsiveness of IECs, or 2) under certain types of epithelial
damage the modest responsiveness of IECs to IFN-a/B in vivo may be beneficial. Further
studies are needed to determine the effect of the microbiome and inflammatory triggers
on IFN-a/f responsiveness of IECs and to understand the signals that regulate IEC-
intrinsic IFNAR responses in vivo. Our work here emphasizes the important pleiotropic
roles of the IFN response and provides a physiological basis for regulating the ISG

expression capacity of IECs to maintain intestinal homeostasis.
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CHAPTER 3: A Homeostatic Interferon-lambda
Response to Bacterial Microbiota Stimulates
Preemptive Antiviral Defense in Discrete Pockets
of Intestinal Epithelium
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Introduction

Interferons (IFNs) are a family of cytokines produced in response to infection that
signal IFN receptor-bearing cells to induce transcription of hundreds of interferon-
stimulated genes (ISGs). These ISGs perform diverse functions, but many cooperate to
induce an antiviral state (99, 465). There are three types of IFNs: type | IFNs (IFN-as, IFN-
B, others), type Il IFN (IFN-y), and type Il IFNs (IFN-As). These three types are
differentiated by receptor usage (type | IFN receptor: Ifnarl/Ifnar2; type Il IFN receptor:
Ifngrl/Ifngr2; type 1l IFN receptor: Ifnirl/II10rb), but all three receptor complexes signal
through Janus-kinase (JAK) and signal transducer and activator of transcription (STAT)
factors to stimulate ISG transcription (110, 466). Type | and 11l IFNs are directly stimulated
by host detection of microbe-associated molecular patterns (MAMPS) such as viral nucleic
acids, and the prominent contribution of these IFN types to antiviral defense is reflected
by the breadth of evasion strategies used by diverse viral families to prevent their
production or action (467—-469). The type | IFN receptor is expressed broadly across most
cell types, whereas the type Il IFN receptor, Ifnirl, is primarily restricted to epithelial cells
(191, 470). Accordingly, IFN-A is of particular importance in effective antiviral defense of
barrier tissues.

Interestingly, previous studies in mice have noted that intestinal epithelial cells
(IECs) are hyporesponsive to type | IFN (194, 195, 197, 471). The responsiveness of IECs
to type | IFN appears to be developmentally regulated because the IECs of adult mice
exhibit weaker type | responses than IECs of neonatal mice (197). Additionally, infection
of mice deficient in IFN receptors (Ifnarl, Ifngrl, Ifnirl; single or double knockouts) with
enteric viruses indicates that IFN-A is the predominant antiviral IFN type that controls viral
replication in the gastrointestinal epithelium (194, 195, 199). IECs can robustly respond to
IFN-A with upregulation of canonical antiviral ISGs and increased resistance to infection
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by enteric viruses, such as rotaviruses and noroviruses (195, 199, 200). Murine rotavirus
is a natural pathogen of mice that infects enterocytes located at the tips of villi in the small
intestine (227). Rotaviruses have developed mechanisms to antagonize the induction of
IFN by infected cells, suggesting that evasion of the IFN response is necessary for efficient
epithelial infection (241). Indeed, prophylactic administration of IFN-A significantly reduces
the burden of murine rotavirus infection, demonstrating its potential for mediating epithelial
antiviral immunity to this pathogen (195, 197, 471, 472). However, a protective role of the
endogenous IFN-A response to murine rotavirus infection is less clear, perhaps reflecting
the success of murine rotavirus evasion mechanisms.

Epithelial immunity in the gut must be appropriately balanced to protect the
intestinal epithelium while preventing loss of barrier integrity and intrusion by microbes
that are abundant within the gastrointestinal tract. The bacterial microbiota in the intestine
perform critical functions by aiding in host metabolism (473), providing a competitive
environment to defend against pathogens (322), and initiating and maintaining host
immune function during homeostasis (300, 384). In this complex environment host
epithelial and immune cells detect bacteria and viruses using a suite of pattern recognition
receptors (PRRs) that sense the presence of MAMPs. Stimulation of PRRs, such as the
toll-like receptor (TLR) family, activates antimicrobial and antiviral defenses providing local
protection in many tissues (150, 474, 475). TLR-dependent pathways induce production
of IFNs, primarily by signaling through TIR-domain-containing adapter-inducing interferon-
B (TRIF) and myeloid differentiation primary response 88 (MYD88) adapter proteins (176,
476), providing a mechanism by which bacterial MAMPSs can initiate IFN responses.

Signals from the bacterial microbiota have been shown to elicit a steady-state type
I IFN response in systemic tissues and cell types that can prime antiviral immunity by

several independent studies (421, 423-426, 477). Additionally, a steady-state ISG signal
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has been observed in the intestine of uninfected mice (197, 443, 478), but this intestinal
response remained poorly characterized. Together with the observed hypo-
responsiveness of IECs to type | IFN, these findings suggested that bacterial microbiota
may stimulate an IFN-A response in the gut. To explore this interaction, we undertook the
present study to assess the role of bacterial microbiota in induction of enteric ISGs at
homeostasis using a combination of broad-spectrum antibiotics (ABX) and genetically
modified mice.

In this study, we uncovered an ISG signature in IECs that was dependent on the
presence of bacteria and IFN-A signaling (hereafter referred to as ‘homeostatic ISGs’).
This panel of genes was present in WT mice with conventional microbiota and was
reduced in WT mice treated with ABX and in mice lacking Ifnlrl. We revealed that
homeostatic ISG expression is i) restricted to the intestinal epithelium across both the
ileum and colon, ii) independent of type | IFN signaling, and iii) associated with IFN-A
transcript expression by epithelium-associated CD45+ leukocytes. Surprisingly, we found
that homeostatic ISGs are not expressed uniformly by all IECs; rather, expression is
concentrated in localized pockets of IECs and in differentiated IECs relative to crypt-
resident progenitors. These patterns of localized ISG expression are corroborated by
independently-generated single-cell RNA sequencing data from mouse and human IECs.
We also found that ISG expression can be increased in ABX-treated mice by reconstitution
of bacterial microbiota or administration of bacterial lipopolysaccharide (LPS). Finally, we
found that this microbiota-stimulated ISG signature provides protection from initiation of
murine rotavirus infection. Cumulatively, this study found that bacteria initiate preemptive

IFN-A signaling in localized areas to protect IECs from enteric viruses.
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Results

Bacterial microbiota stimulate IFN-A response genes in the ileum
at homeostasis

To determine the effect of bacterial microbiota on homeostatic IFN-A responses,
we compared gene expression in whole ileum tissue for the following experimental groups:
i) wild-type C57BL/6J (WT) mice intraperitoneally-injected with IFN-A as compared to
unstimulated WT mice, ii) WT mice with conventional microbiota as compared to WT mice
treated with an antibiotic cocktail (ABX) to deplete bacteria, iii) WT mice with conventional
microbiota as compared to Ifnlrl”- mice with conventional microbiota, and iv) Ifnlr1” mice
with conventional microbiota compared to Ifnir1”- mice treated with ABX (Figure 3.1A). To
rule out contributions of Ifnlrl toward an altered intestinal bacterial microbiota, we
performed 16S rRNA sequencing on stool from Ifnlr1**, Ifnlrl*-, and Ifnlrl’” mice and did
not find statistically significant differences in alpha-diversity and beta-diversity
measurements with the statistical power available from 12 mice per group (Figure 3.2).
For each comparison of ileum gene expression shown in Figure 3.1A, we performed
gene-set-enrichment-analysis (GSEA) to determine enrichment or depletion of hallmark
gene sets (479). The hallmark gene set that was most enriched in IFN-A-treated WT mice
compared to unstimulated WT mice was INTERFERON_ALPHA_ RESPONSE (Figure
3.1B and Figure 3.3). Therefore, this gene set reflects differences in IFN-A responses
between experimental conditions.

To deplete bacterial microbiota, we administered a cocktail of broad-spectrum
antibiotics, and demonstrated that this treatment reduced bacterial 16S gene copies in
stool to below the limit of detection (Figure 3.4). GSEA of WT mice treated with ABX
showed a significant depletion (negative enrichment score) of

INTERFERON_ALPHA RESPONSE hallmark genes in the ileum relative to WT mice with

84



conventional microbiota (Figure 3.1C). These data indicate that ISGs are present at
steady-state in the ileum of specific-pathogen-free mice with conventional microbiota and
suggest that microbiota stimulate expression of these genes in the ileum at homeostasis.

Type |, Il, and Il IFN responses have substantial gene expression overlap;
therefore, to prove that the IFN-A receptor was necessary for expression of ISGs at
homeostasis, we analyzed gene expression in the ileum of Ifnlrl”- mice. Indeed, GSEA
showed significant reduction of INTERFERON_ALPHA_RESPONSE hallmark genes in
the ileum of Ifnlrl” mice compared to WT mice (Figure 3.1D). Furthermore, expression
of INTERFERON_ALPHA_RESPONSE hallmark genes was not significantly decreased
in Ifnlrl” mice treated with ABX compared to Ifnlrl’- mice with conventional microbiota
(Figure 3.1E). In contrast to INTERFERON_ALPHA RESPONSE, other hallmark gene
sets such as INFLAMMATORY_RESPONSE and IL6_JAK_STAT3_SIGNALING were
significantly decreased by ABX treatment in both WT mice and Ifnlr1”- mice (Figure 3.3),
which indicates a selective requirement for Ifnilrl to elicit ISGs and a minimal effect of
Ifnlrl-deficiency on other microbiota-dependent genes. Together, these findings suggest
that Ifnlrl is necessary for the bacterial microbiota-dependent expression of ISGs in the
ileum at homeostasis. Since ISGs are enriched in mice upon IFN-A stimulation and are
decreased in Ifnlrl”- and ABX-treated mice, we conclude that the bacterial microbiota
stimulates IFN-A responses in the ileum at homeostasis.

To define a core set of bacterial microbiota-dependent, Ifnlrl-dependent
‘homeostatic ISGs’, we determined the overlap of differentially expressed genes (DEGs)
by defining genes with: i) increased expression upon IFN-A stimulation in WT mice, ii)
decreased expression upon ABX treatment in WT mice, and iii) decreased expression in
Ifnlrl” mice relative to WT mice. The DEGs shared by each of these comparisons

comprised a set of 21 genes that are decreased upon treatment with ABX and loss of
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Ifnlrl, and are induced in response to IFN-A (Figure 3.1F). This set of homeostatic ISGs
includes antiviral genes that are dependent on bacterial microbiota and the IFN-A pathway.
Comparison of homeostatic ISG transcript counts between experimental treatments
revealed similar insights as prior GSEA analysis. WT mice treated with IFN-A had higher
expression of all homeostatic ISGs than untreated mice, whereas WT mice with a
conventional microbiota had higher expression of homeostatic ISGs than Ifnlrl-- mice and
ABX-treated mice of both genotypes (Figure 3.1G). We did not detect additional
decreases in these homeostatic ISGs in ABX-treated Ifnlrl”- mice relative to conventional
Ifnlrl”- mice, suggesting that Ifnirl is necessary for expression of homeostatic ISGs
(Figure 3.1G). These results indicate that there is modest but significant expression of
ISGs at homeostasis that is lost with Ifnlrl deficiency or ABX treatment. Together, these
analyses revealed a homeostatic signature of ISGs in the ileum that depends upon the

presence of bacterial microbiota and on intact IFN-A signaling.
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Figure 3.1. Bacterial microbiota stimulate IFN-A response genes in the ileum at homeostasis.
A. Depiction of experimental treatments and comparison groups. Following the indicated
treatments, a segment of whole ileum tissue was harvested and analyzed by RNA sequencing for
differentially expressed genes between paired conditions. B-E. Gene-set enrichment analysis of
INTERFERON_ALPHA_RESPONSE hallmark genes (ISGs) was performed with the following
comparisons: WT mice treated with 25ug of IFN-A relative to WT mice treated with PBS (B), WT
mice treated with ABX relative to untreated WT mice (C), Ifnlrl”- mice relative to WT mice (D), and
Ifnlr1” mice treated with ABX relative to untreated Ifnirl” mice (E). Normalized enrichment score
(NES) and false-discovery rate (FDR) are overlaid for each comparison with significant FDR’s
highlighted (red). F. A Venn diagram depicting the total number of differentially expressed genes
that are i) increased with IFN-A stimulation (orange), ii) decreased with ABX treatment (green), or
iii) decreased in Ifnlrl” mice relative to WT (blue). An overlapping subset of 21 genes was shared
among all three comparisons (red box). G. A graph and heatmap of the relative expression of the
21 genes that overlap in all experimental groups in (F) (‘homeostatic ISGs’). Statistical significance
in (G) was determined by one-way ANOVA with Tukey’s multiple comparisons where ns = p > 0.05,
and **** = p < 0.0001.
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Figure 3.2. Ifnirl-deficiency does not alter intestinal bacterial microbiota. Stool was harvested
from Ifnlr1**, Ifnlrl*-, and Ifnlrl” mice and 16S rRNA genes were sequenced. Alpha-diversity
metrics of observed bacterial species (A) and Shannon Diversity Index (B). C. Principle component
analysis of beta-diversity UniFrac distances. Statistical significance was determined one-way
ANOVA with Tukey’s multiple comparisons, where ns = p > 0.05.
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Figure 3.4. Treatment with antibiotics reduces enteric 16S gene copies to below the limit of
detection. rDNA was isolated from luminal contents of mice after 14 days of ABX-treatment. 16S
gene copies were assessed by qPCR and normalized to input. Limit of detection: dashed line. Data
points represent individual mice and are pooled from 2 independent experiments. Statistical
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Homeostatic, microbiota- and Ifnlrl-dependent ISGs are
primarily expressed in intestinal tissues

To complement the results of the RNA-sequencing and extend this analysis to
other tissue sites, we quantified tissue-level expression of a panel of three ISGs by qPCR:
Ifitl, Oasla, and Statl. Ifitl and Statl were present among the 21 homeostatic ISGs in
the preceding analysis and Oasla was included as a representative canonical ISG that
we hypothesized would be present in the homeostatic signature, but did not meet the
statistical criteria used to define the core set of 21 homeostatic ISGs (Figure 3.1F-G). We
assessed absolute abundance of these ISG transcripts in the ileum, colon, mesenteric
lymph nodes (MLN), and spleen tissue of WT and Ifnlrl” mice with or without ABX
treatment (Figure 3.5A-C). Consistent with our RNA-seq data, these ISGs were reduced
in the ilea of Ifnlrl” mice and ABX-treated WT mice compared to WT mice with
conventional microbiota (Figure 3.5A). Secondly, homeostatic ISGs were expressed in
WT colonic tissue and were significantly decreased in colonic tissue of Ifnlrl”- mice and
ABX-treated WT mice (Figure 3.5B). These data indicate that homeostatic ISGs in both
the ileum and colon were dependent on Ifnlrl and the bacterial microbiota; however, these
homeostatic ISGs were more abundantly expressed in ileal tissue than colonic tissue
(Figure 3.6). To confirm that treatment with ABX does not ablate the ability of the intestine
to respond to IFN-A, we stimulated ABX-treated mice with intraperitoneal IFN-A and
harvested ileum tissue. Stimulation with small amounts of IFN-A rescued ISG expression
in whole tissue (Figure 3.7), indicating that that reduction of homeostatic ISG expression
upon treatment with ABX is not due to an inability of the intestine to respond to IFN-A.

