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Commensal microbiota-induced interferon-beta mediates host immune system

modulation and natural resistance to virus infection

Abstract

The type I interferon (IFN-I) response is a crucial mediator of antiviral immunity
and homeostatic immune system regulation. Despite this importance, the source of IFN-I
signaling under homeostatic conditions has yet to be identified. We have found that one
of the IFN-Is, IFN, is expressed by colonic lamina propria dendritic cells in response to
the commensal microbiota. Moreover, commensal-induced IFNB was found to be
required for local and systemic expression of interferon-stimulated genes, and thus for
regulation of the IFN-I response, under steady-state conditions. Having identified that
the IFN-I response is regulated by the commensal microbiota, we proceeded to
investigate the mechanism of this interaction and identified a single commensal microbial
molecule, the lipooligosaccharide (LOS) of the human intestinal commensal Bacteroides
fragilis, that is capable of inducing IFNJ secretion by dendritic cells in vitro and in vivo
through the TLR4 signaling pathway. Since Bacteroidetes are a very prominent bacterial
phylum in the gut microbiota, we examined outer membrane extracts from several
different Bacteroides species that are rich in LOS reported to have similar structure to the
LOS of B. fragilis and found that they are also potent IFNf inducers. The physiological
relevance of commensal-induced IFNP in immunoregulation and in virus infection was

next investigated. We discovered that IFN signaling is important for induction of
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tolerogenic mechanisms by B. fragilis capsular polysaccharide A, which is also
comprised in part by an LOS-like molecule, and for protection in an experimental
autoimmune disease model, EAE. Importantly, we found using vesicular stomatitis virus
infection as a model, that commensal-induced IFNP regulates the natural resistance of the

host to virus infection.
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Chapter 1

Introduction



1.1. The commensal microbiota
1.1.1. Composition

The human body, like that of other mammalian organisms, is colonized by
trillions of microbial organisms, including bacteria, viruses, fungi, and archaea,
collectively referred to as the commensal microbiota.(1, 2) With advances in culture-
independent DNA sequencing technologies and bioinformatics, there has been a rapid
increase in our knowledge of the diversity and dynamics of the microbiota over the past
two decades.(2, 3) The initial colonization of the human body occurs at birth and the
composition of the neonatal microbiota is strongly influenced by the method of delivery,
and remains dynamic throughout the first years of human life, altered by feeding method
and antibiotic use.(4-8) The composition of the adult microbiota is more stable but can be
altered by environmental factors such as diet composition, medical intervention, and
diseased states.(9-11)

Current estimates suggest that there are roughly as many bacterial cells as human
cells in the body, and approximately a hundred times more bacterial genes than human
genes.(3, 12) The vast majority of commensal bacteria reside in the gastrointestinal (GI)
tract, and particularly in the colon, which is colonized by an estimated 10" bacteria.(13,
14) The small intestine has a lower density of commensal microbes, ranging from 10°-10®
bacteria per gram of luminal content, depending on which region is sampled.(15) While
there is significant diversity in terms of microbiota composition at the bacterial species
level, with hundreds of different bacterial species represented in an individual’s
microbiome, there is a high level of conservation at the phylum level, with the majority

of mammalian commensal bacteria belonging to only eight phyla.(14, 16)



1.1.2. Physiological role

The advances in characterization of the structure of the microbiome have opened
up the possibility for studies of the interactions between the host and its microbiome and
the functional outcomes of these interactions. The shear magnitude of bacterial cells and
genes in the human body, and specifically in the intestine, begins to hint at the potential
impact gut commensal organisms might have on their host.(3, 12-14) Indeed, commensal
bacteria are not passive bystanders, but they have evolved to live in a symbiotic
relationship with their mammalian host, forming a dynamic ecosystem in which both
humans and microbes carry out physiological processes essential for the overall health of
the host. Studies over the past two decades in humans and other mammals have begun to
elucidate this mutually beneficial relationship, in which the bacteria receive nutrients and
a specialized ecological niche in which to reside, while in turn playing a role in vital host
physiological processes including intestinal and immune system development and
homeostasis, metabolism, and protection against pathogens.(17-19)

One of the most important functions of the gut microbiota is in the development
and regulation of the immune system. The importance of commensal microbes to
immune system regulation has been demonstrated by studies in germ-free (GF) mice,
which are completely devoid of all microbial life and thus have no commensal
microbiota.(20) GF mice exhibit an underdeveloped immune system, with decreased total
lymphocyte numbers as well as aberrant regulation of these lymphocytes, evidenced by
skewed ratios of T helper (Th) cell subsets compared to conventionally colonized

mice.(21, 22) This commensal regulation is not only vital to the local, mucosal immune



system, but also contributes to immune homeostasis at distal sites including the central
nervous system (CNS), joints, and lungs.(19, 23-29)

The importance of immunomodulation by the GI microbiota to human health is
highlighted by the impact commensal microbes have been shown to have in experimental
models of human diseased states. Indeed, gut commensal bacteria have demonstrated
effects in both local and systemic inflammatory disorders as well as a growing list of
diseases in which aberrant inflammation plays a role in pathogenesis. Through numerous
studies, the gut microbiota has been linked among others to inflammatory bowel disease
(IBD), colon cancer, diabetes, asthma, cardiovascular disease, autism spectrum disorder,
and both bacteria and viral infections.(30-36) These findings highlight the potential for
manipulation of the microbiota to impact human health and disease outcome. A
mechanistic understanding of how microbes interact with their host is therefore not only
biologically interesting, but it provides a platform for discovering potential therapeutic
targets for the treatment and prevention of a variety of human diseases.

Despite this importance, the study of the precise molecular mechanisms by which
specific commensal microbes interact with their mammalian host is still in its infancy.
There is an increasing number of specific commensal bacterial species that have been
discovered to modulate the immune system, including Clostridium species (sp.),
Bacteroides fragilis (B. fragilis), Faecalibacterium prausnitzii, Akkermansia muciniphila,
and Bifidobacterium breve.(37-42) However, work from our lab with B. fragilis still
remains one of the only examples in which a specific bacterial molecule has been isolated
and identified to possess immunomodulatory properties. Specifically, the zwitterionic

capsular polysaccharide A (PSA) of B. fragilis was found to regulate immune system



homeostasis by restoring the Th1/Th2 balance in GF mice and inducing IL-10 secreting
regulatory T cells (Trs) in the context of inflammation.(22, 39, 43) Considering that
there are hundreds of bacterial species known to reside in the human GI tract with the
potential to interact with the host, the majority of mechanisms by which commensal
bacteria impact immune homeostasis likely remain undiscovered.

The cells of the immune system rely on secretion of cytokines to communicate
with one another and orchestrate or suppress an inflammatory response.(44) One possible
mechanism of immunomodulation by commensals is therefore through regulation of

cytokine secretion, including the secretion of type I interferons (IFN-Is).

1.2.  The type I interferon response

IFN-Is are a family of structurally similar cytokines with potent
immunomodulatory functions consisting predominantly of two different classes of
proteins, interferon-a (IFNa) and interferon-f (IFNB). In mammals, multiple genes
encode for several different variants of [FNa, with 14 in mice and 13 in humans, but only

one IFNP gene, all clustered in a locus on chromosome 9 in humans and 4 in mice.(45)

1.2.1. Induction of type I interferons

IFN-I expression is regulated at the transcriptional level in response to sensing of
microbial products through pattern recognition receptors (PRRs) or by signaling from
other cytokines.(46) The PRR initiates a signaling cascade that activates the interferon
regulatory factor (IRF) transcription factors which then translocate to the nucleus where

they bind to regulatory elements in the IFN-I gene promoter regions to initiate expression



of the IFN-I genes.(47) The IFN-I-inducing PRRs can be broadly divided into two
classes. The first are the cytosolic nucleic acid sensors, including the RNA-sensing
retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5
(MDAS5) and the DNA-sensing cyclic GMP-AMP synthase (cGAS), which respond to
viral nucleic acids in the cytosol.(48, 49) The second are the interferon-inducing toll-like
receptors (TLRs) which include the nucleic acid-sensing TLRs 3, 7, 8, and 9 as well as
TLR2 and TLR4 which canonically recognize microbial cell membrane components.(48,
50) Interestingly, all nucleated cells are capable of expressing IFN-Is in response to
cytosolic nucleic acid sensing, while induction of IFN-I downstream of TLRs is
predominantly a function of specialized innate immune cells, suggesting the potential for

TLR-induced IFN-I to play a greater role in immune system modulation.(48)

1.2.2. Type I interferon signaling pathways

Paradoxically, IFN-Is have been demonstrated to have numerous
immunomodulatory functions, in some cases enhancing protective immunity to pathogens
while in others suppressing the immune response. Reflecting their pleiotropic and often
contradictory functions, IFN-Is activate a multitude of intracellular signaling pathways.
To initiate these signaling cascades, all of the IFN-I species bind to the same site on, and
signal uniquely through, the heterodimeric transmembrane interferon-o/f receptor
(IFNAR), which is composed of two subunits-IFNAR1 and IFNAR2- and is expressed by
most mammalian cell types.(46)

The canonical IFN-I signaling pathway is the Janus kinase (Jak)- signal

transducer and activator of transcription (STAT) pathway. Upon binding of IFN-Is to



IFNAR, non-receptor tyrosine-protein kinase 2 (Tyk2) and Jakl are activated and
phosphorylate STAT1 and STAT2. Activated STAT1 and STAT2 heterodimerize and
translocate to the nucleus where they form the heterotrimeric interferon-stimulated gene
factor 3 (ISGF3) complex through binding of the IRF9 transcription factor. The ISGF3
binds to interferon-stimulated response elements (ISREs) to induce expression of
hundreds of genes, collectively termed interferon stimulated genes (ISGs), responsible for
many of the antiviral functions associated with IFN-I signaling.(51)

Depending on the cell-type and stimulus involved, IFNAR signaling can also
promote homodimerization of other STATS, including STATs 1-6. STAT1 homodimers

bind to IFNy-activated site (GAS) enhancer elements, leading to the expression of

proinflammatory mediators. On the other hand, activation of STAT3 homodimers
induces secretion of interleukin (IL)-10, a potent anti-inflammatory cytokine. It is
thought that the relative abundance of STAT1 and STAT3 in cells at the time of signaling
by IFN-I might contribute to the functional outcome of the IFN-I signaling event,
whether it will enhance or suppress inflammation.(52)

In addition to the classical Jak-STAT signaling pathway, IFN-Is have been more
recently demonstrated to signal through the mitogen-activated protein kinase (MAPK)
and the phosphoinositide 3-kinase (PI3K) signaling pathways in a stimulus and cell-type
dependent manner.(53) MAPK signaling has been demonstrated to contribute to the
antiviral activity of IFN-Is, again reflecting a more proinflammatory outcome of IFN-I
signaling.(54) Activation of PI3K by IFNAR and Jakl represents another anti-
inflammatory mechanism of IFN-Is, leading to IL-10 production.(55) The ability of IFN-

Is to activate multiple signaling pathways leading to distinct outcomes helps to elucidate



how signaling through a single receptor can lead to the numerous, context-specific, and

opposing functions of I[FN-Is.

1.2.3. Functions of type I interferons
1.2.3.1. Antiviral response

The canonical role of IFN-Is, and the role for which these cytokines were first
discovered, is to protect the host during virus infection.(56) The vital nature of the IFN-I
response in viral defense is exemplified by the extreme susceptibility to virus infection of
mice lacking IFNAR1.(57) This protective role is accomplished by several different
actions of IFN-Is, the first of which is the ability of IFN-Is to confer an antiviral state to
cells, rendering them non-permissive to virus infection. Upon release of IFN-Is by an
infected cell, they signal in an autocrine and paracrine fashion to induce expression of
hundreds of ISGs in the infected and neighboring cells. These genes include intrinsic
antiviral factors capable of directly blocking the different stages of the virus life cycle,
thus restricting the ability of a virus to replicate and spread to neighboring cells.(58)

IFN-I signaling also helps to limit virus spread through regulation of apoptosis.
Viruses are entirely dependent on the host cell for replication and completion of their life
cycle. As such, killing a cell that is infected prevents the virus from replicating and is an
effective strategy to prevent viral spread. When IFN-Is signal to uninfected cells, there is
generally no effect on cell viability, just the induction of the antiviral state. However, if
IFN-I signaling is concurrent with cytosolic nucleic acid sensing, apoptosis can be
triggered through one of several cellular pathways depending on the type of virus

infection. In this way, infected cells are eliminated, while damage to healthy cells is



limited.(48) The role of apoptosis in control of virus infection is so important that it has
exerted selective pressure on viruses. Indeed, many viruses have evolved mechanisms to
block host cell apoptosis.(59) Together, apoptosis and induction of an antiviral state
represent immediate responses induced by IFN-Is at the onset of infection. In the case of
most acute pathogenic virus infections, this rapid response is thought to be essential to
limit initial virus replication before the onset of effective anti-viral humoral or cellular
adaptive immune responses.(60)

The above cell-intrinsic functions of IFN-Is represent ways in which IFN-I
signaling directly suppresses virus infection. In addition, the immunomodulatory
functions of IFN-Is indirectly limit viral infection through coordination of the innate and
adaptive immune response. Before immune cells can respond to a pathogen, they must
arrive at the site of infection. IFN-I signaling induces chemokine expression, which
facilitates recruitment of both innate and adaptive immune cells to the site of infection.
Once immune cells are present, IFN-Is have also been linked to the activation and
expansion of specific immune cell subsets that are important for the control of virus
infection. Specifically, they have been demonstrated to regulate the activation of natural
killer (NK) cells and to enhance the expansion, activation, and survival of cluster of
differentiation (CD)-8" T cells both directly and indirectly through increased cross-
presentation of viral antigens by dendritic cells (DCs). The cytotoxic response of both of
these cell types effectively targets and eliminates infected cells, contributing to clearance
of virus infection. IFN-Is additionally regulate CD4" Th cell subsets and promote the
activation and antibody responses of B cells, ultimately contributing to viral clearance

and resolution of infection.(61)



1.2.3.2. Homeostatic functions

Most early research focused on IFN-Is in the context of infection, during which
they are induced at very high levels in response to pathogens. It is now recognized that
there is extremely low-level, constitutive expression of IFN-I even in the absence of
infection.(62, 63) Recent studies have therefore begun to elucidate the important
homeostatic functions of these cytokines. Indeed, current research suggests that IFN-Is
can regulate the development and/or activation of virtually every immune effector cell,
including both innate and adaptive immune cells. This homeostatic regulation of the
immune response has imparted IFN-Is with important anti-inflammatory, anti-tumor, and
cytokine signaling regulatory functions, with important consequences to the health and

homeostasis of the host, described below.(63)

1.2.3.3. Anti-inflammatory functions

The immunoregulatory role of IFN-Is and their potential to suppress pathologic
inflammation has been demonstrated in animal models of several inflammatory disorders
in which they were shown to have a protective effect, including experimental
autoommune encephalomyelitis (EAE), inflammatory bowel disease (IBD), and
rheumatoid arthritis (RA).(64-71) Genome-wide association studies (GWAS) have linked
alterations in the /fnarl gene to susceptibility for IBD, providing evidence to support a
protective role of IFN-Is against intestinal inflammation in humans.(72, 73) Furthermore,
while there has been limited success in human clinical trials for IBD or RA,
administration of recombinant IFNf is used therapeutically in the treatment of patients

with relapsing-remitting multiple sclerosis (MS), linking IFN-Is to protection against
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neuroinflammation.(74) Several recent studies have begun to elucidate the mechanism by
which IFN-Is might regulate immune system homeostasis and thus contribute to
protection in inflammatory disorders.

Prevention of aberrant immune responses is especially challenging in the GI tract,
where the large mucosal surface area is in direct contact with the environment, and thus
constantly exposed to microbes. The first line of defense at this site is the physical
barrier separating the internal tissue from the external environment, the single-cell layer
of intestinal epithelial cells (IECs). Proper barrier function not only protects against
pathogens, but also is important to maintain physical separation with and properly
regulate the immune response to the commensal microbiota. Indeed, dysfunction of the
IEC barrier is thought to increase susceptibility to IBD.(52) IFN-Is have been
demonstrated to promote the barrier function of IECs through STAT3-mediated
regulation of tight-junction molecule expression, as well as to regulate epithelial cell
proliferation and turnover, thus indirectly contributing to intestinal immune
homeostasis.(52, 72).

Direct signaling of IFN-Is to innate immune cells also contributes to immune
system homeostasis, through reduction of proinflammatory cytokine and increase in anti-
inflammatory cytokine expression, thus maintaining a healthy cytokine balance. IFN-Is
reduce secretion of IL-1p, a proinflammatory cytokine implicated in the pathogenesis of
many diseases, by both reducing expression of inactive pro-IL-1f and inhibiting
NACHT, LRR and PYD domains-containing protein (NLRP) 1 and NLRP3

inflammasome activation to reduce cleavage of pro-IL-1p to its active form.(75) IFN-I
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signaling also promotes an anti-inflammatory milieu by increasing expression of the
regulatory cytokines IL-10, IL-27, and IL-1RA by macrophages and DCs.(76)

Disruption of the balance between different CD4" Th cell subsets, and specifically
the Th17/T, balance is thought to play a major role in the development of autoimmune
disease.(77) While important in the protective response against bacterial infection, the
proinflammatory Th17 lineage of CD4" T cells has been implicated in the pathogenesis
of several autoimmune disorders, including MS, RA, and psoriasis.(78) In contrast, Tregs
possess immunosuppressive properties, crucial to regulation of the adaptive immune
response and maintenance of tolerance to self and to commensals.(79) The ability of IFN-
Is to regulate the Th17/T, balance through effects on both Th17 and T.g cells is
therefore thought to contribute to the anti-inflammatory properties of these cytokines.
IFN-Is suppress differentiation of Th17 cells through the IFNAR-osteopontin signaling
axis, and also reduce expression of IL-17 by these cells.(80, 81) While reducing
inflammatory CD4" T cell subsets, IFN-Is also augment immunoregulatory T cell
responses. IFN-Is enhance secretion of the regulatory cytokine IL-10 by both murine and
human CD4" T cells.(82, 83) In addition, IFN-Is regulate the activity of Tyegs, by driving
constitutive expression of forkhead box P3 (FOXP3), enhancing T, suppressive activity,
and promoting T, differentiation.(67, 84) Through regulation of the Th17/T,, balance,
IFN-Is therefore exert control over immune system homeostasis and prevention of

inflammatory disorders.
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1.2.3.4. Calibration of cytokine signal transduction

An interesting observation was made that mice deficient in IFNf or in IFNARI
exhibited not just loss of IFN-I signaling, but also reduced responses to diverse, unrelated
cytokines, such as IFNy, CSF-1, and IL-6.(63, 85, 86) These findings demonstrated the
potential for IFN-I to exert broad influence over the outcome of the immune response and
of immune homeostasis by calibrating the response of cells to other cytokines. This
priming effect is due to regulation of the expression of STATs 1, 2, 3 and 6, which are
signaling intermediates used by many different cytokines, by low-level, constitutive IFN-
I secretion. It is thought that the ratio of expression levels of the different STAT
transcription factors determines the outcome of the response downstream of the Jak-
STAT signaling pathways.(63) In this way, by altering expression of different STAT
proteins, IFN-Is can sculpt the quality and the magnitude of the cellular response to

different cytokines, thus modulating the immune response.

1.2.3.5. Antitumor response

The cells of the tumor microenvironment, including infiltrating innate and
adaptive immune cells, stromal cells, as well as the tumor cells themselves are all capable
of producing IFN-Is. Evidence for an antitumor role of endogenous IFN-I has been
provided by numerous studies. Disruption of IFN-I signaling through antibody-mediated
inhibition of IFNa/B or loss of either IFNP or IFNAR1 in knockout animals increased
tumor development, growth, and disease progression in both carcinogen-induced and
tumor-implantation murine cancer models.(87, 88) In humans, genetic analyses of

human cancers revealed a diverse set of malignancies with mutations causing defects in
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IFN-I secretion or signaling, suggesting that the ability to evade IFN-I might confer a
survival advantage to tumor cells.(63) Moreover, expression levels of IFN-I or ISGs in
tumors correlated with favorable disease outcome in patients affected by several different
types of cancer, including breast carcinoma and melanoma.(88, 89)

Mechanistically, IFN-I signaling induces antitumor responses through both tumor
cell intrinsic and extrinsic mechanisms. Signaling directly to tumor cells, IFN-Is regulate
expression of genes involved in the growth, proliferation, survival, and migration of
tumor cells.(87) IFN-Is have long been recognized to possess antiproliferative activity.
Indeed, treatment with IFN-I reduced proliferation of breast and prostate cancer cell lines
through stalling of cell cycle progression.(90, 91) IFN-Is further reduce survival of
tumor cells through their ability to regulate apoptosis. Indeed, treatment of various cancer
cell lines with IFN-Is increased apoptosis and reduced survival.(87)

Surveillance and response by the immune system is required to restrict
development of malignancies.(92) Through their ability to signal to and regulate virtually
all of the cells of the immune system, IFN-Is have been demonstrated to enhance the
antitumor immune response. Similar to the context of virus infection, IFN-Is promote the
activity of CD8" T cells and NK cells, whose cytotoxic functions are important for
destruction of malignant cells.(87) Indeed, in preclinical mouse cancer models, TFN-I
signaling was required for priming and activation of tumor-specific CD8" T cells, and is
therefore thought to contribute to activation of the natural antitumor immune
response.(93) Furthermore, IFN-Is promote the antitumor response in the tumor

microenvironment by inhibiting the suppressor function of myeloid-derived suppressor

14



cells as well as the proliferation and function of Tieg, both of which accumulate in cancer
patients and interfere with the antitumor response.(87, 94)

Highlighting the clinical relevance of IFN-I research, the observed antitumor
functions of endogenous IFN-Is have led to their adaptation for therapeutic use. IFNa is
currently used in the treatment of a variety of both solid and hematological malignancies,

including chronic myeloid leukemia, hairy cell leukemia, and melanoma.(60, 87)

1.2.4. IFNP - a unique type I interferon family member

The observation that natural selection has favored the evolution of multiple IFN-I
species, which have been retained over time, correctly suggests the possibility for distinct
functionalities of the different variants. Despite all binding to the same site on IFNAR to
form highly similar ligand-receptor complexes, there are numerous reports of functional
differences among the variants, especially between IFNP and the other IFN-I family
members.(95) Interestingly, this seems to apply specifically to the homeostatic functions
of IFN-Is. While all IFN-Is are capable of inducing antiviral activity in all cell types, only
IFNB induces immunomodulatory and antiproliferative responses at physiological
concentrations, making IFN the homeostatic IFN-1.(95, 96)

The different IFNa variants share approximately 80% or greater homology at the
sequence level, but only 50% homology with IFNP suggesting a structural basis for the
differential functionality.(95) Indeed, biochemical analyses have revealed that IFNf has a
substantially higher combined binding affinity to the two IFNAR receptor subunits
compared to all other naturally occurring IFN-I species.(97, 98) This high receptor

binding affinity is hypothesized to be the source of the distinct functionalities of IFNp.
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Indeed, mutation of IFNa2, which has the lowest natural affinity for IFNAR, to increase
its receptor affinity to levels similar to IFNP, conferred it with the immunomodulatory
and antiproliferative functions of IFNf.(99)

Not only is IFNP distinct from the other IFN-Is in its interaction with [IFNAR, but
also in its expression pattern. Initial evidence came from studies using mouse embryo
fibroblasts, which demonstrated that in the absence of priming levels of IFN, the cells
were not able to produce the other type I interferons, indicating that IFNP might serve as
a regulator of IFN-I induction and the downstream ISG response.(100) Mechanistically,
this is due to the expression of the transcription factors that turn on IFN-I gene
expression, the IRFs. The expression of all the [FNa variants and of IFNP is induced by
IRF7, while IRF3 preferentially induces IFN. Interestingly, only IRF3 is expressed
constitutively by most cell types, while IRF7 is expressed constitutively only by
plasmacytoid DCs (pDCs). Therefore, in response to initial PRR signaling, most cells,
with the exception of pDCs, produce only IFNB. IRF7 expression is induced by IFN-I
signaling, creating a positive feedback loop by which IFNa is produced subsequently in
cells that have already been primed by IFN.(47) IFNP is therefore not just the
homeostatic IFN-I based on its functionality, but it is also the master regulator of the
IFN-I response.