Enteric colonization by bacteria was shown to stimulate systemic type | IFN
responses (421, 423-426, 477), so we assessed whether the decreases in ISGs upon

ABX treatment or loss of Ifnirl in the ileum were recapitulated in systemic immune tissues.
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We quantified Ifitl, Statl, and Oasla expression in the MLN and the spleen and found
that ABX treatment and Ifnirl deletion did not reduce ISGs in these tissues (Figure 3.5C).
Although we observe increases in Ifitl expression in MLN upon treatment with ABX, these
results are not recapitulated by Statl and Oasla expression, and no significant changes
in ISG expression were detected in the spleen. Cumulatively, these data indicate that
homeostatic ISGs include genes beyond the core signature identified in Figure 3.1 (e.g.
Oasla), that homeostatic ISGs are present in colonic tissue, and that homeostatic IFN-A

stimulated genes are most prominent in enteric tissues.
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Figure 3.5. Homeostatic, microbiota- and Ifnlrl-dependent ISGs are primarily expressed in
intestinal tissues. A segment of ileum or colon tissue from WT or Ifnlrl” mice was harvested
following H20 or ABX treatment and the ISGs Ifitl, Statl, and Oasla were analyzed by qPCR.
Transcripts were quantified in ileum (A), colon (B), or MLN and spleen (C) with normalization to
untreated WT mice. Data points represent individual mice and data are pooled from 10-20
independent experiments in A-B and 15 independent experiments in C. Statistical significance was
determined by one-way ANOVA with Tukey’s multiple comparisons in A-B and Dunnett’s multiple

+ - + - +

@

Oas1a transcripts
(normalized to Rps29)

&

©

N

-+

MLN

i

lleum
Aokokok
EXT L]

HoHE ns

WT WT Ifnirt*Ifnirt+

+ - +

Colon

FAAA

Aok

AR ns

WT  WT Ifnirt*ifnirt*
+ - +

X

(normalized to Rps29)

Stat1 transcripts

Oas1a transcripts
(normalized to Rps29)

0.0-

Genotype:
Antibiotics:

Oas1a transcripts
(normalized to Rps29)

0 B
Genotype:
Antibiotics:

MLN

d
n
|

lleum

Aok

P

KK ns

WT

WT  Ifnirt ifnir1*

+ - +

Colon

HREE

ok

e ns

WT WT Ifnir1” Iifnir1*
+ - *

Spleen

Genotype WT WT Ifnirt* Ifnlr1* WT WT Hnlr1* Ifnlr1"

Antibiotics: - +

Spleen

- + -

s

Genotype: WT WTlfnlr1“ Ifnlr1’ wT WTIntr‘I"’ !fnlr‘)”

Antibiotics:

+ -+

comparisons in C. * = p < 0.05, * = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

92



*kkk Aok *kk

0.15 _— 1.5 _— 0.3
) ) ) .
" 8 P 2% o\
58 2 . 43 \
= 0.10 = 1.0+ X o 0.2 - N
o8 00 . e l
@ - h = W\ c E=] 8
cT ST [ | B
c @ E o s Q T
EN = N gt l
© 0.05- T ® 0.5+ ™ 0.1
T g 005 § g os T8 01 H
=5 % § Ss ¥
c c c
0.00 0.0 0.0 T T
lleum Colon lleum Colon lleum Colon

Figure 3.6. Homeostatic ISGs are more abundantly expressed in the ileum than in the colon.
Ifitl, Statl, and Oasla expression was quantified from the ileum and colon tissue of WT mice. Data
points represent individual mice and are pooled from 5 independent experiments. Statistical
significance was determined by paired t-test where *** = p < 0.001 and **** = p < 0.0001.

Adok

k¥ *kk
301 71 204
25+ ns .®
~ 204 ~ 6 p—
g 20 & . g;. 15
n & 107 2 2 5 ga
_‘é-ﬂ: 104 -g‘ﬁ: = 0 10-
e oo g4 g
] 37 2 T c 4T
€T k] 8T
s 9 go 5o
s N S N 29 N g
s= -= © =
EE’ §E g
£ = E £ 24
=8 “ g 4] 85 2
e 14 c c
£ E <
0- 0- 0-
Antibiotics: - + + + Antibiotics: - + + + Antibiotics: - + + +
IFN-A (pg): - - 0.01 04 IFN-A (ug): - - 0.01 0.4 IFN-A (ug): - - 0.01 0.4
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Homeostatic ISG expression is independent of type | IFN

To determine whether detection of enteric bacteria by TLRs stimulates
homeostatic ISGs, we measured tissue ISG expression in mice that were deficient in TRIF
or MYD88. Signaling through TRIF results in activation of interferon regulatory factors
(IRFs), such as IRF3 and IRF7, that commonly contribute to IFN induction (164, 480, 481).
Additionally, signaling through MYD88 can aid initiation of IFN expression, through nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) transcription factor family
members (480) and IRF7 (482, 483). Ifitl expression in the ileum and colon of Trif” mice
was not significantly different than in WT mice, and Ifitl expression was reduced with ABX
in Trif”- mice (Figure 3A). However, we found that mice lacking Myd88 exhibited tissue-
specific decreases in Ifitl expression, with significant decreases in the ileum, but not in
the colon, relative to WT mice (Figure 3A). These data are consistent with a previous
report (478) and suggest that signaling through MYD88, but not TRIF, is necessary for
homeostatic ISG expression in the ileum, whereas other factors may dominate in the
colon.

To expand these findings, we assessed the role of IRF3 and IRF7 transcription
factors that are commonly activated downstream of MYD88 and TRIF. We did not observe
significant decreases in Ifitl expression in the ileum or the colon of Irf3” mice as compared
to WT (Figure 3.8B), indicating that IRF3 is not required for homeostatic IFN-A induction.
However, we observed a modest (two-fold) decrease in Ifitl expression in both the ileum
and colon of Irf7”- mice when compared to WT mice (Figure 3.8B). Although IRF7 is
implicated by these data, it does not appear to be strictly required for homeostatic
expression of Ifitl because expression is further reduced by ABX treatment (Figure 3.8B).
These data suggest that IRF7 is not necessary for the homeostatic ISG response to the

bacterial microbiota.

94



Type | and Il IFNs stimulate overlapping ISG responses that are both dependent
on STAT1. Therefore, to further investigate the contribution of type | IFN signaling to
homeostatic ISG expression, we quantified Ifitl expression in ileum and colon tissue from
Ifnarl” or Statl” mice. Ifitl expression was not significantly different in either ileum or
colon tissue of Ifnarl” mice compared to WT (Figure 3.8C). However, Ifitl expression
was significantly lower in ileum and colon tissue of Statl”’- mice compared to Ifnarl”’- and
WT mice. Importantly, treatment of Statl” mice with ABX did not further reduce Ifitl
expression, emphasizing the necessity of STAT1 for this homeostatic ISG response.

Lastly, to determine whether type | IFN signaling plays a compensatory role in
homeostatic ISG expression in the absence of Ifnlrl, we bred mice with heterozygous
expression of both Ifnlrl and Ifnarl (IfnirlHeYIfnar1"e) with mice that lack Ifnirl and Ifnarl
(Ifnlr1k%/Ifnar1®®). This breeding scheme produced littermate-matched mice that were
IfnirieYIfnarltet, Ifnlrl®%/Ifnarlk®, and mice singly deficient in Ifnlrl (Ifnlrl%/Ifnar1Het) or
Ifnarl (Ifnlrl"eYIfnar1X°). We found that Ifitl expression was not significantly different in
Ifnirl™eYIfnarlXC relative to Ifnirl™eYIfnarl"et controls in ileal tissue (Figure 3.8D). Ifitl
expression in Ifnlrl%%/Ifnaritet was significantly lower compared to Ifnlr1"eyIfnariHet
controls, but was not significantly different from Ifnlr1%%/Ifnarl%® mice (Figure 3.8D).
Cumulatively, these data indicate that homeostatic ISG expression in the intestine is partly

dependent on MYD88, and is independent of type | IFN signaling.
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Figure 3.8. Homeostatic ISG expression is independent of type I IFN. Ifitl expression levels
were assessed by qPCR from the ileum or colon of (A) Trif and Myd88™, (B) Irf3” and Irf7", or
(C) Ifnarl” and Statl” mice treated with or without ABX normalized to untreated, WT mice. Some
WT controls are shared across experiments in (A-C). D. Ifitl expression was measured by gPCR
in ileum tissue of indicated genotypes. Data points represent individual mice and are pooled from
at least six independent experiments in (A-C) and two independent experiments in (D). Statistical
significance was determined by one-way ANOVA with Dunnett’'s multiple comparisons in (A-C) and
one-way ANOVA with Tukey’s multiple comparisons in D, where * = p <0.05, **=p < 0.01, *** =p
<0.001, **** = p < 0.0001.
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Homeostatic ISG expression in the intestine is restricted to
epithelial cells

Given the primarily epithelial expression of Ifnirl, we assessed which compartment
of the ileum expresses homeostatic ISGs by isolating a stripped intestinal epithelial
fraction and digesting the underlying lamina propria. We assessed ISG expression in
these two fractions from WT and Ifnlrl”- mice treated with or without ABX. Treatment with
ABX or loss of Ifnlrl reduced homeostatic ISGs in the IEC fraction, but the lamina propria
had low expression of these ISGs relative to the epithelium of untreated WT mice,
regardless of treatment or genotype (Figure 3.9A).

IECs express abundant Ifnirl, but other intra-epithelial cell types do not (191, 194).
To determine whether Ifnlrl expression by IECs was required for homeostatic 1SG
expression, we used mice with IECs that are conditionally deficient in Ifnirl (Ifnlr12¢) and
littermates that retain normal Ifnlrl expression (Ifnlrdlfio¥iox) (200). Ifitl and Oasla
expression in the ileum (Figure 3.9B) and colon (Figure 3.9C) of Ifnirlfo¥flox mice was
decreased upon treatment with ABX, consistent with the phenotype observed in WT mice.
Conditional deletion of Ifnirl in IECs reduced Ifitl and Oasla to a similar extent as the
reduction observed in Ifnlrl” animals, above (Figure 3.5A-B). Together, these findings

indicate that homeostatic ISGs are dependent on Ifnlrl-expression by IECs.
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Figure 3.9. Homeostatic ISG expression in the intestine is restricted to epithelial cells. A.
Ifitl, Statl, and Oasla expression was quantified in stripped epithelial cells or in the lamina propria
cells of the ileum. Comparisons were performed between WT and Ifnlr1” mice with or without ABX
treatment, and ISG expression was normalized to WT values. B-C. Ifitl and Oasla expression from
the (B) ileum or (C) colon of mice with conditional presence (flox) or absence (AIEC) of Ifnirl in
intestinal epithelial cells. Data points represent individual mice and are pooled from three
independent experiments in (A) and two independent experiments in (B-C). Statistical significance
was determined by one-way ANOVA with Dunnett's multiple comparisons. * = p < 0.05, ** =p <
0.01, *** =p < 0.001.
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Bacterial microbiota stimulate expression of Ifnl2/3 by CD45-
positive cells

A previous study (194) noted the presence of IFN-A transcripts (Ifnl2/3) at
homeostasis in CD45+ cells within the stripped intestinal epithelium, but not in the lamina
propria. To extend these findings and to determine whether CD45+ cells in the intestinal
epithelium produce IFN-A in response to bacterial microbiota at homeostasis, we enriched
cell subsets from epithelial or lamina propria fractions of the ileum for quantification of
Ifnl2/3 by gPCR. We treated WT mice with control, ABX, or stimulation with a synthetic
dsRNA analogue (poly I:C). We then magnet-enriched EpCAM+ or CD45+ cells from
stripped intestinal epithelium or digested lamina propria ileal tissue (Figure 3.11). We
found that CD45+ cells from the intestinal epithelial and lamina propria fraction expressed
detectable Ifnl2/3 at homeostasis, but EpCAM+ cells did not, which is consistent with
Mabhlakdiv et al. Furthermore, we found that expression of 1fnl2/3 in CD45+ cells from the
epithelial fraction was significantly reduced with ABX-treatment, and CD45+ cells from
lamina propria had a non-statistically-significant (p = 0.0523) reduction in Ifnl2/3
expression with ABX-treatment (Figure 3.10A). From these data, we conclude that
epithelium-associated CD45+ leukocytes are the likely source of homeostatic IFN-A in
response to bacterial microbiota, but we do not rule out additional involvement of CD45+
cells in the lamina propria.