The nucleic acid sensing PRRs can induce both [FNa and IFN, but IFN is
preferentially induced by the bacterial cell wall sensing TLRs 2 and 4.(50, 101)
Therefore, in the absence of viral infection, it can be hypothesized that commensal
bacteria might preferentially induce IFNP expression, further underscoring the unique

role of IFNf in homeostasis.
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As a pleiotropic cytokine, IFN-I signaling can result in several different signaling
outcomes all mediated through the same receptor. Importantly, the many different
biological outcomes, whether pro- or anti-inflammatory, could be either beneficial or
detrimental to the host depending on the context. The IFN response must therefore be
regulated to maximize the benefits while minimizing detrimental effects to the host.
Interestingly, the expression pattern of IFNP is distinct from IFNa, suggesting the
possibility that the body uses controlled expression of the distinct type I interferons to
favor homeostatic expression only of the regulatory variant, IFNB. We have
hypothesized that the commensal microbiota might preferentially induce expression of

IFNB to regulate IFN-I signaling and in turn to mediate immune system homeostasis.

1.3. Regulation of the type I interferon response by the microbiota

Analysis of microbial regulation of the IFN-I response has been largely limited to
diseased states or administration of exogenous, and often synthetic, microbial ligands. A
limited number of studies have begun to elucidate how the homeostatic IFN-I response is
regulated in healthy individuals, with implications for a role for commensal microbes. In
light of the crucial biological functions of IFN-Is, it is important to understand the normal
physiological regulation of this cytokine family.

IFN-Is are expressed at very low levels in the absence of infection, and are below
the limit of detection for conventional protein-based cytokine analysis. As such, RNA
based detection methods to look at transcript level expression of IFN-Is and downstream
ISGs are commonly used for in vivo IFN-I analysis.(63) While there have not been

studies directly addressing the role of commensal microbes in regulation of constitutive
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IFNB, several groups have indirect evidence suggesting the possibility. The first
evidence comes from the location of IFNf expression. When looking at expression of
IFNB by CD11c" DCs, IFNP was expressed specifically in the intestinal (LP) (both small
and large intestine). Interestingly, expression was restricted to the intestinal LP, and was
notably absent not only from the spleen, a systemic immune organ, but also from gut
associated lymphoid tissues including the Peyer’s patches and mesenteric lymph nodes
(mLNs).(102) This tight locational restriction of IFN expression by DCs to the intestinal
LP, a site in close contact to the majority of the bodies trillions of commensal microbes,
strongly implies a role for the microbiota in constitutive IFNP expression. Further
support for this hypothesis came from using mice deficient for various PRR signaling
adapters to examine their role in intestinal LP DC IFNP expression. This work found that
the signaling adapter TIR-domain-containing adapter-inducing interferon-f (TRIF),
involved in the response to several TLRs, was required for IFN expression by intestinal
LP DCs, further suggesting the requirement of activation of TLR signaling by a microbial
molecule.(62) In the absence of infection, it can thus be predicted that the commensal
microbiota provides the stimulus for this PRR signaling and therefore regulates IFNf
expression.

The aforementioned studies focused on the expression of the IFN-I cytokines
themselves, and did not look at a direct connection to the microbiota. Looking at the
downstream effect of these cytokines, ISG expression, the commensal microbiota has
been more directly implicated in the homeostatic IFN-I response. Using broad-spectrum
antibiotics treatment to deplete the microbiota of mice, Abt et al found that the

commensal microbiota were required for low-level expression of ISGs in splenic
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macrophages. Furthermore, this tonic ISG expression was physiologically important, as
it primed the macrophages to respond robustly to subsequent respiratory virus infection,
ultimately providing resistance and improved disease outcome to the host.(103)
Interestingly, the antibiotics used in this study were delivered orally, with three of the
four known to be poorly absorbed, suggesting that depletion was limited to the intestinal
microbiota and thus that gut commensals are capable of functionally influencing the
systemic IFN-I response.(104-107)

Another recent study provides evidence for regulation of the IFN-I response by
specific commensal microbes, through demonstration of an association between
colonization of GF mice with certain human gut commensals and an interferon response
gene expression signature by microarray analysis.(108) However, interpretation of these
findings is confounded by the multitude of effects these microbes had on the host. GF
mice have an underdeveloped immune system, with reduced numbers and altered
frequencies of many immune cell types.(21, 22) The bacterial species associated with an
increased IFN-I gene signature compared to GF mice also regulated immune cells,
including pDCs, which are potent producers of IFN-1.(109) It is therefore unclear whether
the microbes were directly inducing the IFN-I response or whether their effects on
restoring different immune cell subsets and the overall maturation of the immune system
indirectly led to the enhanced IFN-I gene expression signature. Further work must
therefore be done to dissect the regulation of the homeostatic IFN-I response by the

commensal microbiota.
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1.4. Summary

It is increasingly evident that IFN-Is are not only constitutively expressed, but are
required for maintenance of homeostasis, and the overall health of the host. As such, it is
important to understand how constitutive IFN-I signaling is regulated in healthy
individuals. A mechanistic understanding of this regulation, as well as how it might be
disrupted leading to disease, has the potential to lead to new therapeutic strategies.
Current IFN-I based therapies rely on the administration of exogenous IFN-Is, which are
not under regulatory control and can have unwanted side effects.(110, 111) A clinical
approach based on manipulation of the microbiota to restore homeostatic regulation of
IFN-Is might therefore have the potential to provide the beneficial aspects of IFN-I
signaling, while still maintaining a homeostatic balance, thus reducing undesired adverse
effects.

We hypothesized that the commensal microbiota is required for IFNf induction
and regulation of the homeostatic IFN-I response and that IFNJ is an important mediator
of commensal immunoregulation. Our findings demonstrate that the commensal
microbiota is required for intestinal LP DC IFNP expression and further identify a
specific human gut commensal microbe capable of regulating this response.
Furthermore, we have identified a specific commensal microbial molecule and the
mechanism by which it signals to induce IFNP regulation. Finally, we demonstrate
functional importance of commensal-induced IFN in virus infection and in maintenance

of tolerance.
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Chapter 2

Regulation of the type I interferon response by the commensal microbiota



2.1. Introduction

There is increasing evidence that the IFN-I signaling pathway is active not just
during infection, but also under steady-state conditions.(62, 63) IFN-Is are induced by
PRR sensing of microbial products.(46) In the absence of pathogen associated molecular
products, we hypothesized that the commensal microbiota might supply PRR signaling,

and regulate the consititutive IFN-I response.

2.2. The commensal microbiota regulates tissue ISG expression

During infection, IFN-Is are induced at high levels and can be readily detected in
the systemic circulation. However, under homeostatic conditions, IFN-I expression is
extremely low and the half-life of IFN-Is is short, making them difficult to detect.(63,
112) It is therefore common to use expression of downstream ISGs as an assay for IFN-I
activity. To begin to probe the role of the intestinal microbiota in IFN-I regulation, we
therefore sought to see how microbiota depletion affects ISG expression in various
murine tissues. The relative expression levels of a select panel of ISGs in adult wild type
(WT) GF mice devoid of all microbes compared to age- and gender-matched WT specific
pathogen free (SPF) mice were analyzed using quantitative reverse transcription
polymerase chain reaction (QRT-PCR). The vast majority of commensal microbes reside
in the GI tract.(13, 14) Analysis was therefore performed to determine effects of the
microbiota on ISG expression in the intestinal immune compartment, in the mesenteric
lymph nodes (mLN), and systemically, in the spleen. A reduction in ISG expression was
observed in both the mLN (Figure 1A-D) and spleen (Figure 2A-D) in GF mice

compared to SPF mice, supporting a role for microbiota regulation of the IFN-I response.
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Figure 1 Microbiota depletion reduces mLN ISG expression. mLNs were harvested
from age- and gender-matched WT GF mice and from WT or Ifnb1”" SPF mice with and
without broad-spectrum antibiotics (ABX) treatment. RNA was isolated from whole
tissue samples. QRT-PCR was performed to analyze ISG expression levels. Fold change
gene expression was calculated compared to WT SPF mice using the delta-delta CT
method, with ActB as the reference gene and depicted as (A) a heat map of all ISGs tested
or representative bar graphs of mean +/- SEM with each point representing one mouse for
(B) Ifit1 (C) Ifit3, and (D) Oasl2. One-way ANOVA statistical analysis (B) p=0.0066, (C)
p=0.0002, and (D) p=0.0021, followed by Tukey’s multiple comparisons test. ns=not
significant, *p<0.05, **p<0.01.

As aforementioned, GF mice have numerous abnormalities, especially with
respect to immune system development.(21, 22) To confirm that the observed phenotype
was due to a direct role of commensal microbes rather than an indirect developmental
defect, a second method of microbiota depletion was used. Age- and gender-matched
WT SPF mice were orally administered either vehicle control or a broad-spectrum

antibiotics cocktail consisting of vancomycin, gentamicin, metronidazole, and ampicillin

for 7 days. Vancomycin, gentamicin, and ampicillin were given in the drinking water.
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Figure 2 Microbiota depletion reduces splenic ISG expression. Spleens were
harvested from age- and gender-matched WT GF mice and from WT or IfnbI”" SPF mice
with and without broad-spectrum antibiotics (ABX) treatment followed by RNA isolation
from whole tissue samples. qRT-PCR was performed to analyze ISG expression levels.
Fold change gene expression was calculated compared to WT SPF using the delta-delta
CT method, with ActB as the reference gene and represented as (A) a heat map of all
genes or representative bar graph of mean +/- SEM with each point representing one
mouse for (B) Ifitl (C) Ifit3, or (D) Oasl2. One-way ANOVA statistical analysis (B)
p=0.0001, (C) p<0.0001, and (D) p=0.0017, followed by Tukey’s multiple comparisons
test. ns=not significant, *p<0.05, **p<0.01, ***p<0.001.

The bitter taste of metronidazole causes severe dehydration of mice due to avoidance of
drinking metronidazole-containing water. Metronidazole or vehicle control was therefore
administered once daily by oral gavage (OG). Amphotericin B was included to prevent
fungal outgrowth when bacterial loads are markedly decreased. Fecal samples were
plated both aerobically and anaerobically to confirm microbiota depletion. There was a
complete absence of culturable organisms in the stool 48 hrs after beginning antibiotics

treatment, which continued through day 7 of treatment (data not shown), at which point

mice were euthanized and tissues were harvested for RNA isolation and qRT-PCR
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analysis. Using this method, depletion of the microbiota can be temporally controlled,
allowing for depletion of microbes in adult SPF mice, which are physiologically and
immunologically normal, thus controlling for effects caused by absence of microbes at
birth and throughout development. It was found that antibiotics treated mice (ABX) had
significantly reduced ISG expression in the mLN (Figure 1A-D) and spleen (Figure 2A-
D), further supporting a role for the commensal microbiota in induction of IFN-I
signaling and ISG expression.

As can be observed in Figures 1 and 2, microbiota depletion by antibiotics
suppressed ISG expression in both the spleen and the mLN. With the exception of
metronidazole, the administered antibiotics are poorly absorbed by the oral route.(104-
107) Furthermore, similar oral antibiotics regimens successfully depleted the intestinal
microbiota but had no effect on the microbiota composition of the respiratory tract, a
distal commensal-colonized tissue.(113) It is therefore likely that complete microbiota
depletion in our experiments was limited to the GI tract. Our findings therefore
specifically implicate the intestinal microbiota in ISG regulation and suggest that it is
capable of regulating ISG expression not just locally, in the mLN, but also systemically
in the spleen.

Interestingly, in the spleen (Figure 2), there was a more significant reduction in ISG
expression compared to SPF mice in antibiotics treated mice than in GF mice. This
discrepancy could be due to the abnormal physiology of GF mice, which could have

indirect effects on ISG expression.
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2.3. IFNP mediates the microbiota-induced constitutive IFN-I response

The observed decrease in ISG expression upon microbiota depletion suggests that
commensal microbes induce IFN-I expression, which in turn induces ISG expression. As
discussed previously, the mammalian IFN-I family consists of multiple structurally
similar cytokines.(45) IFNP is unique among the IFN-Is with respect to its homeostatic
functions and regulation of its expression.(95) We therefore hypothesized that the
commensal microbiota might specifically induce expression of IFNf and that microbiota-
induced IFNP is required for the observed constitutive IFN-I response, as evidenced by
ISG expression.

To address the importance of IFN in constitutive ISG expression, we compared
ISG expression levels by gqRT-PCR in either WT or IFNp deficient ([fnbI”") SPF mice.
A significant reduction in ISG expression was observed in the mLN (Figure 1A-D) and
spleen (Figure 2 A-D) of IfubI”" mice compared to WT mice, confirming a role for IFNp
in the homeostatic IFN-I response. Interestingly, the magnitude of reduction was
comparable to that observed upon microbiota depletion.

To further test whether specifically commensal-induced IFN is required for ISG
expression, the microbiota of IfinbI”” mice was depleted with antibiotics administration.
Antibiotics treatment had no additional effect on mLN (Figure 1A-D) or splenic (Figure
2A-D) ISG expression in Ifnbl " mice, supporting the hypothesis that commensal
microbes regulate ISG expression, and therefore the IFN-I response, through induction of

IFNB.
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2.4. IFNp is expressed by intestinal dendritic cells

Based on the importance of IFNP for homeostatic ISG expression, we next
investigated the source of commensal-induced IFNfB. Having identified effects not just
locally, in the mLN, but also systemically in the spleen, we first sought to confirm
whether IFN could be identified in the systemic circulation, by measuring serum IFNf
levels using an enzyme-linked immunosorbent assay (ELISA). Consistent with reports
that IFN-I expression is extremely low under homeostatic conditions, we were unable to
detect IFN in the serum of WT SPF or ABX treated mice (Figure 3A).

Analysis of gene expression using qRT-PCR provides a more sensitive detection
method compared to ELISA.(114) Using this technique, we therefore proceeded to
investigate whether IFNP could instead be detected at the transcript level in WT SPF
mice. To identify which tissues express IFN under homeostatic conditions, we analyzed
Ifnb1 expression in the colon lamina propria (LP), mLN, and spleen of WT SPF mice
using qRT-PCR. Interestingly, there were no detectable Ifnb! transcripts in the colon LP
(Figure 3B), mLN (Figure 3C), or spleen (Figure 3D).

Based on the observed decreased ISG expression in IfinbI” mice (Figures 1 and
2), it is evident that IFNJ must be expressed in order to exert its functionality. We
hypothesized that IFNJ might only be expressed in a subset of cells in each of these
tissues, and that enrichment of this cell type might also enhance the levels of Ifnbl

transcripts and thus enable detection of /fnbI expression.
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Figure 3 The commensal microbiota regulates Ifnbl expression by dendritic cells in
the colon LP and mLN. (A) ELISA analysis of IFNB in the serum of WT SPF or
antibiotics treated mice (SPF + ABX). (B-F) Single cell suspensions were prepared from
spleens, mLNs and colon LP harvested from WT SPF and GF mice. Dendritic cell
isolation was performed, yielding dendritic cell positive (DC") and dendritic cell negative
(DC’) fractions. Ifnbl expression was analyzed by qRT-PCR. Relative expression of
Ifnb1 normalized to Actb in the (B) colon LP, (C) mLN, and (D) spleen of WT SPF mice.
(E) Fold change Ifinbl expression in WT SPF DC" fraction of colon LP and mLN,
normalized to mLN. (F) Ifnbl expression in colon LP DC" cells from WT SPF or GF
mice, fold change normalized to GF. Fold change calculated using the delta-delta CT
method, with Actb as a reference gene. Bars represent average +/- SEM. Statistical
analysis by unpaired t-test. N.D.=not detected, *p<0.05.

DCs are important sentinel cells of the immune system, serving to detect microbes
and initiate and shape the immune response.(115) Because IFNP is induced in response to
microbial signals and PRR signaling, we hypothesized that DCs might be the source of
IFNP under homeostatic conditions.(46) DCs were isolated from the colon LP, mLN, and

spleens of WT SPF mice using a magnetic bead-based cell separation method to isolate

both ¢cDCs and pDCs based on expression of CDIllc or pDC antigen-1 (PDCA-1).
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Expression of Ifib] was analyzed in both the DC" and DC™ fractions by qRT-PCR. There
was no detectable Ifnbl expression in the DC™ fraction of the colon LP of four out of the
five mice tested (Figure 3B). In addition, /fnb! transcript levels were undetectable in the
DC- fractions of the mLN (Figure 3C) and spleen (Figure 3D). However, DCs in both
the colon LP (Figure 3B) and the mLN (Figure 3C) expressed Ifnbl. Interestingly, DC
expression of Ifnb1 is significantly higher in the colon LP than in the mLN (Figure 3E).
Intestinal DCs continuously sample the intestinal luminal content, where they are
exposed to commensal microbial antigens. DCs that are loaded with commensal antigen
are restricted to the mucosal-associated lymphoid tissue, where they traffic to the mLN
but do not enter systemic immune circulation.(116) Our finding that Ifnbl expression is
detected most strongly in colon LP DCs, but also in mLN DCs is consistent with a model
by which commensal microbes signal to colon LP DCs to induce IFNf, and that some of

these DCs then traffic to the mLN.

2.5. The commensal microbiota regulates colonic DC IFNJ expression

Our results suggest a role for the commensal microbiota in regulation of the
homeostatic IFN-I response, specifically through regulation of IFNB. To further test the
role of the microbiota in intestinal DC Ifnb1 expression, we analyzed DCs from the colon
LP of GF and SPF mice. The colonic LP DCs of GF mice exhibited significantly reduced
Ifnb1 expression compared to SPF mice (Figure 3F), confirming that the commensal
microbiota is required for colon LP DC IFNf expression.

Several studies have reported biological effects of oral administration of low dose

IFN-L.(117, 118) We therefore sought to investigate whether intestinal-derived IFN,
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such as that which might be induced by the intestinal microbiota, could also affect the
homeostatic IFN-I response. IFNJ was therefore administered by OG to antibiotics-
treated mice to determine whether delivery of IFNf via the GI tract could restore the
deficient IFN-I response. Following daily administration of 100 international units (IU)
of IFNB for 4 days to ABX-treated mice, there was a trend towards increased ISG
expression in the spleen (Figure 4A) and mLN (Figure 4B), confirming that IFNf of
intestinal origin can mediate systemic changes, and specifically regulation of ISG
expression. Of note, the effect on ISG expression was much less than in SPF mice. This
is potentially due to an inadequate dose and/or frequency of oral IFNf and it would be
interesting to further optimize this dosing regimen to determine the effects on ISG
expression. Alternatively, ISG expression might depend on multiple microbiota derived

signals, and thus IFNP alone might not be sufficient to completely restore ISG

expression.
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Figure 4 Oral IFNP treatment partially restores splenic and mLN interferon
stimulated gene expression. Spleens (A) and mLN (B) were harvested from age- and
gender-matched antibiotics treated wild type mice treated by oral gavage with vehicle
(WT ABX) or 100 IU IFNP daily for 4 days (WT ABX + IFNB OG). RNA was isolated
from whole tissue samples. QRT-PCR was performed to analyze ISG expression levels.
Fold change gene expression was calculated compared to WT ABX vehicle control using
the delta-delta CT method, with ActB as the reference gene. Bars represent average +/-
SEM. Statistical analysis with unpaired t-test. ns=not significant, *p<0.05.
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Based on the observation that low levels of orally administered IFNB can
modulate the systemic IFN-I response, it is therefore plausible that commensal-induced
IFNB expression by intestinal LP DCs can mediate systemic regulation of the

homeostatic IFN-I response and its functions.

2.6. Summary

In this chapter, we demonstrated a novel mechanism by which the commensal
microbiota influences the immune system, through regulation of IFNP expression
specifically by colonic LP DCs. The commensal-induced IFN response was further
demonstrated to be required for the homeostatic expression of ISGs both locally, in the
mLN and systemically, in the spleen.

Our findings are consistent with previous reports of commensal regulation of the
IFN-I response, which identified that ISG expression is reduced in splenic macrophages
by antibiotics treatment.(103) However, our work builds on the existing literature by
using two methods of microbiota depletion as well as analysis of whole tissue ISG
expression levels instead of just one cell type in both the mLN and the spleen. Our work
therefore demonstrates a broader effect of the microbiota on the IFN-I response, which
affects multiple tissues and cell types. In addition, we provide direct evidence for the
involvement of the IFN-Is in the regulation of ISGs by the commensal microbiota by
identifying which of the IFN-I family cytokine members is required for regulation of
homeostatic ISG expression. Indeed, ISG expression was reduced in IfnbI”" mice, with
no additional reduction upon antibiotics treatment, confirming the role of commensal-

induced IFNP in the homeostatic IFN-I response.
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A specific cellular source of commensal-induced IFNB was also identified.
Specifically, we determined that commensal microbes induce IFNf expression by colonic
LP DCs, with lower levels of IFNf expression also detected in MLN DCs but not in
splenic DCs. Intestinal DCs have previously been established to carry commensal
antigen to the mLN, where they are restricted from entering into systemic immune
circulation, and thus remain in the intestinal immune compartment.(116) Our results
suggest that IFNJ is expressed in response to detection of microbial antigens by colonic
LP DCs, which then remain in the intestinal LP or traffic to the mLN.

Interestingly, while splenic DCs do not express IFNP, we observed decreased
splenic ISG expression in IfnbI”" and ABX treated mice. It is possible that IFNp that is
secreted in the mucosal immune compartment might enter the systemic circulation, thus
inducing ISG expression. However, there was no detectable level of IFNJ in the serum
of WT SPF mice when analyzed by ELISA (Figure 3A). IFNP is extremely potent,
capable of inducing ISG expression with a half-maximal effective concentration (ECs)
of 0.2 pM.(95) It is therefore possible that even a minute quantity of IFNP, below the
limits of detection of ELISA, might enter the circulation from the mucosal immune
compartment and induce systemic effects on ISG expression. Alternatively, secretion of
IFNP by intestinal DCs might induce downstream gene expression changes locally, in
neighboring cells, which can then traffic to distal body sites. Further investigation will be
required to determine which of these mechanisms accounts for systemic ISG expression

under homeostatic conditions.
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Chapter 3

Mechanism of IFNP induction by the commensal microbiota



3.1. Introduction

While numerous associations between microbes and disease or host physiology
have been reported, very few studies have identified specific microbes and the molecular
mechanism by which they modulate the host. We therefore sought to identify a

commensal organism capable of regulating IFNf and the constitutive IFN-I response.

3.2. Bacteroides fragilis induces expression of IFNf by colon LP DCs

Of the trillions of commensal bacteria which inhabit the mammalian colon, one of
the most prominent phyla represented is the phylum Bacteroidetes, consisting of obligate
anaerobic, Gram-negative rods.(119) Indeed, approximately 25% of all colonic anaerobes
belong to the genus Bacteroides within the phylum Bacteroidetes.(119, 120) An
association was recently reported between several species of the genus Bacteroides, pDC
numbers, and a IFN-I response gene signature.(108) One of the Bacteroides sp.
investigated in this study was B. fragilis, a common human colonic commensal bacterial
species. In addition to the association with pDCs and a IFN-I signature, B. fragilis has
been demonstrated to have important immunomodulatory properties, capable of restoring
the Th cell balance in GF mice, regulating NK T cells, and inducing 1L-10 producing
Tregs in the context of inflammation.(22, 39, 43, 121) Due to its demonstrated ability to
interact with and influence the immune system, as well as the association with pDCs and
IFN-I, we hypothesized that B. fragilis might be capable of inducing IFNf in colonic
DCs and thus regulating the IFN-I response.