Similar to 1fnl2/3, we found that CD45+ cells of the epithelial fraction modestly
expressed IFN-B transcript (Ifnb1) at homeostasis. Additionally, CD45+ cells of the lamina
propria robustly expressed Ifnbl at homeostasis. However, unlike I1fnl2/3, Ifnbl was not
decreased in mice treated with ABX (Figure 3.10B). These data indicate that Ifnbl

expression by CD45+ cells in the intestine is less dependent on stimulation by bacterial
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microbiota relative to Ifnl2/3, consistent with the dominant role of IFN-A responses in

driving homeostatic ISG expression in the epithelium.
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Figure 3.10. Bacterial microbiota stimulate expression of 1fnl2/3 by CD45-positive cells. A-
B. Cellular suspensions from the ileal epithelium and lamina propria was harvested from WT mice
treated with H20, ABX, or stimulated with poly I:C. Resulting cells were enriched for EpCAM-
positive and CDA45-positive cells by magnetic separation. 1fnl2/3 expression (A) and Ifnbl
expression (B) was quantified from each enriched cellular fraction by gPCR. Data points represent
individual mice and are pooled from 2 independent experiments. Statistical significance was
determined by two-way ANOVA with Dunnett’s multiple comparisons, where * = p < 0.05 and ****
= p < 0.0001.
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Figure 3.11. Enrichment of EpCAM+ and CD45+ cells from the intestinal epithelium and
lamina propria. A-C. The ileal epithelium and lamina propria was harvested from WT mice treated
with H20, ABX, or stimulated with poly I:C. Resulting cell suspensions were enriched for EpCAM-
positive and CD45-positive cells and the purity of all live and dead cells pre- and post-enrichment
were quantified by flow cytometry. The percentage of live and dead cell events with surface
expression of (A) EpCAM or (B) CD45 prior to- and following- enrichment from stripped intestinal
epithelium. C. The percentage of live and dead cell events with surface expression of CD45 prior
to and following CD45 enrichment from isolated lamina propria. Mean fold enrichment for each
condition is noted above each column. Data points represent individual mice and are pooled from
2 independent experiments.
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Homeostatic ISG expression in the small intestine is highly
localized

Homeostatic ISG expression in the ileum was of relatively low magnitude when
compared to IFN-A treatment (Figures 3.1-3.5). Therefore, we hypothesized that a low
abundance of homeostatic ISG expression would be uniformly distributed between IECs
of the intestinal epithelium, and we sought to assess the distribution of the homeostatic
ISG, Ifitl, using in situ hybridization (RNAscope). Contrary to our hypothesis, RNAscope
staining of the ileum from untreated WT mice revealed localized pockets of robust Ifitl
expression in individual villi rather than ubiquitously low expression throughout the
intestinal epithelium (Figure 3.12A). Additionally, Ifitl localization was skewed away from
the crypt and towards the tips of individual villi within the ileum, and this localization was
not specific to Ifitl because the distinct ISG Uspl8 co-localized with Ifitl (Figure 3.12A).
These data indicate that homeostatic ISGs are sporadically expressed in individual villi
and are primarily localized to mature enterocytes that are most distally located in villi. We
determined that localized ISG expression within individual villi was not due to a localized
ability to respond to IFN-A because stimulation with exogenous IFN-A resulted in Ifitl
expression within all intestinal villi, but not intestinal crypts (Figure 3.13). The minimal
expression of Ifitl within intestinal crypts following exogenous IFN-A treatment suggests
that homeostatic ISGs are localized to mature enterocytes because intestinal crypts do
not exhibit robust responses to IFN-A. Additionally, the non-uniform distribution of
homeostatic Ifitl expression was ablated in the ileum of mice treated with ABX (Figure
3.12B-D), consistent with a dependency on bacterial microbiota. To determine whether
localized Ifitl expression was dependent on IEC expression of Ifnlrl, we assessed the
distribution of Ifitl expression in the ilea of littermate Ifnlrlfio¥fox and Ifnlrl12'¢ mice. We

found that the localized Ifitl expression observed in untreated WT mice was recapitulated
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in Ifnlr1fio¥flox mice (Figure 3.12E), but these areas of ISG expression were ablated in
Ifnlrl~EC mice (Figure 3.12F-G). Lastly, we found that this discrete localization of the
homeostatic ISG response is not limited to the ileum, as localized [fitl staining is also
observed in the colonic epithelium (Figure 3.14). Together, our analyses indicated that
homeostatic ISGs are expressed in a highly localized manner within the intestinal

epithelium.
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Figure 3.12. Homeostatic ISG expression in the small intestine is highly localized. The ilea
of WT, Ifnlr1foox or Ifnlr12'C mice were harvested, processed into a Swiss rolls, and stained by
in situ hybridization for the ISGs, Ifitl (red) and Usp18 (green), with a DAPI (blue) counterstain. A.
Representative high-magnification images of co-localized Ifitl (red) and Usp18 (green) expression
in the ileum of WT mice, see arrows. B-D. WT mice treated with H20 control or ABX with
quantification of Ifitl area relative to the total area of the section across replicate mice. E-G.
Ifnlr1fodfox or 1fnlr12'EC mice at homeostasis with quantification of Ifitl area relative to the total area
of the section across replicate mice. Scale bar = 100pum in (A) and 500um in (B-G) and. Statistical
significance was calculated by unpaired t-test where ** = p < 0.01. Each data point in (D) and (G)
represents an individual mouse from 2 independent experiments.
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Figure 3.13. The entire intestinal epithelium is responsive to IFN-A. Wild-type mice were
injected with PBS or 3ug of pegylated IFN-A3. The ileum was harvested after four hours and a small
section was assessed for expression of the ISGs: Ifitl (A), I1sg15 (B), and Mx2 (C) by qPCR. The
remaining tissue was stained by RNAscope for the ISG, Ifitl (red), with a DAPI (blue) counterstain.
D. Quantification of Ifitl area relative to the total area of the section across replicate mice. E-F.
Representative images from the ileum of mice injected with PBS (E) or IFN-A (F). Scale bar =
500pum in insets. Data points represent individual mice from a single experiment. Statistical
significance was determined by unpaired t-test with ** = p < 0.01, ** = p < 0.001, and *** = p <

0.0001.
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Figure 3.14. Homeostatic ISG expression is also highly localized in the colon. The colon of
IfnlriHeyifnar1e, IfnlriHeyifnarlC, Ifnlr1k%/Ifnaritet, and Ifnlr1%®/Ifnarl*°® mice was harvested and

stained by RNAscope for the ISG, Ifitl (red), with a DAPI (blue) counterstain. Representative
images from (A) Ifnlrl"¢YIfnarife, (B) Ifnlrl"eYIfnarl®®, (C) IfnIrlk®/Ifnarite, and (D)
Ifnlrl%%/Ifnar1®® mice with (E) quantification of Ifitl area from individual mice. Data are

representative of two independent experiments. Scale bar = 500um.
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Mature enterocytes express homeostatic ISGs in public single-

cell datasets from mouse and human

To determine the extent of conservation of homeostatic ISG expression by IECs,
we performed orthogonal analyses of publicly available single-cell RNA-seq (sScCRNA-seq)
datasets from mouse (42) and human (484) IECs. Recently, Haber et al. published a large
single-cell RNA sequencing dataset that profiled sorted IECs from the small intestine of
specific-pathogen-free mice and defined 15 distinct IEC subtypes (42). We analyzed IECs
from this dataset, and found that of the 21 homeostatic ISGs identified in Figure 3.1D, 19
were present in the Haber et al. single-cell dataset. We determined the percentage of each
epithelial cell subtype that expresses each individual homeostatic ISG, and generated a
heatmap with hierarchical clustering to group IEC subtypes that have similar ISG
expression patterns (Figure 3.15A). Homeostatic ISGs were predominantly expressed in
mature enterocyte subtypes, which clustered separately from crypt-resident progenitor
IECs such as transit amplifying (TA) cells and stem cells (Figure 3.15A). To compare
homeostatic ISG expression between polar extremes of the crypt-villus axis, we grouped
IEC subtypes that represented enterocytes (mature enterocyte cells) and crypt-associated
cells (TA cells and stem cells) to compare the overall proportions of these cells with
homeostatic ISG expression. We found that a significantly higher percentage of
enterocytes express homeostatic ISGs than crypt-associated cells, but that these
homeostatic ISGs were expressed in a relatively small proportion of enterocytes (< 20%)
(Figure 3.15B). Notably, Ifitl (highlighted in red) was present in ~5% of enterocytes by
scRNA-seq, which is consistent with our observation of 1-4% Ifit1-positive area by imaging
the mouse small intestine (Figure 3.12B-G). Furthermore, the relative absence of ISG-
positive crypt-associated cells in this scRNA-seq data is consistent with our observation

that intestinal crypts lacked Ifitl and Usp18 expression by imaging.
107



We expanded our investigation to a sScCRNA-seq dataset from the ileum of healthy, human,
pediatric patients that was previously described (484). IECs from this dataset were
previously clustered by EImentaite et al and annotated as: enterocytes, early enterocytes,
tuft cells, enteroendrocrine cells, BEST4 enterocytes, goblet cells, TA cells, and crypt. For
our analysis of homeostatic ISG expression, we excluded IEC sub-types with fewer than
20 constituent cells, which retained five annotated groups: enterocytes, early enterocytes,
goblet cells, TA cells, and crypt. Of the 21 homeostatic ISGs identified in Figure 3.1D, 14
orthologous human genes were present in these data. Similar to analysis in Figure 3.15A,
we determined the percentage of each group that expressed each individual homeostatic
ISG and generated a heatmap of these data with hierarchical clustering to group IEC
subtypes that have similar ISG expression patterns (Figure 3.15C). Enterocyte, early
enterocyte, and goblet subtypes clustered separately from TA cells and crypt, with the
highest proportion of homeostatic ISGs being present in the enterocyte subtype (Figure
3.15C). As with mouse IEC data, above, we grouped annotated cells that localize in the
crypt (TA cells and crypt) and compared overall proportions of homeostatic ISG
expression with the mature enterocyte subtype (Figure 3.15D). Similar to mice,
homeostatic ISGs were present in significantly more enterocytes than crypt-associated
cells, and most homeostatic ISGs in this human dataset were present in a relatively small
proportion of cells (< 20%). These human data suggest that ISGs may be present in a
small proportion of IECs from healthy, human ileal tissue at homeostasis and may share
the localization observed in our murine analyses. Our analysis of a murine scRNA-seq
dataset support our previous observations that homeostatic ISGs are not ubiquitously
expressed throughout the intestinal epithelium; rather, they are expressed in a minority of
IECs and skewed towards mature enterocytes along the crypt-villus axis. Our analysis of

a human scRNA-seq dataset are consistent with observations in the murine model, though
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future studies will be required to definitively address the existence of homeostatic ISGs in

human tissue.
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Figure 3.15. Mature enterocytes express homeostatic ISGs in public single-cell datasets
from mouse and human. A-B. A mouse IEC single-cell transcriptional dataset (42) (GSE92332)
was analyzed to determine the percentage of each epithelial cell subtypes that express homeostatic
ISGs. A. Heatmap depicting the proportion of each epithelial cell type expressing nineteen of the
twenty-one homeostatic ISGs identified in Figure 3.1. B. Enterocyte subtypes (blue text) and crypt-
resident progenitor subtypes (green text) cells were grouped and the percentage of cells that
express each homeostatic ISG was compared. C-D. A human IEC single-cell transcriptional dataset
(484) (E-MTAB-8901) was analyzed for the percentage of epithelial cell subtypes that express
homeostatic ISGs. C. A heatmap depicting the percentage of IEC subtypes that express human
orthologs of murine homeostatic ISGs identified in Figure 3.1. D. The mature enterocyte subtype
(blue text) and crypt-resident progenitor subtypes (green text) were grouped and the percentage of
cells that express each homeostatic ISG was compared. Lines in (B) and (D) link paired ISGs in
each |IEC subset. Statistical significance in (B) and (D) was calculated by Wilcoxon test where * =
p < 0.05, and *** = p < 0.001.
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Assessing the effect of peroral bacterial products on localized
homeostatic ISGs in ABX-treated mice

To further define the relationship between bacteria and homeostatic ISGs, we
assessed whether oral administration of fecal contents or purified LPS (a bacterial MAMP
and TLR4 agonist) could restore localized ISG expression in mice with depleted bacterial
microbiota. Control groups of Ifnir1fo¥flox mice with conventional microbiota (Figure 3.16A)
retained a localized Ifitl expression pattern, whereas ABX-treated Ifnlr1o¥flox mice (Figure
3.16B) and IfnIr1~E¢ mice (Figure 3.16C) lacked Ifitl expression. Oral LPS administered
to conventional Ifnirlfio¥flox mice did not significantly alter the distribution or frequency of
localized Ifitl expression (Figure 3.16D). However, localized Ifitl expression was visible
in 4/12 ABX-treated IfnlrLfio<fiox mice administered LPS (Figure 3.16E, 3.16H-1). In ABX-
treated Ifnlr1fo¥flox mice treated with fecal transplant of conventional microbes, localized
expression of Ifitl was visible in 4/8 mice (Figure 3.16F, 3.16H-1). Importantly, we did not
observe localized Ifitl expression in Ifnlr12E¢ mice following LPS administration (Figure
3.16G), indicating that LPS-stimulated Ifitl depends on IEC expression of Ifnirl.