GF mice were colonized with B. fragilis strain NCTC 9343 at 4 weeks of age,

followed by isolation of colon LP DCs and analysis of Ifnbl expression by qRT-PCR
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after 2 weeks. As a colonization control, GF mice were colonized with a different
bacterial species with demonstrated immunomodulatory properties, Clostridium ramosum
(C. ramosum), thus controlling for any non-specific effects due to colonization.(108, 122)
We observed that colonization with B. fragilis significantly enhanced Ifnb1 expression in

colon LP DCs, while C. ramosum colonization had no effect (Figure 5).
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Figure 5 B. fragilis colonization induces Ifnbl expression by colon LP dendritic cells.
Wild type germ free mice were gavaged with vehicle (GF) or colonized at 4 weeks of age
with B. fragilis or C. ramosum. Two weeks post colonization, dendritic cells were
isolated from single cell suspensions of colon LP cells. RNA was isolated and Ifnbl
expression was analyzed by qRT-PCR. Fold change gene expression compared to GF was
calculated using the delta-delta CT method, with Actb as the reference gene. Each point
represents one mouse, each bar the average +/- SEM. Statistical analysis with one-way
ANOVA (p=0.0153) followed by Tukey’s multiple comparisons test. **p<0.01, ns=not
significant.

3.3. B. fragilis capsular polysaccharide A regulates IFN expression

Having identified a human commensal microbe capable of regulating IFNP
signaling, we mnext sought to identify the mechanism responsible for this
immunomodulation. The outer membrane (OM) of Gram-negative bacteria, such as B.

fragilis, serves as the site of interaction between the bacterial cell and its environment, in

this case the mammalian intestine.(123) In addition, the OM comprises several classes of
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potentially immunomodulatory molecules, including glycolipids, phospholipids and
proteins.(123, 124) We therefore hypothesized that an OM component might be
responsible for B. fragilis induction of IFNB. To test this hypothesis, an in vifro model
was developed in which bone marrow-derived dendritic cells (BMDCs) isolated from
WT mice were treated with OM complexes isolated from B. fragilis as previously
described, followed by ELISA analysis of secreted IFN in the supernatants.(123) It was
found that B. fragilis OM complexes significantly induced IFNP secretion by BMDCs
(Figure 6A).

The capsular polysaccharide A (PSA) of B. fragilis has been demonstrated to
have immunomodulatory properties, capable of inducing IL-10 producing T cells and
protecting against inflammatory disorders.(22, 39, 43) In Gram-negative bacteria,
capsular polysaccharides can be attached to the OM through covalent linkage to lipid
anchors, which are inserted into the OM lipid bilayer.(125) We therefore hypothesized
that PSA might be an IFNB-inducing component of the B. fragilis OM. To test this
hypothesis, we treated BMDCs with purified PSA for 6 hours (hrs) and secretion of IFNf
in the supernatants was analyzed by ELISA. Indeed, PSA significantly induced IFNf
secretion by BMDCs (Figure 6B). Interestingly, secretion of the other predominant IFN-I
species, IFNa, was not induced by PSA (Figure 6B), suggesting that PSA preferentially
induces IFN.

To further confirm the ability of PSA to induce a productive IFN-I response
through IFNP, expression of downstream ISGs was analyzed by qRT-PCR in BMDCS
treated for 24 hrs with PSA or vehicle control. An increase in expression of ISGs was

observed in WT BMDC:s treated with PSA (Figure 6C). Furthermore, expression levels
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Figure 6 B. fragilis polysaccharide A induces IFNP in vitro in bone marrow
dendritic cells. BMDCs from WT, Ifubl™”", or Ifnarl” mice were differentiated in the
presence of GM-CSF. IFNP or IFNa levels in the cell free supernatants of WT BMDCs
treated with (A) 100 ug/mL B. fragilis OM extract or (B) 50 ug/mL PSA for 6 hrs were
analyzed by ELISA. (C) RNA was isolated from WT BMDCs 24 hrs post treatment with
50 ug/mL PSA and ISG expression was analyzed by qRT-PCR. Fold change gene
expression was calculated compared to vehicle control samples using the delta-delta CT
method with Actb as the reference gene. (D) After 24 hrs of treatment with 100 ug/mL
PSA or 5 ng/mL IFN, surface expression of BST2 gated on live CD11c" cells was
measured by flow cytometry and reported as fold change MFI compared to CTRL. Data
represents average +/- SEM. Statistical analysis with (A-C) unpaired t-test and (D) Two-
way ANOVA followed by Dunnett’s multiple comparisons test comparing each group to
the CTRL group for that genotype. N.D.= not detected, ns=not significant, **p<0.01,
**%p<0.001, ****p<0.0001.

of the surface-expressed ISG, bone marrow stromal cell antigen 2 (BST2), were
determined by flow cytometric analysis of mean fluorescence intensity (MFI) and found
to be increased in PSA treated compared to vehicle control WT BMDCs (Figure 6D).

PSA failed to enhance surface BST2 levels in IFNARI deficient (I[fnarl™) or Ifnbl™
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BMDCs, while treatment of WT BMDCs with exogenous IFNf alone was sufficient to
increase surface levels of BST2 (Figure 6D), confirming that IFNP is both necessary and
sufficient for the observed increase in levels of a representative ISG by PSA.  Together,
these data demonstrated that PSA induces secretion of IFNB and downstream ISG
expression in vitro by BMDCs.

Having established that PSA is capable of inducing IFNP in vitro, we next sought
to investigate the in vivo IFNB-inducing capabilities of PSA, through analysis of Ifnbl
expression by colon LP DCs. WT SPF mice were administered 150 ug of PSA by OG
and euthanized after 1.5 hrs for harvest of colons, preparation of colon LP single cell
suspensions, and DC isolation. RNA was isolated from colon LP DCs and Ifnbl
expression was analyzed by qRT-PCR. A significant increase in [fnbl expression was
observed 1.5 hrs after treatment (Figure 7), suggesting that PSA is capable of signaling to

colon LP DCs in vivo to induce Ifnbl expression.
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Figure 7 PSA induces Ifnbl expression in vivo by colon LP dendritic cells. Wild type
SPF mice were gavaged with vehicle (SPF) or 150 ug of PSA then rested for 1.5 hrs.
Colons were harvested for isolation of dendritic cells from single cell suspensions of
colon LP cells. RNA was isolated and Ifnb1 expression was analyzed by qRT-PCR. Fold
change Ifnb1 expression compared to SPF mice was calculated using the delta-delta CT
method, with Actb as the reference gene. Each point represents one mouse, each bar the
average +/- SEM. Statistical analysis with unpaired t-test. ***p<0.001.
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3.4. B. fragilis lipooligosaccharide signals through TLR4 to induce IFNf

Having identified an IFN-inducing commensal microbial molecule, the
mechanism of signaling was investigated next. PSA has been previously demonstrated to
signal through the PRRs TLR2 and dectin-1 (unpublished data) to induce secretion of IL-
10 by T cells.(43, 126) Interestingly, signaling through both the TLR2 and dectin-1
pathways has been reported previously to induce IFNB in a context-dependent
manner.(50, 127) The role of TLR2 and dectin-1 in PSA induction of IFNf was therefore
investigated by comparing the response of WT, dectin-1 (Clec7a™) and TLR2 (Tlr2™")
deficient BMDCs to PSA using ELISA to detect IFN in the cell free supernatants.
Much to our surprise, loss of dectin-1 or TLR2 had no effect on IFNf secretion (Figure
8A), suggesting that PSA signals through a previously unidentified pathway to regulate
IFNp expression.

IFN-I expression is generally attributed to nucleic acid, virus-sensing PRRs.(48,
50) The bacteria sensing TLR2, dectin-1, and TLR4 pathways represent some of the few
exceptions.(50) TLR4 senses microbial glycolipids, with the Gram-negative bacterial OM
component lipopolysaccharide (LPS) serving as the canonical TLR4 ligand.(128)
Importantly, IFNP is the predominant IFN-I induced downstream of TLR4, consistent
with the signaling observed by PSA (Figure 6B).(129) We therefore investigated whether
PSA signals through TLR4 to induce IFNB secretion. TLR4 deficient (7/r4”) BMDCs
completely lost the ability to secrete IFN in response to PSA treatment (Figure 8A),
confirming that PSA signals through TLR4 to induce IFNJ secretion.

TLR4 signaling proceeds through two different signaling adapter molecules,

myeloid differentiation primary response protein (MyD88) and TRIF, to mediate
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Figure 8 B. fragilis glycolipids signal through TLR4 on BMDCs to induce IFNf.
BMDCs from WT, T. Ir2” " Clec7a” S T Ird” -, Trif " S, or Myd88'/ “mice were differentiated in
the presence of GM-CSF. WT or knockout BMDCs were treated with (A) 50 ug/mL B.
fragilis PSA, (B) a dose response of PSA or LOS, or (C) 1 ug/mL LOS. After 6 hrs, cell
free supernatants were harvested and IFNP was analyzed by ELISA. Data represents
average +/- SEM. Statistical analysis with (A) one-way ANOVA (p<0.0001) followed
by Dunnett’s multiple comparisons test, (B) two-way ANOVA followed by Dunnett’s
multiple comparisons test comparing each group to 0 ug/mL control sample for that
genotype, or (C) unpaired t-test. N.D.=not detected, ns=not significant, *p<0.05,
**p<0.01, ***p<0.001.

downstream gene expression changes. These two branches activate divergent pathways,
with MyD88 canonically activating the transcription factor nuclear factor kappa-light-
chain-enhancer of activated B cells (NFxB) to induce proinflammatory gene expression
while TRIF is reported to activate IRF3 to mediate IFNP expression and the IFN-I
response.(130) Consistent with these well-described signaling events, PSA induction of
IFNB was entirely dependent on TRIF, as evidenced by the lack of increased IFNf

secretion in TRIF deficient (7rif”) BMDCs in response to PSA (Figure 8A). A

significant decrease in IFNf secretion was also observed in PSA treated MyD88 deficient
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(Myd88'/ ) BMDCs (Figure 8A), potentially due to regulatory effects that MyD&8
expression might have on BMDC function rather than direct induction of IFNP by
MyD88.

The canonical TLR4 ligand is LPS, the primary component of the OMs of gram-
negative bacteria.(130) We recently identified that PSA contains a glycolipid portion
hypothesized to anchor the capsular polysaccharide to the OM, which will hereafter be
referred to as the B. fragilis glycolipid anchor (GLA). On the basis of molecular mass, it
is estimated that GLA represents approximately 1% of the PSA structure. Interestingly,
GLA resembles an LPS species, with the repeating tetrasaccharide unit of PSA extending
from a diglucosamine backbone linked to three, four, or five acyl chains. In contrast to
the archetypal Gram-negative bacterial species Escherichia coli (E. coli), the OM of B.
fragilis lacks LPS but instead consists of a lipooligosaccharide (LOS), comprising a lipid
A domain linked to a short oligosaccharide.(131) Recent work in our laboratory has
identified that the GLA portion of PSA structurally resembles B. fragilis LOS. In fact, it
is now believed that PSA is covalently linked to LOS to anchor it to the OM. We
therefore hypothesized that the LOS portion of PSA might be responsible for induction of
IFNP and that purified B. fragilis LOS might be capable of inducing the TLR4-TRIF-
IFNB signaling pathway. LOS was isolated from an acapsular mutant strain of B. fragilis,
which lacks all capsular polysaccharides including PSA, but has an intact LOS-
containing OM. WT and 7I/r4"~ BMDCs were treated with LOS and it was discovered
that LOS alone induces IFN in a dose-dependent manner through TLR4 (Figures 8B and

8C).
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3.5. B. fragilis LOS is less inflammatory than E. coli LPS

In addition to being an essential structural component of the Gram-negative
bacterial OM, LPS is an important mediator of host-microbe interactions. Indeed, the
lipid A portion of LPS is the primary Gram-negative bacterial molecule that is recognized
by the immune system.(132) Activation of TLR4 by lipid A signals not only through
TRIF to induce IFN-I signaling, but also through MyD88 to induce proinflammatory
mediators including tumor necrosis factor o (TNFa), inducible nitric oxide synthase
(INOS), and IL-12.(130) Through activation of a robust and uncontrolled immune
response, LPS exposure can cause severe systemic inflammation, leading to sepsis and in
some cases potentially lethal septic shock and multi-organ failure.(132, 133) As a result
of its endotoxicity and the associated adverse effects, the clinical applications of LPS as
an immunomodulator have been limited. However, most research on LPS has focused on
E. coli.(130)

Using various assays including the Limulus amoebocyte lysate (LAL) assay,
rabbit pyrogenicity test, chick embryo lethality, and the Swartzman reaction, B. fragilis
LOS has previously been demonstrated to have low endotoxic activity, suggesting the
potential to be a less inflammatory LPS species.(134, 135) This difference in activity can
be attributed to several structural differences between the two molecules. Whereas E. coli
LPS is hexa-acylated, B. fragilis LOS represents a mixture of penta-, tetra-, and tri-
acylated molecules.(136) In addition, the acyl-chains of B. fragilis LOS are longer, with
C15-C17 fatty acid chains compared to C12-C14 fatty acids used by E. coli LPS.(136,
137)  Finally, the diglucosamine backbone of B. fragilis LOS is mono- or non-

phosphorylated compared to the bis-phosphorylated lipid A of E. coli.(132, 136)
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Numerous studies have revealed that the number and length of the acyl-chains as well as
the phosphorylation state of the disaccharide backbone in LPS are critical factors
affecting the interaction with TLR4 and the downstream function of these
molecules.(130)

Based on its previously demonstrated low endotoxicity and structural differences,
we therefore hypothesized that B. fragilis LOS signals differently through TLR4 than E.
coli LPS to induce lower levels of proinflammatory mediators while still inducing the
immunomodulatory cytokine IFNP. Induction of the cytokine TNFa, which is thought to
be a major contributor to the adverse effects during septic shock, was used as a measure
of proinflammatory activity.(138) WT BMDCs were treated with a dose response of B.
fragilis LOS or E. coli LPS and both TNFa and IFNp secretion were measured by
ELISA. While B. fragilis LOS did induce TNFa, it was less potent than E. coli LPS,
requiring a greater concentration in order to observe detectable levels (Figures 9A and
9B). Indeed, the ECsy of TNFa induction by E. coli LPS was calculated to be 0.3 ng/mL,
232 times more potent than the 69.52 ng/mL ECs of B. fragilis LOS. Interestingly, there
was a significant difference in the dose response curve of E. coli LPS for induction of
TNFa compared to IFNP (Figure 9A). Indeed, TNFa was induced at lower
concentrations of E. coli LPS than IFNP. In contrast, the dose response curves for
induction of TNFa and IFNPB by B. fragilis LOS were statistically indistinguishable
(Figure 9B). These findings suggested that E. coli LPS preferentially induces the
proinflammatory, MyD8&88-dependent pathway, while B. fragilis LOS induces both the

MyDS88- and TRIF-dependent pathways equally.
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Figure 9 B. fragilis LOS is less inflammatory than E. coli LPS. BMDCs from WT
mice were differentiated in the presence of GM-CSF. ELISA analysis of TNFa and IFNf
levels in the cell free supernatants of WT BMDCs treated with a dose response of (A) E.
coli LPS or (B) B. fragilis LOS for 6 hr. ELISA analysis of (C) TNFa or (D) IFN in the
supernatants of WT BMDCs treated with 50 ng/mL E. coli (Ec) lipid A alone or in
combination with 250 ng/mL B. fragilis (Bf) lipid A for 6 hr. Data represents average +/-
SEM. Statistical analysis with (A,B) nonlinear regression analysis or (C,D) unpaired t-
test. ns=not significant, *p<0.05, **p<0.01

Because both of these molecules bind to and signal through the same receptor, we
hypothesized that B. fragilis LOS might not only induce less proinflammatory mediators
itself, but that it might also reduce induction of these molecules by other more
inflammatory microbes, through competitive inhibition. To test this, lipid A was isolated
from B. fragilis LOS by acid hydrolysis and added to WT BMDC cultures in combination
with synthetic E. coli hexa-acylated lipid A. We discovered that addition of B. fragilis
lipid A significantly reduced TNFa secretion by BMDCs in response to E. coli lipid A
(Figure 9C). Interestingly, the reverse effect was observed when looking at IFNf

secretion, in which addition of B. fragilis lipid A had an additive effect, significantly

44



increasing IFNP secretion compared to E. coli lipid A alone (Figure 9D). These results
suggested that the LOS of the human gut commensal B. fragilis is able to preferentially
induce the immunoregulatory IFNP signaling pathway while reducing induction of the

proinflammatory MyD88-dependent pathway by other microbes.

3.6. Regulation of IFN by Bacteroides sp.

Several recent publications have revealed that the LPS molecules of other species of
Bacteroides consist of glycolipids that are structurally similar to B. fragilis LOS.(139,
140) Importantly, the genus Bacteroides makes up a large proportion of the human GI
microbiome and is widespread in prevalence across the human population.(141) Indeed,
the Bacteroides LOS/LPS might be one of the most abundant microbial molecules in the
GI tract. We therefore hypothesized that induction of IFNf by Bacteroides LOS/LPS
might represent a broader mechanism by which commensal microbes are capable of
influencing human health.

To test this hypothesis, we isolated OM complexes from several different species of
Bacteroides to test their in vitro activity in stimulating IFN secretion from BMDCs. It
was observed that OMs of all of the Bacteroides sp. tested were able to induce IFNf by
BMDCs in a TLR4-dependent manner (Figure 10), suggesting that the LPS species of
each of these Bacteroides is indeed able to signal through TLR4 to induce IFNB. OMs
comprise numerous bacterial molecules, including glycolipids, phospholipids and
proteins, all of which might interact with immune cells and influence their response.(123,
124) Isolation of LPS from each of these bacterial species will therefore be required to

further assess their IFNB-inducing capabilities.
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Figure 10 Outer membrane extracts of Bacteroides sp. signal through TLR4 to
induce IFNp secretion. BMDCs from WT or T/r4”" mice were differentiated in the
presence of GM-CSF followed by treatment with 100 ug/mL of OM extracts from the
indicated Bacteroides sp. After 6 hrs, cell free supernatants were harvested and IFNP was
analyzed by ELISA. Data represents average +/- SEM. Two-way ANOVA statistical
analysis followed by Dunnett’s multiple comparisons test comparing each group to the
CTRL group for each genotype. ns= not significant, *p<0.05, ***p<0.001.
3.7. Summary

In summary, we have demonstrated a mechanism by which a specific human
commensal bacterial molecule modulates the immune response. Indeed, we found that
OM glycolipids of B. fragilis, both the capsular PSA and LOS, induce IFNf signaling
through the TLR4-TRIF pathway. Importantly, this mechanism of immunoregulation
seems to be shared by an entire class of microbial molecules, Bacteroides LOS/LPS.
IFN-I signaling plays a role in many functions essential to host physiology. Because the
Bacteroides sp. are important components of the human GI microbiota, both in terms of
prevalence and abundance, induction of IFNf by this taxa of bacteria might represent a
ubiquitous and crucial mechanism by which the immune system and other physiological
processes are regulated to maintain human health.(141) Compared to E. coli, the LOS of

B. fragilis is less endotoxic and also a weaker inducer of proinflammatory cytokines, a

feature likely shared with the other Bacteroides sp. due to the structural similarities
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between their LPS molecules. As a result, the LPS species of these organisms are likely
to have less adverse effects at their effective concentrations than E. coli LPS, and thus
might be able to be used clinically for their ability to induce IFNP and modulate the

immune response.
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Chapter 4

Immunoregulatory role of commensal-induced type I interferon



4.1. Introduction

Having discovered a commensal bacterial species and the mechanism by which it
regulates the IFN-I response, we next sought to identify the physiological importance of
commensal-induced IFN-I signaling, using B. fragilis as the model IFNB-inducing
microbe.

As introduced above, IFN-Is are pleiotropic cytokines, modulating many different
vital host physiological processes.(52, 63, 76) To maintain the health of an organism, the
immune system must be kept in a homeostatic balance, able to respond efficiently to
eliminate pathogens or tumor cells while also maintaining tolerance to self and non-
pathogenic environmental antigens, including commensal microbes.(142) To maintain
tolerance, cells of the innate and the adaptive immune system actively calibrate the
immune response in a dynamic process that depends on the constant integration of signals
such as cytokines.(143) IFN-Is are one such family of immunoregulatory cytokines.
Work from several groups has described the ability of IFN-Is to regulate secretion of the
immunoregulatory cytokine IL-10 and FOXP3" Ty both in vitro and in vivo, thus
supporting a tolerogenic environment.(62, 67, 82-84) Furthermore, the anti-inflammatory
functions of IFN-Is have been demonstrated to be physiologically relevant, providing
protection in several preclinical murine inflammatory disease models, including both
chemically-induced and T cell transfer colitis, EAE, and RA.(64-68) Importantly, IFN is
also used therapeutically in the treatment of relapsing-remitting MS, confirming that
IFNB might also be important in regulation of the human immune response and

prevention of inflammatory and autoimmune disorders.(74)
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In addition to IFN-I signaling, the commensal microbiota has also been described
to be vital for maintaining immune system homeostasis and thus limiting excessive
inflammatory responses.(144) T, have well-described immunosuppressive properties
and play an important role in immunoregulation and maintenance of tolerance. The
microbiota is required for the proper development, maintenance, and function of Treg in
the colon, as well as regulation of numbers of T4 in the gut associated lymphoid
tissues.(144-146) The tolerogenic role of the microbiota is further demonstrated by
observations that GF mice fail to establish tolerance to orally ingested antigens and by the
connection between disruption of the microbiota and inflammatory disorders.(144, 147,
148) Interestingly, B. fragilis PSA is one of the few specific microbial molecules that
have been demonstrated to possess immunoregulatory functions, capable of inducing IL-
10 producing T, and reducing severity of several inflammatory murine disease
models.(39, 43, 126)

Based on the observation that the commensal microbiota, and specifically B.
fragilis PSA, regulates IFN-I signaling, we hypothesized that signaling through IFNf
might represent one mechanism by which the commensal microbiota mediates

immunoregulation and contributes to a tolerogenic environment.

4.2. IFNB signals through dendritic cell IFNARI1 to induce IL-10 secretion by CD4"
T cells

Previous reports have demonstrated the ability of different IFN-I family members

to regulate IL-10 secretion by T cells, each using a different experimental system.(76, 82,

83, 149) We first sought to confirm the immunoregulatory potential of IFNf using a
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mouse splenic DC-T cell co-culture system. Briefly, CD4" T cells were isolated by
negative selection and DCs were isolated by positive selection based on CDllc
expression from the spleens of WT mice using magnetic bead-based cell separation kits.
Isolated splenic CD4" T cells and DCs were cultured together in the presence of anti-CD3
and increasing concentrations of recombinant mouse [FNf. After 5 days, IL-10 levels in
the supernatants were analyzed by ELISA. It was observed that IFNf induces IL-10
secretion in the co-culture system of WT DCs and WT T cells in a dose-dependent
manner (Figure 11A), confirming that IFNf induces IL-10 and that the splenic DC-T cell

co-culture system can be used to analyze the immunoregulatory function of IFN.
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Figure 11 Signaling of IFN through IFNAR1 on DCs induces secretion of IL-10 by
splenic T cells in vitro. DCs and CD4" T cells were isolated from (A) WT and /1 0" or
(B) WT and Ifinarl™” spleens and cultured with IFNB and 1 ug/mL anti-CD3. After 5 days,
supernatants were harvested and IL-10 levels were determined by ELISA. Data
represents average +/- SEM. Two-way ANOVA statistical analysis followed by Dunnett’s
multiple comparisons test comparing each concentration of IFNf to the 0 pg/mL vehicle
control for each genotype. ns=not significant. *p<0.05, **p<0.01, ***p<0.001.