We noted that the visibility of localized Ifit1 signal following LPS administration or
fecal transplant appeared largely binary (i.e. present or absent) in our imaging data
(Figures 3.16E-F, representative Ifitl-positive and Ifitl-negative images). Using
guantification of Ifitl area (Figure 3.16H), we stratified mice into Ifitl-postive and [fitl-
negative groups (Figure 3.161-J) based on a cut-off set at the maximal Ifitl area value of
Ifnlr12'EC mice (dashed line in Figure 3.16H). Results of this unbiased stratification were
consistent with visible Ifitl staining and indicated that 8/8 conventional Ifnlr1fo¥flox mice,
0/8 ABX-treated control mice, 4/12 LPS-treated mice, and 4/8 fecal transplant mice were
Ifitl-positive (Figure 3.161-J). Statistical analysis by Fisher’s exact test indicated that LPS

administration non-significantly increased (p = 0.1022) the proportion of mice that were
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Ifitl-positive, whereas fecal reconstitution of ABX-treated mice significantly increased the
likelihood of these mice being Ifitl-positive (Figure 3.16J). Importantly, mice that received
fecal transplant had full restoration of 16S gene copies (Figure 3.16K) despite only 4/8
having homeostatic Ifitl expression. These findings suggest that reconstitution of the
homeostatic ISG signhal by fecal transfer has incomplete penetrance at this timepoint,
underscoring the incomplete presence of localized Ifitl expression (4/12) in ABX-treated
mice administered peroral LPS.

To corroborate and extend these findings, we performed orthogonal analyses of
Ifitl, Statl, and Oasla expression in ileum tissue of WT mice treated with ABX followed
by fecal transplant, LPS administration, administration of the TLR5 agonist: flagellin, or
administration of TLR9 agonist: CpG DNA (Figure 3.17). Similar to imaging data, these
gPCR data exhibited high variance. However, stratification of tissues into positive and
negative for each ISG indicated that peroral administration of LPS to ABX-treated mice
increased the proportion of ISG-positive tissues by 21-36% (Ifitl: p=0.065; Statl, p<0.05;
Oasla, p<0.05). Additionally, peroral administration of flagellin significantly increased the
proportion of ISG-positive mice by 25-44% (Ifitl: p=0.052; Statl, p<0.01; Oasla, p<0.05),
whereas CpG DNA did not significantly increase the proportion of 1SG-positive mice
(Figure 3.17). Together, these data suggest that LPS and flagellin are sufficient to
stimulate homeostatic ISG expression in a significant proportion of ABX-treated mice. The
ability of multiple PRR ligands to stimulate homeostatic ISGs suggests that exposure to a

variety of bacterial MAMPs is the basis for localized, homeostatic ISG expression.
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Figure 3.16. Assessing the effect of peroral bacterial products on localized homeostatic
ISGs in ABX-treated mice. The ilea of treated WT, Ifnlr1io¥fox and Ifnlr1#5¢ mice were harvested,
processed into Swiss rolls, and stained by in situ hybridization for the ISG, Ifit1 (red), with a DAPI
(blue) counterstain. A-C. Representative images from Ifnlr1foiox mice treated with H2O control
followed by PBS stimulation (A), ABX followed by PBS stimulation (B), or from Ifnlr12¥¢ mice (B).
D. Representative images of Ifnlr11o¥ox mice treated with H20 control followed by LPS stimulation.
E-F. Two representative images of Ifnlr17o¥fox mice treated with ABX followed by LPS stimulation
(E) or ABX followed by fecal transplantation (F). G. A representative image of Ifnlr12'E¢ mice treated
with ABX followed by LPS stimulation. H. Quantification of Ifitl area relative to the total area of
each tissue section with a dashed line at the highest Ifnlr12'E€ value. The proportion of Ifit1-positive
mice (above dashed line) and Ifitl-negative mice (below dashed line) are tabulated (1) and graphed
(9) for Ifnlr1fo¥ox mice of each condition. K. rDNA was isolated from the luminal contents of mice
at endpoint harvest. 16S gene copies were assessed by gPCR and normalized to input. Limit of
detection: dashed line. Where depicted, scale bar = 500pm. Data points represent individual mice
and are pooled from 4 independent experiments in (A-J) and from 2 independent experiments in
(K). Statistical significance was determined by Kruskal-Wallis with Dunn’s multiple comparisons in
(H), by one-way ANOVA with Dunnett’'s multiple comparisons in (K), and by Fisher’s exact tests in
(J) where * = p < 0.05, * = p < 0.01, and **** = p < 0.0001.
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Figure 3.17. Assessing the effect of peroral bacterial products on homeostatic ISGs in ABX-
treated mice. The ileum of treated WT, Ifnlr1fo¢iox and Ifnlr12'8¢ mice was harvested and Ifitl (A),
Statl (B), and Oasla (C) was quantified by qPCR. Delineation of positive ISG expression was
conservatively selected as one standard deviation above the mean of ABX-treated mice (dashed
line). Mice were binned into ISG-positive (above dashed line) or ISG-negative (below dashed line)
groups and are tabulated for each condition in D. The proportion of mice with expression of Ifitl
(E), Statl (F), and Oasla (G) are graphed for each condition. Data points represent individual mice
and are pooled from 3-9 independent experiments. Statistical significance was determine by
Kruskal-Wallis with Dunn’s multiple comparisons (A-C) and by Fisher’s exact test (E-G) where *
=p<0.05, *=p<0.01, and *** = p < 0.0001.
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The homeostatic IFN-A response preemptively protects IECs
from murine rotavirus infection

To assess the capacity of homeostatic ISGs to protect IECs from viral infection,
we utilized infection with murine rotavirus, an |IEC-tropic pathogen. Prior studies of
rotaviruses have identified viral immune evasion genes that block IFN induction through
multiple mechanisms (241). However, we reasoned that pre-existing ISG expression
stimulated by the bacterial microbiome at homeostasis may preemptively protect IECs
from the infection before viral gene expression is initiated. To determine the role of an
epithelial IFN-A response over the course of murine rotavirus infection in adult mice, we
monitored daily shedding of viral genomes in the stool of Ifnlr1fo¥flox mice and Ifnlr12/EC
littermates. We first detected murine rotavirus shedding in the stool on day two after
inoculation and, at this early timepoint, Ifnlr12'€¢ mice shed 20-fold more murine rotavirus
genomes into their stool than Ifnlrlfo<iox mice (Figure 3.18A). However, at the peak of
viral shedding between days three and five, there were no significant differences between
Ifnir1fioxflox gnd Ifnlr12'EC littermates (Figure 3.18A). This similarity at peak of viral shedding
was consistent with an ability of murine rotavirus to evade the host IFN response once
infection is established. Together, these findings suggest that Ifnlr12'5C mice have defects
in protection against initiation of murine rotavirus infection and that the protective capacity
of endogenous IFN-A signaling against murine rotavirus is primarily prophylactic in nature.

To more stringently assess the capacity of Ifnlrl to protect IECs against the earliest
stages of murine rotavirus infection, we inoculated mice with 5000 SD50 (50% shedding
dose) to maximize the likelihood of uniform viral exposure throughout the intestine. At 24
hours post-inoculation, we quantified murine rotavirus genomes in the epithelial fraction
and the proportion of infected IECs (live, EpCAM-positive, CD45-negative, and murine

rotavirus -positive) by flow cytometry. At 24 hours post-inoculation, we found that Ifnlr12/EC

114



mice had 20-fold more murine rotavirus genomes than Ifnlr1fo¥flox mice (Figure 3.18B). In
addition, we found that a three-fold greater proportion of IECs were infected in Ifnlr12'E¢
mice than Ifnirlfio¥iox mice at 24 hours post-infection (Figure 3.18C-F). However, the
median fluorescence intensity (MFI) of murine rotavirus antigen was equivalent in infected
IECs from Ifnlrlfoxfox and Ifnlr12'EC mice (Figure 3.18G) and the MFI of murine rotavirus
did not correlate (r>= 0.0003) with the percentage of infected IECs (Figure 3.18H). This
equivalent antigen burden in infected cells from Ifnirlfo¥flox and Ifnlrl2EC mice in
combination with the lack of correlation between antigen burden and percentage of
infected cells suggests that the protective role of Ifnirl is to prevent infection of IECs rather
than to limit replication within IECs after they are infected. We assessed an earlier
timepoint at 12 hours post-inoculation and observed similar trends toward an increased
proportion of IEC infection in Ifnlr12'EC relative to Ifnirlfiodiox jittermates, but the extent of
infection was 10-100 fold lower and near the limit of detection (Figure 3.19). Thus, the 12-
and 24-hour timepoints capture the earliest detectable infection of IECs by murine

rotavirus, and this early infection is significantly reduced by IFN-A signaling.

To further contextualize the localization of ISGs and murine rotavirus infected cells over
time, we performed in situ hybridization for murine rotavirus genomes and [fitl in the ileum
of WT mice at 12, 24, and 96 hours post-inoculation. Quantification of co-staining for Ifitl
in infected cells indicated that a minority (~30%) were Ifitl+ at 12hr or 24hr post-
inoculation, whereas a majority (~63%) of infected cells were Ifitl+ at 96hr post-inoculation
(Figure 3.18I-J, 3.20). These co-staining data are consistent with early murine rotavirus
evasion of IFN responses within infected IECs, at the same timepoints that we observed
increased infection of Ifnlr12'¥C mice (Figures 3.18B-F, 3.19). Furthermore, we found
murine rotavirus inoculation did not increase the area of Ifitl expression in the intestine at

12-24 hours post-inoculation. However, at 96 hours post-inoculation, we found a
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significant increase in epithelial Ifitl expression in the ileum that coincided with increased
viral genomes and antigen (Figure 3.21), suggesting that Ifitl expression at 12 and 24
hours post-inoculation is primarily due to the preexisting homeostatic response rather than
in response to murine rotavirus infection. Therefore, we propose that homeostatic ISGs
stimulated by Ifnlrl expression on IECs plays an early protective role against viral infection

that preempts viral IFN evasion mechanisms.
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Figure 3.18. The homeostatic IFN-A response preemptively protects IECs from murine
rotavirus infection. Ifnirifo¥ioxand Ifnir128¢ mice were infected with 100 SD50 (A) or 5000 SD50
(B-H) of murine rotavirus and stool (A) or stripped ileal intestinal epithelial cells (B-G) were
assessed for murine rotavirus infection. A. Timecourse of genome copies detected in the stool of
Ifnlr1fodiox and Ifnlrl2'E¢ mice by gPCR. B-G. Mechanically stripped intestinal epithelial cell fractions
were analyzed by gPCR for genome copies (B) or flow cytometry for murine rotavirus antigen-
positive IECs (C-G). Representative flow cytometry plots of naive (C), Ifnlr1"o<ox (D), and Ifnlr12/EC
(E) infected mice with quantification in (F). G. The MFI of murine rotavirus antigen in infected cells
relative to uninfected cells. H. A linear correlation plot of murine rotavirus + cells and murine
rotavirus MFI with 95% confidence intervals (dashed lines). I-J. WT mice were infected with 5000
SD50 of murine rotavirus and the ilea were processed into Swiss rolls and stained by in situ
hybridization for the ISG, Ifitl, or murine rotavirus. The percentage of murine rotavirus infected cells
that were Ifitl-positive and Ifitl-negative were determined. Additional representative images for (I-
J) are depicted in Figure 3.20. Where designated in (A-G), dashed lines = LOD as set by naive
mice. Data points represent individual mice and are pooled from 2-3 independent experiments.
Statistical significance was determined by two-way ANOVA with Sidak’s multiple comparisons (A),
by Mann Whitney (B, F), unpaired t-test (G), or Kruskal-Wallis with Dunn’s multiple comparisons
(J), where * = p < 0.05 and *** = p < 0.001.
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Figure 3.19. The homeostatic IFN-A response preemptively protects IECs from murine
rotavirus infection (12hr). Ifnlr1fe¥oxand Ifnlr12'¢ mice were infected with 5000 SD50 of murine
rotavirus by oral gavage and stripped ileal intestinal epithelial cell fractions were analyzed by gPCR
for murine rotavirus genome copies (A) or flow cytometry for antigen-positive IECs (B-F).
Representative flow cytometry plots of naive (B), Ifnlr1olox (C), and IfnIr12'E¢ (D) mice infected
with murine rotavirus. E. The percentage of murine rotavirus + live IECs for each genotype. F. The
MFI of antigen in infected cells relative to uninfected cells. G. A linear correlation plot of murine
rotavirus + cells and murine rotavirus MFI with 95% confidence intervals (dashed lines). Where
designated in (A, E-F), dashed lines = LOD as set by naive mice. Data points represent individual
mice and are pooled from 3 independent experiments. Statistical significance was calculated by
Mann Whitney (A, E), or unpaired t-test (F) where * = p < 0.05.
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Figure 3.20. Murine rotavirus and Ifitl co-incidence. WT mice were infected with 5000 SD50 of
murine rotavirus by oral gavage and the ilea were processed into Swiss rolls and stained by in situ
hybridization for the ISG, Ifitl (red), and murine rotavirus RNA (white), with a DAPI (blue)
counterstain. Representative images of ileum from (A) 12hr post-inoculation, (B) 24hr post-
inoculation, and (C) 96hr post-inoculation, where each image represents an individual mouse. D.
The percentage of infected cells that are Ifitl-positive and negative for each individual mouse.