To determine the cellular source of the secreted IL-10 in this system, DCs and

CD4" T cells were isolated from the spleens of IL-10 deficient (/// 0" ) mice and cultured
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either together or in combination with WT DCs or WT CD4" T cells. When /] 0" T cells
were included in the culture, either in combination with WT or /710" DCs, IFNP failed to
induce IL-10 secretion (Figure 11A). In contrast, loss of IL-10 in DCs had no effect on
IFNB-induced IL-10 (Figure 11A), confirming that IFNP enhances secretion of IL-10 by
CD4" T cells in the DC-T cell co-culture system.

While several earlier reports have corroborated the ability of different IFN-Is to
enhance IL-10 secretion by T cells, the mechanism of this induction is a subject of
debate. Specifically, depending on the experimental system used, there is a discrepancy
over which cell IFN-Is signal to in order to induce their anti-inflammatory effects- either
directly to the T cell or indirectly to APCs.(76) To determine whether IFNf signals to the
DC or the CD4" T cell in this system, both cell types were isolated from spleens lacking
the receptor for IFNB, IFNAR1, and cultured either together or with WT DCs or CD4™ T
cells. Loss of IFNARI on CD4" T cells had no effect, while cultures with Ifnar!” DCs
were unable to secrete IL-10 in response to IFNf (Figure 11B), thus revealing that IFNf3
signals through IFNARI1 on DCs to induce T cell IL-10 secretion. Taken together, these
results suggested that it is the APC, in this case the splenic DC, which receives the
regulatory signal from IFNB and communicates with the CD4" T cell to induce IL-10

secretion.

4.3. IFNP signaling is required for induction of T cell IL-10 by B. fragilis PSA
As mentioned above, B. fragilis PSA has well-described immunoregulatory
properties. Indeed, PSA induces IL-10-secreting Tregs, limiting pathologic inflammation

locally in the gut and distally, in the central nervous system.(25, 39, 126) Having
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established that IFN signals to DCs to induce T cell IL-10, we next sought to investigate
the role of DC IFNP signaling in induction of T cell IL-10 secretion by PSA. Splenic
DCs were isolated from WT, Ifnarl . or Ifnb1”" mice and cultured with WT CD4" T cells
and either PSA or PBS as a vehicle control for 5 days followed by IL-10 ELISA analysis.
Secretion of IL-10 in response to PSA treatment was significantly reduced when T cells
were co-cultured with either Ifuarl” or Ifubl” DCs (Figure 12A), confirming that
secretion of IFNB by DCs and autocrine signaling through IFNAR1 on DCs is required
for optimal induction of T cell IL-10 by PSA. These findings are consistent with the
observed tolerogenic function of treatment with IFNJ alone, in which IFNf acts directly

on the APC in the co-culture system to indirectly influence the T cell phenotype.
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Figure 12 B. fragilis PSA signals through the TLR4-TRIF-IFNB-IFNAR signaling
axis on DCs to induce IL-10 secretion by CD4" T cells. CD4" T cells were isolated
from WT spleens and cultured with DCs isolated from (A) WT, Ifnbl . and Ifnarl " or
(B) WT, Tlr4", and Trif” spleens in the presence of 50 ug/mL B. fragilis PSA or vehicle
control and 1 ug/mL anti-CD3. After 5 days, supernatants were harvested and IL-10
levels were determined by ELISA. Data represents average +/- SEM. One-way ANOVA
statistical analysis (A) p=0.0003 and (B) p=0.0002, followed by Tukey’s multiple
comparisons test. ns=not significant, *p<0.05, ***p<0.001.
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Our work has demonstrated that PSA induces IFNf through the TLR4-TRIF
signaling pathway (Figure 8A). We therefore hypothesized that expression of TLR4 and
TRIF by DCs would also be required for PSA induction of IL-10 by T cells. Using the
splenic DC-T cell co-culture system, we found that PSA-induced secretion of IL-10 was
significantly reduced in cultures of WT CD4" T cells with either TIr4” or Trif” DCs
(Figure 12B). Together, these results demonstrated that PSA interacts with DCs by
signaling through the TLR4-TRIF pathway to induce secretion of IFNf, which in turn
activates IFNAR1 on DCs to induce IL-10 secretion by T cells.

Co-culture of WT CD4" T cells with Ifubl”, Ifnarl”, Tir4”, or Trif” DCs
resulted in only a partial loss of IL-10 induction by PSA (Figures 12A and 12B). These
results were consistent with previous work from our lab which has demonstrated that
other IFNB-independent innate immune signaling pathways on DCs- specifically TLR2
and dectin-1 (unpublished data)- are also required for PSA IL-10 induction.(43) The
emerging picture is that the complex activation of multiple signaling pathways by PSA is

required for optimal induction of IL-10 and protection from pathologic inflammation.

4.4. IFNP induces tolerogenic dendritic cell properties

Our findings suggested that induction of IFN[ signaling is an important
mechanism of generation of tolerogenic T cell responses by commensal microbial
antigens. Interestingly, IFNPB does not communicate directly with the T cell, but likely
acts indirectly by influencing how the APC interacts with the T cell. During activation of
an antigen-specific, CD4" T cell response, the APC generally provides three signals to

the T cell. Signal 1 dictates the specificity of the response, through presentation of
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antigen on major histocompatibility complex (MHC) class II molecules to the cognate T
cell receptor. Signals 2 and 3 dictate the intensity and the nature of the T cell response,
with signal 2 coming from expression of costimulatory molecules and signal 3 from
cytokine secretion by APCs.(150, 151) We hypothesized that commensal-induced IFNf
might support a tolerogenic dendritic cell phenotype, through enhancing signals 2 and 3
associated with a tolerogenic T cell response.

To investigate regulation of signal 2, we looked at expression of inducible
costimulatory ligand (ICOSL). Interaction between ICOSL on APCs with ICOS on T
cells has been demonstrated to promote T, development and function as well as to
enhance the development of IL-10-producting, FOXP3" type 1 regulatory (Trl)
cells.(152-154) Indeed, the ICOSL-ICOS signaling axis has been associated with reduced
disease severity in several mouse inflammatory disease models, including non-obese
diabetes, EAE, and airway hyperreactivity.(152, 155-157)

The tolerogenic functions of PSA are dependent on pDCs. Interestingly, PSA has
been demonstrated to enhance expression of ICOSL on pDCs and ICOSL was found to
be required for the anti-inflammatory effects of PSA both in vitro and in vivo.(43) We
therefore sought to investigate whether IFNf mediates PSA-induced ICOSL expression.
WT, Ifubl™", or Ifnar]” BMDCs were derived in the presence of FMS-related tyrosine
kinase 3 ligand (FIt3L) using a well-established protocol to favor differentiation of pDCs
as well as conventional DCs (cDCs).(158) Following 10 days in culture, FIt3L-derived
BMDCs represent a mixed population, containing approximately 10% pDCs,
distinguished from ¢DCs by expression of the I-type-lectin receptor siglec H (SH), which

is expressed with high fidelity on pDCs (Figure 13A).(159, 160) FIt3L BMDCs were
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treated with PSA for 24 hrs and ICOSL expression on pDCs was analyzed by flow
cytometry (Figure 13A). We observed that treatment of WT but not Ifnbl " or Ifnarl -
BMDCs with PSA for 24 hrs increased expression of ICOSL on pDCs (Figure 13B).

Treatment of WT or IfnbI”" BMDCs with IFNp alone for 24 hrs also enhanced ICOSL
expression on pDCs, to similar levels as PSA (Figure 13B). Together these results
demonstrated that IFNP is both necessary and sufficient for enhanced expression of

ICOSL downstream of PSA signaling. Because ICOSL was previously demonstrated to

be required for the tolerogenic effects of PSA in vitro and in vivo, we can infer that
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Figure 13 PSA-induced IFNp signaling enhances the immunoregulatory phenotype
of DCs. BMDCs from WT, Ifubl”", or Ifnarl” mice were differentiated in the presence of
FIt3L and treated with 100 ug/mL PSA or 5 ng/mL IFN for 24 hrs. Surface expression of
ICOSL (A) gated on live CD11¢'SH" pDCs was measured by flow cytometry and (B)
reported as fold change MFI compared to CTRL. ELISA analysis of (C) IL-10 and (D)
IL-27 levels in the cell free supernatants. Data represents average +/- SEM. Two-way
ANOVA statistical analysis followed by Dunnett’s multiple comparisons test comparing
each group to the CTRL group for each genotype. ND=not detected, ns=not significant,
*p<0.05, **p<0.01, ***p<0.001.
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regulation of ICOSL might represent a mechanism by which PSA-induced IFNp
regulates T cell IL-10 secretion.

To determine whether PSA-induced IFNf also regulates signal 3 to promote a
tolerogenic environment, we investigated the role of PSA and IFNP in enhancing
secretion of the tolerogenic cytokines IL-10 and IL-27 by DCs. IL-10 and IL-27 are both
involved in regulation of the T cell response to promote an anti-inflammatory
environment.(161) IL-10 has been shown to enhance differentiation and function of Tregs
in the periphery as well as differentiation of IL-10 producing Tr1 cells.(161-163) 1L-27
has also been shown to promote T, function, differentiation of Trl cells, and
suppression of pathologic Th17 responses.(164) Treatment of WT BMDCs with PSA
resulted in increased secretion of both IL-10 (Figure 13C) and IL-27 (Figure 13D),
confirming that PSA does enhance tolerogenic cytokine expression by APCs. Loss of
IFNB or IFNARI disrupted the ability of PSA to increase secretion of IL-10 and IL-27,
while treatment of BMDCs with IFNf alone had no effect on levels of these cytokines
(Figures 13C and 13D). We therefore determined that IFN is necessary but not sufficient
for PSA to increase DC secretion of tolerogenic cytokines.

To determine whether PSA also induces tolerogenic cytokine expression by DCs
in vivo, we isolated colon LP DCs from GF, SPF, or GF mice that were colonized with B.
fragilis at 4 weeks of age for 2 weeks. Using qRT-PCR analysis, it was found that /710
expression by colon DCs was significantly reduced in GF mice compared to SPF mice
(Figure 14), confirming that commensal microbial derived signals are important in vivo
for DC 1110 expression. Interestingly, colonization of mice with B. fragilis enhanced

expression of /110 by colon DCs, even surpassing the DC 7/10 expression levels of SPF
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mice (Figure 14). Together, these data reveal that B. fragilis induces expression of the
tolerogenic cytokine, IL-10, by colon LP DCs. Further investigation will be required to
determine the requirement of IFNP for the in vivo induction of IL-10 by B. fragilis.
By increasing expression of the costimulatory molecule ICOSL and secretion of
IL-10 and IL-27, our results indicated that IFNP mediates induction of a tolerogenic DC
phenotype by PSA, likely contributing to the ability of PSA to induce IL-10 secretion by
T cells.
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Figure 14 B. fragilis colonization restores /10 expression by colon LP dendritic cells.
Colons were harvested from WT GF mice, GF mice colonized for 2 weeks with B.
fragilis, or SPF mice. DCs were isolated from single cell suspensions of colon LP cells,
followed by RNA isolation and qRT-PCR analysis of ///0 expression. Each point
represents one mouse, each bar the average +/- SEM. Statistical analysis with one-way
ANOVA (p=0.0006) followed by Tukey’s multiple comparisons test. **p<0.01, ns=not
significant.