Where displayed, scale bar = 200um.
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Figure 3.21. Murine rotavirus infection increases the distribution of Ifitl expression at late
times post-inoculation. WT mice were infected with 5000 SD50 of murine rotavirus and the ilea
were processed into Swiss rolls and stained by in situ hybridization for the ISG, Ifitl (red) with a
DAPI (blue) counterstain. A. Quantification of Ifitl area relative to the total area of each tissue
section with highlighted area representing historical range of Ifitl area in naive WT mice. In parallel,
stripped ileal intestinal epithelial cell fractions were analyzed by gPCR for murine rotavirus genome
copies (B) or flow cytometry for antigen-positive IECs (C). For comparison in (B-C), 24hr data is
historical and duplicated from Ifnlr1°¥fox samples presented in Figure 3.18. Where displayed, scale
bar = 500um, and where designated, dashed lines = LOD as set by naive mice. Data points
represent individual mice and are pooled from 2 independent experiments. Statistical significance
was calculated by one-way ANOVA with Tukey’s multiple comparisons (A) and Mann Whitney (B-
C), where ** = p < 0.005 and **** = p < 0.0001.
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Discussion

Here, we report that bacterial microbiota induce an enteric IFN-A response in IECs at
homeostasis (Figure 3.1-3.9). Although there are previous reports of basal, non-receptor-
dependent ISG expression in immortalized and primary cell lines (485), the homeostatic
response that we report here is dependent on the IFN-A receptor. Furthermore, we find
this response is independent of type | IFN signaling (Figure 3.8), indicating that IFN-A
signaling plays a dominant and active role in the gastrointestinal epithelium. We also find
minimal changes in ISG expression within the spleen and MLN after ABX treatment,
suggesting that homeostatic 1ISGs are predominantly expressed in the intestine. These
findings differ slightly from prior descriptions of systemic type | IFN responses that are
dependent on bacterial microbiota (421, 423-426, 477). However, differences in the
specific tissues and cell types analyzed make it difficult to draw direct comparisons across
these studies. Therefore, we conclude that homeostatic ISGs are substantially present in
IECs, but do not dispute the prior findings that relatively low homeostatic ISG expression
induced by type I IFN plays an important role in extra-intestinal tissues and non-epithelial
cell types.

A prior study by Mahlakdiv et al. noted the presence of Ifnl2/3 transcripts in CD45+
cells within the stripped intestinal epithelium, but not the lamina propria, at homeostasis.
We have confirmed these findings and have extended them to show that this homeostatic
expression of 1fnl2/3, but not Ifnb1, is dependent on bacterial microbiota (Figure 3.10).
However, we have been unable to detect IFN-A transcripts by RNA scope in situ
hybridization in mice at homeostasis, consistent with recently published data (486). This
suggests that the production of IFN-A is below the limit of detection by imaging or highly
transient in nature. It is also unclear which CD45+ cell type produces homeostatic IFN-A.
Swamy et al. showed that T cell receptor stimulation led intraepithelial lymphocytes to
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produce IFN-A (351) and Mahlakdiv et al. suggested that the primary producers of IFN-A
at steady-state are intraepithelial lymphocytes due to the abundance of intraepithelial
lymphocytes in the epithelial fraction. However, myeloid cells also reside near the
intestinal epithelium and can sample luminal contents by various mechanisms (38, 401,
402). Although the cell type that produces homeostatic IFN-A is unknown, enrichment for
Ifnl2/3 in CD45+ cells within the intestinal epithelial fraction suggests that proximity to
bacterial stimuli may be a primary determinant in this response. We suggest that these
cells may be actively surveying the intestinal epithelium to detect bacterial MAMPs. The
specific CD45+ cell types responsible for producing homeostatic IFN-A will be a topic of
interest for future studies.

We initially anticipated that the distribution of homeostatic ISGs would be uniform
among IECs. Instead, we found that this IFN-A response is highly localized within enteric
tissues. Homeostatic 1ISGs are observed in a minority of small intestinal villi and are
primarily present in mature epithelium towards the villus tips (Figure 3.12). Likewise,
homeostatic ISGs are present within patches of the mature epithelium in the colon (Figure
3.14). The surprising finding of localized 1SGs in the ileum are supported by analysis of
independently-generated scRNA-seq datasets from mouse and human small intestinal
IECs that depict expression of homeostatic ISGs in a minority of cells with predominant
expression in mature enterocytes (Figure 3.15).

The basis for localized ISG expression is unknown; however, it may reflect the
distribution of cells capable of sensing bacterial microbiota, distinct microenvironments
within the gastrointestinal tract, or qualitative differences in bacterial colonization. Given
the results of our data in Figure 3.16 and Figure 3.17, we suggest that LPS administration,
flagellin administration, or fecal transplant can partially restore the expression of

homeostatic ISGs in the small intestine. This interpretation supports the concept that
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localized ISG-positive regions may be uniquely exposed or responsive to a variety of
bacterial MAMPs. Indeed, we find that MYD88 is required for WT levels of homeostatic
ISG expression in the small intestine (Figure 3.8). However, MYDS88 is dispensable for
homeostatic ISG expression in the colon, and TRIF is not required in either small intestine
or colon (Figure 3.8). These data suggest that the bacterial microbiota broadly stimulates
homeostatic IFN-A through multiple, redundant PRRs. Furthermore, the presence of
localized Ifitl expression in ABX-treated mice following LPS administration (Figure 3.16)
suggests that localization is an intrinsic property of homeostatic ISG stimulation and is not
likely to be due to qualitative differences in bacterial colonization.

ISG localization may be indicative of regional differences in access of luminal
bacterial MAMPs to IFN-A-producing cells. One host mechanism to limit bacterial
interactions with the intestinal epithelium is the presence of mucus layers (487, 488).
Intriguingly, the single mucus layer in the small intestine is much less adherent than the
mucus layers present in the colon (487), which might allow occasional direct bacterial
interactions with IECs or other cells near the intestinal epithelium. However, soluble
components from enteric bacteria may also readily diffuse through mucus layers. In this
case, there may be sporadic defects in tight junction proteins that are required to maintain
the intestinal epithelium. Tight junction remodeling is essential to maintain intestinal
integrity during apoptosis and extrusion of IECs that are regularly shed from the intestinal
epithelium (489). Future studies will be necessary to determine whether defects in
epithelial barrier integrity during extrusion events are linked to the local ISG responses
that we observe and further delineation of the factors that render specific regions
“responsive” will be of great interest for follow-up studies.

The preceding findings (Figure 3.9) suggested that the homeostatic ISG response

in IECs would provide protection against IEC-tropic viruses, such as murine rotavirus.
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Although bacterial-associated, IFN-independent mechanisms of murine rotavirus
clearance have been reported (429, 430), we found that the signature of homeostatic ISGs
in ileum tissue included well-characterized antiviral ISGs (Figures 3.1 and 3.5). To
investigate whether these homeostatic ISGs protect against murine rotavirus, we used
Ifnlr12'EC mice that lack homeostatic ISGs (Figure 3.9 and 3.12) rather than using ABX-
treatment, which introduces pleiotropic effects on rotavirus infection (490) and dramatically
increases transit time through the intestine (443). Using Ifnlr12'€¢ mice, we found increase
in IEC infection at early stages of infection compared to Ifnir1fiofox littermates (Figure 3.18
and Figure 3.19). However, the protection offered by IEC expression of Ifnlrl was lost by
the middle and late stages of infection, consistent with the ability of murine rotavirus to
antagonize induction of IFN responses once infection is established (241). Our
observations during initiation of infection may provide important context to observations in
other studies that report differing capacity for infection-induced IFN-A to protect against
murine rotavirus infection (195, 197). Ultimately, it is clear that prophylactic administration
of exogenous IFN-A protects against murine rotavirus infection (195, 197, 471), providing
precedent that homeostatic IFN-A would also be protective when induced by bacterial
microbiota prior to infection.

Although we found that homeostatic ISGs provide protection during initiation of
murine rotavirus infection, it remains unclear how these localized ISG pockets impart this
protection. Given our findings in Figure 3.16 and Figure 3.17, we suggest that these
localized 1SGs may be indicative of locations that are particularly vulnerable to viral
infection if ISGs were not present at the time of viral exposure. However, alternative
explanations for the protective effects that we observe are also plausible, such as: i) an
inability to detect the full magnitude of ISG expression by imaging, or ii) an unknown

temporal component to homeostatic ISG signaling that may be coincident with durable
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ISG protein expression. Given the magnitude of signal amplification in RNAscope in situ
hybridization and the similarity of Ifitl expression in our imaging data to Ifitl expression in
public single-cell sequencing datasets, we find it unlikely that there is more widespread
homeostatic ISG expression below the limit of our detection by imaging. However, we do
think an uncharacterized temporal component of homeostatic ISG signaling is plausible,
wherein individual villi may be rapidly and transiently expressing homeostatic ISGs in
response to sensing of bacterial microbiota. This temporal model may also include a more
durable ISG protein response that is not fully concordant with expression of ISG
transcripts. In sum, these findings indicate that preexisting, homeostatic ISGs present in
Ifnlrl-sufficient mice are protective during initiation of murine rotavirus infection, but that
endogenous IFN-A does not reduce murine rotavirus burden in infected cells. These data
highlight the possibility that detection of bacterial microbiota in particularly exposed areas
may preemptively activate homeostatic ISGs as a form of anticipatory immunity to protect

the intestinal epithelium from enteric viruses.
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CHAPTER 4: Conclusions, Implications, and
Future Directions

Conclusions and Implications

The research performed in the preparation of this dissertation focused on defining
the consequences and contexts surrounding IFN signaling in the intestinal epithelium. This

work naturally evolved into two distinct lines of questioning:

i) Why is IFN signaling in the intestine compartmentalized? And why do IECs
preferentially respond to IFN-A and lack responsiveness to IFN-a/3?
i) Does the presence of the intestinal bacterial microbiota impact enteric IFN-A

signaling? Does the intestinal microbiota stimulate IFN-A responses?

To answer these questions, | performed two studies that combined transcriptional
profiling, fluorescent imaging, and flow cytometry on primary intestinal organoids and the
tissues and cells isolated from wild-type and genetically-modified mice.

i) Selective IFN Responses of Intestinal Epithelial Cells

First, we found that IECs of neonatal mice are minimally responsive to IFN-a/ and
that only IFN-A provides significant protection against murine rotavirus to IECs. We then
generated organoids from intestinal stem cells and stimulated them with IFN to determine
whether the IFN-a/B hyporesponsiveness in IECs that we observed in vivo is an intrinsic
guality. We found that organoids were dually responsive to IFN- and IFN-A, but that IFN-
B stimulated ISGs to higher maximal expression levels than IFN-A. We assessed the
protective capacity of the organoid IFN response, and found that only IFN- B provided
significant prophylactic protection against murine rotavirus to organoids. We continued by
comprehensively comparing the ISG responses of in vivo IECs and organoid IECs by RNA

sequencing. We performed differential expression analysis between IFN-stimulated
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conditions and untreated controls to define sets of ISGs stimulated by IFN-B and IFN-A in
in vivo IECs and organoids. Comparison of these gene sets revealed that a large group of
ISGs are specifically stimulated by IFN-B and not IFN-A in organoids, but this group of IFN-
B-specific ISGs was not robustly induced in vivo. Pathway analysis of revealed that
apoptosis pathway genes were significantly enriched among these IFN-B-specific ISGs in
organoids, but no prominent expression of apoptosis pathway genes was present in vivo.
Using a model of TNFa triggered apoptosis, we found that pre-treatment with IFN-3, but
not IFN-A, potentiates apoptosis by TNFa by increasing the expression of apoptosis
pathway genes at the time of challenge. To assess whether differences in promoter
regulation are present in IFN-B-specific ISGs, we performed computational scoring of
motifs in the promoters of IFN-B-specific ISGs and common ISGs stimulated by both IFN-
B and IFN-A. We found no evidence of novel motif usage by IFN-B-specific ISGs, but we
did find that common ISGs have increased frequencies of ISRE motif sequences relative
to IFN-B-specific ISGs. These findings suggest that more robust signaling is required for
the induction of IFN-B-specific ISGs compared to common ISGs. Lastly, we confirmed that
these IFN-B-specific ISGs and apoptosis pathway genes are dependent on STAT1 and
show that IFN-B-specific ISGs are less likely to be associated with ISGF3 complex

members upon reanalysis of a chromatin immunoprecipitation sequencing dataset.

Prior reports of IEC hyporesponsiveness to IFN-a/f responses in vivo have been
made by several research groups. Previously, the physiological rationale for this lack of
IFN-a/B response by IECs was hypothesized to be due to IFN-a/B ability to robustly elicit
inflammatory cytokine expression, unlike IFN-A. However, our studies in organoid IECs
found no global increases in inflammatory cytokine expression in response to either IFN-
a/B or IFN-A stimulation. These findings suggest that inflammatory cytokine expression in

response to observed to IFN-a/B may depend on cell-type, as IFN-a/B-stimulation of
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inflammatory cytokine expression was previously assessed in myeloid cells. We also
determined that IFN-B stimulation dramatically upregulates expression of apoptosis
pathway genes in primary organoids that are dually responsive to IFN-A and IFN-a/B.
Analysis of public RNA-sequencing datasets indicate that these apoptosis pathway genes
are also elicited in neutrophils, suggesting that potentiation of apoptotic processes by IFN-
a/B may be broadly shared by many cell types. Since IEC proliferation and apoptosis is so
critically balanced, there is strong physiological rationale to prevent apoptotic potentiation
of IECs during inflammatory responses such as enteric infection. However, it remains to
be seen whether dysregulation of IEC IFN-a/f responses occurs in the context of
inflammation in vivo. Based on the findings of our studies, increased responsiveness of
IECs to IFN-a/B could serve as a risk-factor in inflammatory diseases of the intestine.
Increased susceptibility to inflammatory-induced apoptosis could readily undermine the
integrity of the intestinal epithelium and incite a positive feedback loop of intestinal

inflammation.

i) The homeostatic interferon-lambda response to bacterial microbiota

We assessed whether ISGs are expressed at homeostasis in the ileum of mice by
performing RNA-seq on ileum tissue with or without ABX-treatment in the presence and
absence of Ifnlrl. We performed differential expression analysis between each condition
and untreated controls to define a set of genes that decreases upon ABX-treatment,
decreases in Ifnlrl’ mice, and are stimulated by IFN-A in vivo. We find that this set of
genes (homeostatic ISGs) are present at homeostasis in ileum and colon tissue of WT
mice and depend on the presence of bacterial microbiota and Ifnirl for their expression.
We find no evidence of that homeostatic ISGs depend on microbiota or Ifnlrl in non-enteric
tissues such as the MLN or spleen. To determine factors that facilitate homeostatic 1SG
signaling we screened a colony of genetically modified mice and determined that

128



homeostatic ISGs are independent of IFNAR1 signaling. Furthermore, expression of
homeostatic ISGs are only modestly reliant on MyD88 and IRF7, primarily in ileal tissue.
Given the preferential response to IFN-A by IECs, we assessed the cellular location of
homeostatic ISGs and find that their expression is restricted to IECs. Previous literature
suggested that epithelial-associated CD45+ cells express Ifnl2/3 at homeostasis. We
validated these findings and extended them by showing that CD45+ cell expression of
Ifnl2/3 is dependent on the presence of intestinal microbiota. To assess the spatial
distribution of these homeostatic ISGs within the intestinal epithelium, we performed in
situ hybridization for ISGs in ileum and colonic tissues. This imaging revealed that
homeostatic ISGs are not evenly expressed throughout the intestinal epithelium, but are
highly localized to individual villi in the ileum and small epithelial patches in the colon. We
corroborated our imaging analyses by analyzing public mouse and human single-cell RNA
seguencing datasets wherein we determined that only a small fraction of IECs express
homeostatic ISGs. To further define the relationship between bacteria and homeostatic
ISGs, we assessed whether oral administration of bacterial products could restore ISG
expression in ABX-treated mice. We find that restoration of homeostatic ISGs is
incompletely penetrant, as only about half of mice have restored homeostatic ISG
expression even among control mice that have reconstituted microbiota. Importantly, we
find that these restored ISGs are localized in nature, suggesting that localization of 1ISG
signal is an intrinsic feature of homeostatic ISG expression. Given the basal presence of
homeostatic ISGs, we assessed whether these responses are protective against murine
rotavirus infection. We find that homeostatic ISGs protect IECs during initiation of murine
rotavirus infection, suggesting that the intestinal bacterial microbiota directly prime

preemptive antiviral responses.
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Although the intestinal bacterial microbiota was appreciated to induce homeostatic
ISGs, it was previously restricted to non-IECs and was predominantly characterized in
myeloid cells in systemic compartments. Furthermore, previous descriptions of
homeostatic ISG responses centered on IFN-a/f responses. Our findings highlight
homeostatic ISGs in the same tissue as the bacterial microbiota, in cells immediately
adjacent to bacterial stimuli, and through IFN-A signaling. Additionally, our study highlights
the localized nature of the homeostatic IFN-A response in IECs. The causes and
consequences of these localized ISG responses remain unclear, but the results could
have broad implications on the maintenance of the intestinal epithelium. In our study we
found that these homeostatic ISGs are protective against viral infection, however it
remains to be seen if homeostatic ISGs also have detrimental effects on the intestinal
epithelium. Perhaps more widespread expression of homeostatic ISGs would impart
increased protection against enteric viruses to the detriment of epithelial integrity or
function. These localized responses suggest that homeostatic ISG responses in IECs may
be balanced to only provide antiviral protection in regions of the epithelium that are most

susceptible to enteric infection.
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Future Directions
Determining the regulation of IFN-a/f hyporesponsiveness in
vVivo

In our study highlighted in Chapter 2, we found that IECs of neonatal mice are
minimally responsive to IFN-a/B and are preferentially stimulated by IFN-A. In contrast, we
found that organoids were dually responsive to IFN-B and IFN-A. However, it remains
unclear how IFN-a/B signaling is regulated in IECs in vivo and with what developmental
timing. We observe no differences in the expression of Ifnarl, Ifnar2, Ifnlrl, and 1110rb
between neonatal IECs and organoid IECs (Figure 4.1A), suggesting that IFN-o/f
signaling in vivo is not suppressed through a transcriptional regulation of IFN receptor
components. However, we do find that organoid IECs have increased surface expression
of both components of IFN-a/B receptor, IFNAR1 and IFNAR2, as compared with neonatal
IECs (Figure 4.1B). These findings suggest that regulation of IFN-a/
hyporesponsiveness in vivo may be post-transcriptionally regulated. Intriguingly, we found
that that expression of annotated IFN regulatory genes is decreased in organoids relative
to neonatal IECs (Figure 4.1C). Among these IFN regulatory genes are TAM receptor
kinases Tyro3, Axl, and Mertk; a TAM ligand, Gas6; and a gene downstream of TAM
signaling, Socs3. TAM receptors are known to associate with IFNAR (among other
stimulatory receptors) and function as a feedback inhibitor to antagonize ISG responses
(491, 492). Much of TAM-mediated repression of IFN signaling can occur through
suppressor of cytokine signaling 3 (SOCS3), as SOCS3 can drive degradation of TBK1 to
block induction of IFNs and can inhibit JAK-STAT sigaling to antagonize signaling through

IFNAR (493).
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Figure 4.1. IFN regulatory genes are repressed in organoids relative to in vivo (from Figure
2.3). A) Log2 normalized counts of the indicated IFN receptor genes from untreated neonate and
organoid IECs. B) Flow cytometry staining of IFNAR1 and IFNAR2 on neonate IECs and organoid
IECs. Gray histograms are control stains (no IFNAR antibody), and bar graphs show geometric
mean fluorescence intensities (MFI) of IFNAR fluorescence normalized to the controls. C) A heat
map of IFN regulatory gene expression from untreated neonate and organoid IECs. Differentially
expressed genes (DEGS) listed in panel C are significantly different between neonate and organoid
IECs. Data points represent results from replicate experiments. Significance was determined by a
ttestin B, where * = P < 0.05; ** = P < 0.01.

Although TAM genes are described as IFN regulatory genes, they have primarily
been described in myeloid cells and lack characterization in IECs (458). Future research
will determine if these TAM genes are necessary and sufficient for downregulation of the
IFN-a/B response in IECs. To assess sufficiency, overexpression of TAM genes in murine
organoid cultures can be performed followed by analysis of IFN receptor expression and
responsiveness to each type of IFN. We hypothesize that overexpression of TAM genes
will downregulate the IFN-a/f response in vitro and may provide insight into which TAM
genes are of highest priority to assess in vivo. Extension of these results to genetic
knockout mice would determine necessity in regulation of the response at steady-state.
Deletion of all three TAM-family receptor kinases in mice has been performed, however it
results in abundant lymphoproliferation and autoimmunity (494). It remains to be seen
whether triple knockout TAM mice have increased surface level expression of IFNAR on
IECs or increased sensitivity of IECs to IFN-a/f compared to genetically-intact control
mice. Additionally, mice with single deletion of Tyro3, Axl, and Mertk are commercially

available and do not exhibit pleiotropic effects on systemic immunity. These single-
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deficient mice could also be assessed for increased surface level expression of IFNAR on
IECs or increased sensitivity of IECs to IFN-a/pB.

Profiling the Transcriptional Responses of Human Intestinal
Tissues and Organoids

Using a model of TNFa triggered apoptosis, we found that pre-treatment with IFN-
B, but not IFN-A, potentiates apoptosis by TNFa by increasing the basal expression of
apoptosis pathway genes (Figure 2.5 and Figure 2.6). However, it remained unclear
whether these findings in mice extend to humans and whether further investigation into
the transcriptional responses of human tissues and organoids was warranted. To extend
our findings of Chapter 2 to humans and determine whether concerted investigation in
humans was warranted, we performed an extensive proof-of-concept experiment in
human organoids derived from the ileum of three human subjects. This experiment was
designed to determine if IFN stimulation exacerbates TNFa triggered apoptosis in human
organoids similarly to murine organoids. To this end we treated human organoids with a
saturating dose of all three types of IFN (IFN-B, IFN-y, and IFN-A). We then challenged
IFN-treated and untreated organoids with TNFa. We found that treatment of human
organoids with IFNs potentiated caspase-3 cleavage after TNFa challenge (Figure 4.2A-
B), recapitulating the major findings in murine organoids. We extended these analyses by
assessing the activity of caspase-3 and caspase-7 by flow cytometry using a fluorescent,

caspase-3/7 cleavage-activated reporter (Figure 4.2C-E).

Just like our imaging analyses, treatment of human organoids with IFNs
potentiated caspase-3/7 reporter cleavage after TNFa challenge in organoids derived from
three separate subjects across multiple gastrointestinal sites. Together, these results
indicate that combinatorial addition of IFNs do exacerbate TNFa triggered apoptosis in

human organoids. Furthermore, full transcriptional profiling of human organoids following
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IFN stimulation indicate that IFN-B and IFN-y are the predominant drivers of potentiation
in TNFa triggered apoptosis. These results also suggest a minimal role for IFN-A in

potentiation in TNFa triggered apoptosis, consistent with observations in murine

organoids.
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Figure 4.2. Combined IFN treatment potentiates TNFa cytotoxicity in human IEC organoids.
IEC organoids were treated for 4 hours with PBS or pooled IFN types |, II, and Il (1,000 U/mL
each), followed by treatment with PBS or TNFa (100 ng/mL) for 20 hours. A) Representative
images of IEC organoids after the indicated treatments, showing cleaved caspase 3 (red) and E-
cadherin (white), scale bar = 50um. B) The percent area positive for cleaved caspase 3 (CC3)
relative to the E-cadherin positive area per field of view. Line indicates mean of untreated
organoids. C) Representative flow cytometry plots of organoids subjected to the indicated
treatments and stained with a caspase 3/7 reporter and “live/DEAD” cell permeability dye. D)
Median fluorescence intensity (MFI) of caspase 3/7 reporter in live cells. E) Summary data of fold-
change in caspase 3/7 reporter fluorescence relative to matched untreated control organoids from
the ileum, ascending colon, and sigmoid colon, where each line style indicates a separate subject.
Data in (E) represents three independent experiments. Statistical significance determined by one-
way ANOVA (B) or two-way ANOVA (E) with Tukey’s multiple comparison test. * = p<0.05; ** = p
<0.01; *** = p<0.001; **** = p < 0.0001.

Future research will extend these findings into the context of IBD. Our findings
suggest that both IFN-a/B and IFN-y are capable of potentiating TNFa triggered apoptosis

in human organoids. TNFa is one of the hallmark inflammatory cytokines that is increased
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in IBD and has direct detrimental effects on the intestinal epithelium (495). Treatment with
anti-TNFa is a frontline therapy for patients with IBD, highlighting its role in exacerbating
the inflammatory environment in IBD. Likewise IFN signaling has been tied to IBD, as a
higher basal presence of IFN stimulated genes in whole blood negatively correlates with
patient response to anti-TNF therapy (496). Furthermore, a mouse model of Crohn’s
disease showed involvement of both STAT1 and STATZ2 in mediating an inflammatory and
cytotoxic state in the intestine (497). These findings suggests that increased IFN signaling
in the intestinal epithelium may exacerbate TNFa-induced pathology beyond the control

of anti-TNF therapy.

It remains unclear if patients with IBD have alterations in IFN signaling pathways
in their IECs. To determine if surface expression of IFN receptors or transcriptional
differences in IFN regulatory genes vary between patients with and without IBD, we will
analyze human IECs for cell surface expression of IFN receptors and their basal
transcriptional state. These studies will be performed on freshly isolated biopsies and
paired organoid cell lines from inflamed and non-inflamed intestinal regions of patients
with IBD. We will perform matched comparisons between sites of inflammation and to
healthy control patients. Such studies will reveal whether there are basal differences in

IFN pathways that could exacerbate IBD symptoms in patients.
Determining the cellular source of homeostatic IFN-A

In our study highlighted in Chapter 2, we showed that epithelial-associated CD45+
cells express Ifnl2/3, but not Ifnbl at homeostasis. We also showed that CD45+ cell
expression of Ifnl2/3 is dependent on the presence of intestinal microbiota, as ABX-
treatment reduced Ifnl2/3 expression by these cells (Figure 3.10). However, many CD45+

cell types closely associate with IECs including IELs, macrophages, and dendritic cells.

135



To extend these analyses and determine the general identity of I1fnl2/3 expressing cells at
homeostasis, we performed FACS and isolated distinct subsets of IEC-associated CD45+
cells. We isolated multiple cell types included T cells (CD45+/CD3+/MHC-II-) and five
subsets of myeloid cells delineated by expression of CD11lb, CD1llc, CD103, and

CX3CRL1 (Figure 4.3A).
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Figure 4.3. Epithelial-associated CD11c+/CD11b-/MHC-II+ myeloid cells produce Ifnl2/3 at
homeostasis. Epithelial fractions were isolated from ileum of mice and CD45-positive leukocytes
were enriched by magnet separation. A. Expression of indicated surface markers within the CD45-
positive fraction. B. Ifnl2/3 quantified by gPCR from the indicated sorted cell subsets where n.d. =
not determined. Solid line = limit of detection. Dashed line = expression level of bulk CD45+ cells.
Red boxes indicate cells of interest.

We assessed the transcriptional abundance of 1fnl2/3 in each sorted cell-type and
found that Ifnl2/3 was expressed by two myeloid populations that are CD11b-
/CD11c+/MHC-II+ (Figure 4.3B). These two populations have differing expression of
CD103, but both populations have expression of markers consistent with intestinal
dendritic cells (332). Future research will be required to confirm identity of these IFN-A
expressing cells and their functional significance in the homeostatic ISG response.
Confirming the identity of these cells is a significant priority and can be performed by
combining two separate methods. First, more stringent sorting of myeloid cell subsets from

mice will be performed to identify the specific cell type that expresses IFN-A in vivo. From
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our preliminary results, we hypothesize that multiple DC cell types may be responsible for
production of IFN-A at homeostasis. Additionally, we will perform selective deletion of
multiple cell types in mice by crossing Cre recombinase inducible diphtheria toxin receptor
(iDTR) mice with mice harboring cell-type specific expression of Cre followed by depletion
of cells with administration of diphtheria toxin. For example, by crossing with Zbtb46-cre
mice we will assess the role of canonical DCs, crossing with LysM-cre will allow
investigation of monocytes and macrophages, and crossing with CD4-cre will provide a
negative control. Following depletion we will assess the expression of homeostatic ISGs
in the intestine and expect to find that DCs are required for homeostatic ISG expression.

Following identification of the cell type that produces IFN-A at homeostasis, we will
confirm the functional role of that cell type in localized homeostatic ISG responses.
Furthermore, we will confirm that depleting these cells reduces protection against murine
rotavirus infection. The elucidation of this cell type will also provide a means to more
directly investigate the mechanism of microbiota sensing. For instance, we could
determine the localization of these specific cell types within the intestinal epithelial layer
and more directly assess whether localization of homeostatic ISGs is a function of the
distribution of microbiota-sensing cells in the epithelium or whether it is a result of intrinsic

epithelial processes that lead to localized sensing of bacterial microbiota.

Assessing the transcriptional profile of regions with localized

homeostatic ISGs

Transcriptional profiling of whole ileum tissue revealed the presence of IFN
stimulated genes at homeostasis (Figure 3.1). However, later we determined that
homeostatic ISGs are highly localized and are not distributed evenly throughout the
intestine (Figure 3.12). To extend our original transcriptional findings, we performed a
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preliminary experiment to isolate ISG-positive and 1SG-negative villi in the ileum and
compare the transcriptional profile of these regions. To this end, we identified ISG-positive
and neighboring ISG-negative villi in the ileum of WT mice using RNA scope (example
Figure 4.4A). Following identification of target regions, we performed laser capture
microdissection (LCM) to isolate multiple ISG-positive and ISG-negative regions from five
mice. RNA sequencing and GSEA was performed on these samples to determine broad
transcriptional signatures that differ between these regions. Consistent with expectations
from the experimental design, we found that IFN response genes are dramatically
enriched in ISG-positive villi compared to 1SG-negative villi (Figure 4.4B). This results
suggests that our LCM and RNA sequencing can accurately uncover transcriptional
differences between these regions. Further analyses revealed enrichment of additional
immune signatures in ISG-positive regions relative to ISG-negative regions. In particular,
KEGG pathway genes associated with TLR signaling and hallmark inflammatory response
genes are enriched in ISG-positive regions (Figure 4.4C). The enrichment of these
responses suggests that sensing of bacterial microbiota may be increased in ISG-positive
regions and that other localized inflammatory processes may be stimulated by bacterial
microbiota. Lastly, we found decreases in cell cycle associated pathway genes and
metabolic pathway genes in ISG-positive regions compared to 1SG-negative regions
(Figure 4.4D). These findings suggest that localized homeostatic ISGs correlate with

intrinsic differences in responding villi.

It is unclear if alterations in these pathways contribute to the presence of
homeostatic ISGs or whether they are a consequence of the homeostatic ISG response.
However, decreases in cell cycle genes correlate with apoptotic processes in cells,
suggesting that homeostatic ISGs may be stimulated in sites of normal intestinal epithelial

turnover (498). Observations suggest that at any given time about 5% of villi are actively
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shedding IECs (51). Coincidently, this proportion is roughly equivalent with the proportion
of intestinal epithelium expressing homeostatic ISGs (Figure 3.12). Future research will
be required to confirm our observations of reduced cell cycle and metabolism genes in
ISG-positive villi and to link these observations to localized turnover of IECs.
Unfortunately, two-dimensional imaging approaches do not allow full coverage of intestinal
villi and provide limited insight into the presence of apoptotic cells or shedding cells within
villi. Ongoing work developing three-dimensional imaging approaches may offer the
technical solution required to rigorously interrogate this line of research. It is also possible
that decreases in cell cycle and metabolic pathways are the consequence of homeostatic
ISG signaling, as IFN-A can disrupt epithelial proliferation in the lung (499). If these
decreases are confirmed to be consequences of homeostatic ISG expression, it would
provide rationale for localized induction of ISG responses to bacterial stimuli. In this case,
stimulation of highly-localized homeostatic ISG signaling could prevent widespread

detrimental effects on the intestinal epithelium.
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Figure 4.4. Pathway analysis of 1ISG-positive and ISG-negative regions of the ileum. Whole
ileum was isolated and fixed for in situ hybridization and laser capture microdissection. A) RNA
scope in situ hybridization was performed to identify ISG+ and ISG- regions of the ileum. B-D)
Pathway analysis identified enrichment of IFN response pathway genes (A), TLR signaling pathway
genes (B), and inflammatory response pathway genes (C) in ISG+ regions of ileum relative to ISG-
regions. Pathway analysis identified depletion of cell cycle pathway genes and metabolism pathway
genes in ISG+ regions of the ileum relative to ISG- regions. Normalized enrichment score (NES)
and adjusted p-value are overlaid for each comparison.
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Final Thoughts

IFN-A is the most recently discovered and least characterized of the IFN types, and
it has been incredibly exciting to study it! When combined with the wild world of enteric
biology and immunology, it is hard to imagine a more enthralling topic to work on in
graduate school. There is so much more to learn about IFN-A and | am very interested to
see all of the new discoveries and developments that will be made in the coming years. It
has been a pleasure to document and share our observations and to have the privilege to

provide a small contribution to this wonderful field of study.
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Chapter 5: Materials and Methods

Mice

Mouse strains used include: C57BL/6J (stock # 000664), BALB/c (stock # 000651),
Statl” (B6.129S(Cg)-Stat1™®V/J ), Ifnlrl” and Ifnlrlfiodiox  (generated from
[fnlr1tmiaBUCOMMWISI g5 published (200)), Ifnarl” (B6.129.Ifnar1™?), Trif”- (JAX C57BL/6J-
Ticam1's?/J, stock #005037), Myd88”7 (JAX B6.129P2(SJL)-Myd88™m11befr/j  stock
#009088), Irf3 (B6.129S/SVEV-Bcl2I12/Irf3MiT9)  [rf7+ (B6.129P2-Irf7tm1Ttg/TtgRbrc),
Statl” (B6.129.-Stat1™®V) and Villin-cre (B6.Cg-Tg(Vill-cre)997Gum/J) mice. Ifnlrl”
and Ifnarl” mice were bred to IfnlrlHeYIfnarl™® mice to generate littermate
IfnirieYIfnar1tet, IfnlrlHeyIfnardlkO, IfnlrlkC/Ifnarlhet, Ifnlr1X/IfnarlX® offspring.

Mice were obtained from Jackson Laboratories and bred in specific-pathogen-free
barrier facilities at Oregon Health & Science University. All mice were maintained in
specific-pathogen-free facilities at Oregon Health & Science University (OHSU) and
Washington University in St. Louis (WUSTL). Animal protocols were approved by the
Institutional Animal Care and Use Committee at OHSU (protocol #IP00000228) and
WUSTL (protocol #20190162) in accordance with standards provided in the Animal

Welfare Act.

Mouse Treatments

For all experiments, mice were allocated into experimental groups based on
genotype with equal representation of individual litters and equal sex ratios.

For neonatal IFN treatments, 200ng of IFN-B (PBL #12405-1) or IFN-A3 (PBL
#12820-1) were administered to seven-day-old neonatal mice via sub-cutaneous injection;

an equal volume of diluent (PBS) was administered to littermate control mice.
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For ABX depletion of bacteria, mice were administered an ad libitum antibiotic
cocktail consisting of: 1 g/L ampicillin, 1 g/L metronidazole, 1 g/L neomycin, and 0.5 g/L
vancomycin (Sigma, St. Louis, MO) in autoclaved H>O (OHSU) or in 20 mg/mL grape
Kool-Aid (Kraft Foods, Northfield, IL) (WUSTL). Sterile H,O (OHSU) or Kool-Aid (WUSTL)
alone was used as a control. Mice were maintained on antibiotics or control for 2 weeks
prior to harvest.

For IFN treatment of adult mice, recombinant IFN-A was provided by Bristol-Myers
Squibb (New York City, NY) as a monomeric conjugate comprised of 20kDa linear PEG
attached to the amino-terminus of murine IFN-A. Mice were injected intraperitoneally with
the indicated amount of IFN-A or an equal volume of PBS vehicle as indicated in figure
legends at the indicated time prior to analysis.

As a positive control for stimulation of the IFN response, mice were administered
100ug of the synthetic dsRNA analogue, poly I:C (R&D, #4287) or PBS by intraperitoneal
injection in a 200uL volume, 2 hours prior to harvest.

For enteric treatments with bacterial products, 25ug of lipopolysaccharide (Sigma
#1L4391), flagellin (Invivogen #tlrl-bsfla; from Bacillus subtilis) or CpG (Invivogen #tlrl-1585;
Class A CpG oligonucleotide) were perorally administered to mice in 25uL of sterile PBS.
Mice were treated on days 15 and 16 of antibiotic treatment or H,O control prior to harvest
on day 17.

For transplantation of fecal material, antibiotic treatment was stopped and mice
were fed 25uL of fecal mixture by pipet for two consecutive days. Fecal mixture was
prepared by collecting fecal samples from control mice; a single stool pellet was
resuspended in 200uL of sterile PBS, stool was broken apart by pipetting, and large

particulate was allowed to settle for several minutes prior to administration.
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Rotavirus infection of mice

Mouse rotavirus (EC strain) was originally provided by Andrew Gewirtz (Georgia
State University). Viral stocks were generated at OHSU by inoculating 4- to 6-day-old
neonatal BALB/c mice and harvesting the entire gastrointestinal tract upon presentation
of diarrheal symptoms 4 to 7 days later. Intestines were freeze-and-thawed, suspended in
PBS, and homogenized in a bead beater using 1.0-mm zirconia-silica beads (BioSpec
Products). These homogenates were clarified of debris, aliquoted, and stored at -70°C.
The 50% shedding dose (SD50) was determined by inoculation of 10-fold serial dilutions

in adult C57BL/6J mice.

For protection studies in heonatal mice, seven-day-old C57BL/6J mice were orally
inoculated with 100x SD50 and intestines were isolated 20 hours later for quantitation of

viral genomes by qPCR.

For stool time-course studies, mice were inoculated by peroral route with 100
SD50 and a single stool pellet was collected daily for viral quantitation by gPCR. For
guantification of viral antigens and genomes from cells and tissues of adult mice, the mice
were inoculated by intragastric gavage with 5000 SD50.

Organoid culture

Isolation and culture of primary mouse IEC organoids was performed essentially
as described (74). Briefly, intestinal crypts were isolated by mechanical disruption,
digestion with 2mg/mL collagenase type |, and centrifugation. Isolated crypts were

resuspended in 15uL Matrigel (Corning #354234) per well and plated in 24-well plates.

Primary organoid culture media was Advanced DMEM/F12 (ThermoFisher

#12634010) supplemented with 20% fetal bovine serum, 1X penicillin/streptomycin/L-
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glutamine, and 10mM HEPES. Organoids were grown and maintained in 50% primary
organoid culture media mixed with 50% conditioned media (CM) from L-WRN cells (ATCC
cat#CRL-3276), which contained Wnt3a, R-spondin3, and Noggin. ROCK-inhibitor
(Selleck Chemicals #S1049) and TGFbeta-inhibitor (Selleck Chemicals #S1067) were
added to culture media to promote survival of dissociated cells. Media was replaced every
two days. Every three days, or when organoids become dense, cells were disrupted with

Trypsin/EDTA and re-plated at ~30,000 cells/well.

For IFN stimulations, IFN-B (PBL #12405-1), pegylated-IFN-A2 (Bristol Meyers-
Squibb), IFN-A3 (PBL #12820-1), and TNFa (Peprotech #315-01A) were added to
organoid cultures as indicated in the figure legends. For flow cytometry of organoid-
derived IECs, organoids were first isolated from Matrigel by incubating in Cell Recovery
Solution (Corning # 354253) at 4°C for 30 minutes, and IECs were then isolated from
organoids by digestion with Accutase (Innovative Cell Technologies #AT-104) at 4°C for

30 minutes.

IEC organoid viability assays were adapted from Grabinger et al. (500). Organoids
were seeded in 96 well plates at 500-1000 cells per 5 uL matrigel per well. Following
cytokine treatment as indicated in figure legend, MTT (Sigma #MM5655) was added to
cell culture media at 0.5 mg/mL and incubated at 37 °C for 1 hour. Media was replaced
with 100% DMSO and absorbance was measured at 570 nm on a BioTek plate reader.
Background-subtracted OD values were normalized to untreated organoid wells (100%

viability) for each independent experiment.

Rotavirus infection of organoids

Primary mouse IEC organoids were dissociated to the single-cell level with

Trypsin/EDTA and were seeded at ~25,000 cells/well. Organoids were maintained in 50%
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CM for two days followed by one day of culture in 5% CM — ROCK inhibitor and TGFbeta
inhibitor were supplemented to maintain the concentrations present in 50% CM. Cells
were treated for 8-hours with 10ng/mL IFN-B (PBL #12405-1), 10ng/mL IFN-A3 (PBL
#12820-1), or PBS control. Organoids were inoculated with 500x SD50 murine rotavirus
EC in 5% CM by overlaying inoculant, rocking at room-temperature for 30 minutes, and
washing with PBS three times. Infected cells were incubated in 5% CM until the indicated
timepoints. Cells were lysed in ZR Viral RNA Buffer (Zymoresearch) and viral genomes

were detected by quantitative RT-PCR.

Organoid immunofluorescence

Following stimulation, organoids were removed from Matrigel by rocking at 4°C in
cell recovery solution (Corning). Cells were stained by adapting previous protocols (501).
In short, cells were fixed in 3.7% paraformaldehyde, permeabilized in ice-cold 100%
methanol, and blocked in 5% normal goat serum, 5% bovine serum albumin, and 0.5%
saponin in PBS. Cells were stained with mouse anti-Ecadherin (Becton Dickinson,
#610182), rabbit anti-cleaved caspase 3 (Cell Signaling Technology, #9661S), secondary
goat anti-mouse Alexa Fluor 555, and goat anti-rabbit Alexa Fluor 647 (ThermoFisher) in
1% normal goat serum, 1% bovine serum albumin, and 0.5% saponin in PBS. IEC
organoids were counterstained with DAPI, mounted with ProLong Gold antifade reagent
(ThermoFisher), and imaged using a Zeiss ApoTome2 on an Axio Imager, with a Zeiss
AxioCam 506 (Zeiss). The CC3-positive area was measured and normalized to the total

area of organoid surface using ImageJ.

RNAscope

Swiss rolls of intestinal tissue were fixed in 10% neutral-buffered formalin for 18-

24hr and paraffin-embedded. Tissue sections (5um) were cut and maintained at room
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temperature with desiccant until staining. RNA in situ hybridization was performed using
the RNAscope Multiplex Fluorescent v2 kit (Advanced Cell Diagnostics) per protocol
guidelines. Staining with anti-sense probes for detection of Ifitl (ACD, #500071-C2),
Uspl8 (ACD, #524651-C1) and murine rotavirus (ACD, #1030611-C1) was performed
using ACDBIo protocols and reagents. Murine rotavirus probes were designed to target 2-
1683 of DQ391187 against NSP3, VP7, and NP4. Slides were stained with DAPI and
mounted with ProLong Gold antifade reagent (ThermoFisher), and imaged using a Zeiss
ApoTome2 on an Axio Imager, with a Zeiss AxioCam 506 (Zeiss).

Collected images were batch processed in Zeiss Zen 3.1 using unstained control
slides to set background values and quantified using ImageJ. When applicable, the area
of Ifitl was determined by positive Ifitl fluorescent area relative to the total fluorescent
area of the tissue section. In infection studies, Ifitl+ murine rotavirus -infected cells were
defined as murine rotavirus + particles with greater than 5um area with a maximum I[fitl
intensity greater than 10% above background. These Ifitl+ cells were then divided by the
total number murine rotavirus + cells to determine the percentage of Ifitl+ murine rotavirus
-infected cells.

Cell isolation from intestinal tissue

Epithelial fractions were prepared by non-enzymatic dissociation as previously
described (502). Briefly, mouse ileum was opened longitudinally and agitated by shaking
in stripping buffer (10% bovine calf serum, 15 mM HEPES, 5 mM EDTA, and 5 mM
dithiothreitol [DTT] in PBS) for 20 min at 37°C. Lamina propria fractions were prepared by
enzymatic digestion and dissociation with the Lamina Propria Dissociation Kit and
GentleMacs Dissociator (Miltenyi Biotec). Dissociated cells were collected for use in gPCR

analysis, flow cytometry, fluorescence-activated cells sorting, and magnet enrichment.
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Flow Cytometry and Magnet Enrichment

Dissociated cells were collected and stained for flow cytometry or fluorescence-
activated cell-sorting (FACS). Cells were stained with Zombie Aqua viability dye
(BioLegend), Fc receptor-blocking antibody (CD16/CD32; BioLegend), anti-EpCAM (clone
(G8.8; BioLegend), and anti-CD45 (clone 30-F11; BioLegend). For analysis of IFNAR
expression, cells were additionally stained with anti-IFNAR1 (clone MARL; Biolegend) or
anti-IFNAR2 (polyclonal goat IgG; R&D Systems). For analysis of murine rotavirus
infection, cells were stained with anti-rotavirus (polyclonal; ThermoFisher, #PA1-7241)
followed by goat anti-rabbit secondary (ThermoFisher). All data were analyzed using
FlowJo software (BD Biosciences). Gates were set based on unstained and single-
fluorophore stains. IECs were selected by gating on live, EpCAM-positive, CD45-negative
cells. Gates for murine rotavirus infection were set based on naive samples. For isolation
of RNA, cells in the live gate were sorted as EpCAM-positive/CD45-negative IECs or
EpCAM-negative/CD45-positive hematopoietic cells.

Where indicated, dissociated cells were enriched using MojoSort Mouse anti-APC
Nanobeads (BioLegend, #480072). Cells were first stained for flow cytometry with anti-
EpCAM or anti-CDA45 antibodies with APC fluorophores. Following surface staining by flow
cytometry, enrichment of cells was performed using MojoSort Mouse anti-APC
Nanobeads by following manufacturer protocols.

Quantitative RT-PCR

RNA was isolated using RiboZol (Amresco), TRIzol (Life Technologies), or the ZR
Viral RNA Kit (Zymoresearch). The larger of either 1ug of RNA or 5uL of RNA were used
as a template for cDNA synthesis by the ImProm-Il reverse transcriptase system
(Promega) after DNA contamination was removed with the DNAfree kit (Life

Technologies). 16S bacterial rDNA was isolated from stool and intestinal contents with a
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ZymoBIOMICS DNA kit (Zymo Research). Quantitative PCR was performed using
PerfeCTa gPCR FastMix Il (QuantaBio) and the absolute quantities of transcript were
determined using standard curves composed of gBlocks (IDT) containing target
sequences. Absolute copy numbers from tissue samples were normalized to the
housekeeping gene, ribosomal protein S29 (Rps29), where samples with fewer than 1,000
copies of housekeeping gene were excluded. Tagman assays for selected genes were
ordered from IDT: Bid (Mm.PT.58.8829163), Bcl2l11 (Mm.PT.58.12605058), Casp8
(Mm.PT.58.41467226), Isgl5 (Mm.PT.58.41476392.g), Uspl8 (Mm.PT.58.28965870),
Cxcl10 (Mm.PT.58.28790444), Ifitd (Mm.PT.58.32674307), Oasla
(Mm.PT.58.30459792), Mx2 (Mm.PT.58.11386814), Statl (Mm.PT.58.23792152), and

Rps29 (Mm.PT.58.21577577).

Tagman assays for Ifnl2/3 and Ifnb1 were designed previously (471) and consisted
of the following primer-probe sequences: Ifnl2/3 (Primer 1 -
GTTCTCCCAGACCTTCAGG, Primer 2 - CCTGGGACCTGAAGCAG, Probe -
CCTTGCAGGCTGAGGTGGC); Ifnbl (Primer 1 — CTCCAGCTCCAAGAAAGGAC,
Primer 2 — GCCCTGTAGGTGAGGTTGAT, Probe — CAGGAGCTCCTGGAGCAGCTGA).
Murine rotavirus was detected using Tagman primer-probe sets specific for 422-521 of
GeneBank sequence DQ391187 as previously described (235) with the following
sequences: Primer 1 - GTTCGTTGTGCCTCATTCG, Primer 2 -
TCGGAACGTACTTCTGGAC, Probe - AGGAATGCTTCAGCGCTG; and universal
bacterial 16S rDNA was detected using Tagman primer-probe sets with previously
designed sequences (503): Primer 1 — GGACTACCAGGGTATCTAATCCTGTT, Primer 2

— TCCTACGGGAGGCAGCAGT, Probe - CGTATTACCGCGGCTGCTGGCAC
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RNA sequencing and expression analysis of neonatal epithelium and organoids

Quality of RNA samples were assessed using a TapeStation (Agilent) and mRNA
sequencing libraries were prepared using the TruSeq RNA Library Prep Kit (lllumina).
Barcoded triplicate samples from IEC organoids (9 total) and quadruplicate samples from
neonates (12 total) were separately prepared and pooled. Single-read sequencing was
performed using an lllumina HiSeq 2500 through the Massively Parallel Sequencing

Shared Resource at OHSU.

Adaptor-trimmed reads were mapped to the mouse genome (GRCm38) using the
STAR aligner (504), and mapping quality was evaluated using RSeQC (505), and MultiQC
(506). All samples had between 15 and 30 million uniquely mapped reads with similar
distribution across genomic features and uniform gene-body coverage. Read counts per
gene were determined using the featureCounts program (507), and differential expression
analysis was performed using DEseq2, as described (508). PCA analysis was performed
on DEseq2 regularized logarithm (rlog) transformed data. Heatmaps were generated
using log2-transformed data normalized to the mean of matched PBS control samples;

heatmap clustering is based on Euclidean distance.

RNA sequencing and expression analysis of antibiotic- and IFN-A-treated mice
Wild-type C57BL/6J or Ifnlrl’- mice were administered ad libitum Kool-aid or ABX
for two weeks, or wild-type mice were administered 25ug recombinant IFN-A for one day,
then ileal segments lacking Peyer’s patches were harvested and RNA sequencing was
performed as prior (509). mRNA from ilea was purified with oligo-dT beads (Invitrogen,
Carlsbad, CA) and cDNA was synthesized using a custom oligo-dT primer containing a
barcode and adaptor-linker sequence, degradation of RNA-DNA hybrid following single-

strand synthesis, and ligation of a second sequencing linker with T4 ligase (New England
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Biolabs, Ipswich, MA). These reactions were cleaned up by solid phase reversible
immobilization (SPRI), followed by enrichment by PCR and further SPRI to yield strand-
specific RNA-seq libraries. Libraries were sequenced with an lllumina HiSeq 2500 with
three to four mice were included in each group. Samples were demultiplexed with second
mate, reads were aligned with STAR aligner and then counted with HT-Seq. Differentially
expressed genes were identified using DESeq2 (508) based on cutoffs of 2-fold change,
and an inclusive p-value < 0.5. Standard gene set enrichment analysis was performed to
identify enrichments in IFN-A response genes.
16S rRNA gene lllumina sequencing and analysis

For sequencing of the 16S rRNA gene, primer selection and PCRs were performed
as described previously (510). Briefly, each sample was amplified in triplicate with Golay-
barcoded primers specific for the V4 region (F515/R806), combined, and confirmed by gel
electrophoresis. PCR reactions contained 18.8uL RNase/DNase-free water, 2.5uL of 10X
High Fidelity PCR Buffer (Invitrogen, 11304-102), 0.5uL of 10 mM dNTPs, 1uL 50 of mM
MgSO4, 0.5uL each of forward and reverse primers (10 uM final concentration), 0.1uL of
Platinum High Fidelity Taq (Invitrogen, 11304-102), and 1.0uL genomic DNA. Reactions
were held at 94°C for 2 min to denature the DNA, with amplification proceeding for 26
cycles at 94°C for 15 s, 50°C for 30 s, and 68°C for 30 s; a final extension of 2 min at 68°C
was added to ensure complete amplification. Amplicons were pooled and purified with
0.6x Agencourt AMPure XP beads (Beckman-Coulter, A63882) according to the
manufacturer's instructions. The final pooled samples, along with aliquots of the three
sequencing primers, were sent to the DNA Sequencing Innovation Lab (Washington
University School of Medicine) for sequencing by the 2 X 250bp protocol with the Illumina
MiSeq platform.

Read quality control and the resolution of amplicon sequence variants were
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performed in R with DADA2 (511). Non-bacterial amplicon sequence variants were filtered
out. The remaining reads were assigned taxonomy using the Ribosomal Database Project
(RDP trainset 16/release 11.5) 16S rRNA gene sequence database (512). Ecological
analyses, such as alpha-diversity (richness, Shannon diversity) and beta-diversity
analyses (UniFrac distances), were performed using PhyloSeq and additional R packages
(513). 16S sequencing data have been uploaded to the European Nucleotide Archive
(accession #: PRJIEB43446).

ChlIP-seq analysis

Published ChlIP-seq data from Platanitis et al. was downloaded from GEO
(GSE115433) and narrowpeak files were analyzed using BEDOPS v.2.4.36 closest-
features (514) to identify peaks within 500 bp of annotated transcription start sites
associated with genes contained in the defined gene sets (common ISGs and IFN-3-
specific ISGs). Genes were then classified as either having one or more ChlP-seq peaks

associated with them, or zero associated peaks.

Single-cell RNA Sequencing Analyses

A mouse single-cell RNA sequencing dataset generated by Haber et al. was
accessed from NCBI's Gene Expression Omnibus (GEQO), accession #: GSE92332. A
human pediatric single-cell RNA sequencing dataset generated by Elmentaite et al. was
accessed in processed form from The Gut Cell Atlas, with raw data also available on
EMBL-EBI Array Express, accession #: E-MTAB-8901. Files were analyzed in R using
Seurat (v. 3.2.2)(515). For the Haber et al. dataset, UMI counts were normalized to counts
per million, log2 transformed, and homeostatic ISGs were selected for analysis. Data was
collated by previously annotated cell-type and proportion of cells expressing each

individual ISG was calculated. For Elmentaite et al, data was restricted to healthy controls
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and then collated by previously annotated cell-type to determine the proportion of cells
expressing individual ISGs.

Statistical Analyses

Sample size estimation was performed based on historical data. Data were
analyzed with Prism software (GraphPad Prism Software), with specified tests as noted in

the figure legends.

Data availability.

RNA sequencing data obtained in Chapter 2 have been deposited in the NCBI
Gene Expression Omnibus under GEO Series accession number GSE142166. RNA
sequencing data obtained in Chapter 3 have been deposited in the European Nucleotide

Archive (accession #: PRIJEB43446).
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