4.5. The therapeutic effects of PSA in EAE are dependent on IFN-I signaling
The tolerogenic effects of PSA are not limited to in vitro settings, but have been
confirmed in vivo in several animal disease models. In mouse models of human IBD,

including both chemically-induced and T cell transfer-mediated colitis, PSA was shown
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to reduce disease severity.(39) Interestingly, these effects were not limited to the local,
intestinal milieu, but PSA was also found to be protective in an inflammatory condition
of the CNS, EAE.(165) IFN-Is have also been shown to reduce severity in these same
mouse disease models.(52) We therefore hypothesized that IFN might be required for
PSA-mediated protection in vivo. To test this hypothesis, we used the mouse EAE
model, in which mice are immunized subcutaneously with the immunogenic epitope of
myelin oligodendrocyte glycoprotein (MOGs;s.ss) emulsified in complete Freund’s
adjuvant (CFA) along with intraperitoneal (IP) injection of pertussis toxin on the day of
and 2 days after immunization. Using this EAE model, mice develop a self-limited,
monophasic disease characterized by ascending paralysis, which is evaluated daily using
a clinical scoring system.(166)

Age- and gender-matched WT or [fnarl” mice were treated with PSA or PBS as a
vehicle control by oral gavage 3 times per week, starting 7 days prior and continuing 14
days after immunization with MOGs;s.ss. WT mice that were treated with PSA were
protected from EAE, based on the observation of reduced daily (Figure 15A) and
cumulative (Figure 15E) disease scores and a reduction in incidence of disease (Figure
15C). Interestingly, this protection was completely lost in Ifnar]'/ " mice, with no
significant difference in daily disease score (Figure 15B), incidence of disease (Figure 15
D), or cumulative disease score (Figure 15E) between PBS and PSA treated mice. These
results demonstrated that IFN-I signaling is required for PSA mediated protection in

EAE, and thus for the tolerogenic effects of PSA.
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Figure 15 Type I interferon signaling is required for protection from EAE by B.
fragilis PSA. Age- and gender-matched WT or Ifnarl” mice were treated with 75 ug
PSA or PBS as a vehicle control by oral gavage 3 times per week, starting 7 days prior
and continuing 14 days after subcutaneous immunization with MOGs3s.s5s emulsified in
CFA to induce EAE. Disease symptoms were quantified as daily disease score based on
ascending paralysis (A,B), percentage of mice with disease symptoms (incidence of
disease; C,D) and the sum of the disease score for each mouse for the duration of the
experiment (cumulative disease score; E). Statistical analysis with (A,B) linear regression
analysis, (C,D) log-rank test and (E) unpaired t-test comparing the PBS and PSA groups
for each genotype. ns=not significant, *p<0.05, ***p<0.001.
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4.6. IL-10 expression by CD4°CD25 T cells is regulated by commensal-induced
IFNB

Our results had demonstrated the importance of IFNP and IFN-I signaling in the
induction of tolerogenic mechanisms by the specific commensal microbe B. fragilis. We
then sought to investigate whether commensal-induced IFNf signaling might represent a
broader mechanism of maintaining a tolerogenic environment and promoting immune
system homeostasis. As mentioned previously, FOXP3" T, are immunosuppressive
cells that are crucial for maintaining tolerance. We therefore sought to investigate the
effect of commensal-induced IFNB on this tolerogenic cell type. FOXP3" T were
analyzed in the mLN and spleen of WT and [fnbI”" littermates using flow cytometry
(gating strategy, Figure 16A). There was no difference in the frequency of FOXP3" Tyegs
out of the total CD4" T cell population in either the spleen (Figure 16B) or mLN (Figure
16C) of IfnbI1”" mice compared to WT littermate control mice, which suggested that IFNp
signaling does not regulate T\, proliferation or differentiation.

Because the frequency of Ty was unaltered by IFNf deficiency, we hypothesized
that IFNB might enhance the immunosuppressive function of T cells, by regulating
secretion of the anti-inflammatory cytokine IL-10. Prior to analysis of ///0 expression,
mMLN T,s Were separated from other mLN CD4" effector T cells by magnetic bead-based
separation on the basis of CD25 expression, a commonly used surface marker for
identification of Tregs (167). CD4"CD25" Tyeqs and CD4'CD25" T cells were isolated from
the mLNs of WT or IfubI”" mice followed by RNA isolation and qRT-PCR analysis of

1110 transcript levels. There was no change in 1710 expression levels in CD4"'CD25" Tiegs
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of Ifnbl'/ " mice compared to WT mice (Figure 16D). However, Ifnbl'/ " CD4'CD25" T

cells exhibited significantly reduced /110 expression compared to WT cells (Figure 16D).
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Figure 16 Commensal-induced IFNp regulates IL-10 expression by CD4'CD25 T
cells. (A) Gating strategy for flow cytometric analysis of Ty, frequencies out of CD4" T
cells in the (B) spleens and (C) mLNs of littermate WT and IfnbI”" mice. (D,E)
CD4'CD25" and CD4'CD25 T cells were isolated from mLNs of WT and Ifib1”" SPF or
ABX treated mice using magnetic bead-based separation followed by RNA isolation and
qRT-PCR analysis of 7/10 expression. Fold change gene expression compared to SPF was
calculated using the delta-delta CT method, with Actb as the reference gene. Bars
represent the average +/- SEM. Statistical analysis with (B-D) unpaired t-test, (E) One-
way ANOVA (p=0.0029) followed by Tukey’s multiple comparisons test. ns=not
significant, *p<0.05, **p<0.01.

62



Therefore, IFN signaling enhances expression of the immunoregulatory cytokine IL-10
by CD4" T cells other than T,ee. One possibility is that the source of IL-10 in this system
is from Tg1 cells, a regulatory CD4" T cell subset characterized by high levels of IL-10
secretion and the absence of FOXP3 or CD25 expression.(168) Interestingly, the in vitro
tolerogenic mechanisms that we observed in response to IFNP signaling, including
ICOSL, IL-27, and IL-10 signaling by APCs, have all been reported to positively regulate
Tr1 cells, either through effects on their function or development.(168) It is therefore
possible that IFNP signaling drives tolerogenic DC mechanisms in vivo leading to
regulation of Tr1 cells.

To investigate the role of the commensal microbiota in the observed IFNp-
dependent 1170 expression by CD4'CD25 T cells, age-and gender-matched WT or
Ifnb]'/‘ mice were subjected to antibiotics depletion of the microbiota, followed by
isolation of mLN CD4'CD25 T cells for qRT-PCR analysis of /10 levels. After
microbiota depletion, a significant reduction in CD4'CD25 T cell 1/10 expression was
observed in WT but not Ifubl” mice (Figure 16E). In addition, when comparing
antibiotics-treated WT mice to IfnbI” mice there was no difference between 1710 levels
in CD4"CD25™ T cells (Figure 16E). The lack of effect of antibiotics on Ifizb!”” mice and
the statistically indistinguishable expression levels observed between SPF IfinbI” mice
and WT antibiotics treated mice suggested that the effects of the microbiota on /70
expression are indeed mediated by IFNf signaling and thus that commensal-induced
IFNB is required for induction of IL-10 secretion by mLN CD4'CD25 T cells.

Taken together, analysis of mLN T cell ///0 expression provides initial evidence of

an important tolerogenic mechanism by IFNf-inducing commensal microbes, resulting in
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regulation of IL-10 expression by T cells. Further work will be required to confirm
whether Tr1 cells are the source of IL-10 in this system, and thus whether commensal-
induced IFNP regulates Trl cells. Additional investigation will also be required to
address whether this phenotype is present in other tissues and to investigate the effects on

proinflammatory Th cell subsets and ultimately the consequences for host health.

4.7. Summary

An imbalance in the composition of the microbiota, known as dysbiosis, is thought
to play a major role in many human inflammatory disorders.(148) In other words, a
balance between beneficial, tolerance-promoting bacteria and potentially pathogenic,
proinflammatory microbes must be maintained to promote host homeostasis and prevent
excessive, pathologic inflammation. Our findings suggest that the beneficial, symbiotic
microbes might use IFNP signaling to promote tolerance, thus preventing disease. We
discovered that multiple Bacteroides species possess the ability to induce secretion of
IFNP and have confirmed using one of these species, B. fragilis, the ability of microbial-
induced IFNB to induce tolerogenic mechanisms and protect against pathologic
inflammation. Bacteroides are a prominent member of the phylum Bacteroidetes.(141)
Interestingly, a reduction in Bacteroidetes has been associated with human IBD,(169)
suggesting that a loss in potentially beneficial Bacteroidetes, such as the IFNB-inducing
Bacteroides, might play a role in human disease. The identification of commensal
bacterial molecules capable of inducing IFNf might therefore provide a novel therapeutic

approach to treating human inflammatory disorders.
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Chapter 5

Commensal-induced IFNP is protective against virus infection in vitro and in vivo



5.1. Introduction

In addition to their more recently discovered immunoregulatory role, IFN-Is have
long been appreciated for their critical contribution to the antiviral response. Indeed,
IFN-Is were first discovered as a factor secreted by virus-infected cells that when applied
to uninfected cells rendered them non-permissive to virus infection, thus “interfering”
with infection.(56) IFN-Is directly block virus infection through induction of an antiviral
state in cells as well as through induction of apoptosis in virus-infected cells.(48, 58) In
addition, IFN-Is indirectly restrict virus infection through regulation of various immune
cell subsets involved in the antiviral immune response.(61) The crucial role of IFN-Is in
antiviral immunity is highlighted by the strong susceptibility to virus infection of mice
lacking IFNAR signaling.(57)

Interestingly, the commensal microbiota has also been demonstrated to contribute
to the antiviral immune response. Initial evidence came from studies which found that GF
mice are more susceptible than conventionally colonized mice to several virus infections,
including Friend leukemia virus, Coxsackie B virus, and influenza A virus (IAV). (170-
172) Microbiota depletion in adult mice has also been shown to increase susceptibility to
[IAV and lymphocytic choriomeningitis virus.(103, 173) Recent work has focused on
addressing mechanisms by which this modulation might occur. One such study found
that in mice treated with broad-spectrum antibiotics, there was deficient activation of the
NLRP3 inflammasome, leading to increased susceptibility to IAV infection.(173)
Another study reported that activation of TLRS signaling by oral treatment of mice with
flagellin induced IL-22- and IL-18-mediated protection against rotavirus infection,

representing another potential mechanism of microbial modulation of the antiviral
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response.(174) However, this study relied on flagellin isolated from a pathogen,
Salmonella typhimurium, and flagellin levels are low in the healthy GI tract.(175) Thus,
TLRS signaling might not represent an antiviral mechanism shared with commensal
microbes. In addition, both of these studies focused on one virus infection model and a
mechanism of immunity specific to each of these viruses. Due to the demonstrated
importance of the commensal microbiota in multiple and diverse virus infection models,
it is likely that other mechanisms of commensal antiviral immune regulation remain to be
discovered.

Interestingly, it was recently reported that constitutive, low-level induction of ISG
expression by the commensal microbiota is required to prime macrophages to respond
robustly to subsequent respiratory virus infection, ultimately providing resistance and
improved disease outcome to the host.(103) Due to the important role of IFN-I signaling
in the context of many different virus infections, such a finding might represent a broad-
spectrum, and therefore universally important, antiviral activity of the commensal
microbiota.(57) Despite this importance, the specific commensal microbes and the
mechanism by which they regulate the IFN-I response have not been addressed. We
therefore sought to investigate whether commensal induction of IFNJ might prime the
IFN-I response to reduce susceptibility to virus infection, using B. fragilis PSA and LOS

as model IFNB-inducing commensal microbial molecules.

5.2. B. fragilis LOS induces expression of intrinsic antiviral factors in vitro

One of the first lines of defense against virus infection is the ability of IFN-Is to

confer an antiviral state to cells, rendering them non-permissive to virus infection.
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Infection of a cell stimulates release of IFN-Is, which signal to infected and neighboring
cells to induce expression of hundreds of ISGs, including intrinsic antiviral factors, which
directly inhibit the different stages of the virus life cycle, thus limiting virus replication,
assembly, and spread.(58) Because B. fragilis LOS induces IFNf, we hypothesized that
LOS might enhance intrinsic antiviral factor expression, thus priming cells to be resistant
to virus infection

Using qRT-PCR, we analyzed the expression of several well-described intrinsic
antiviral factors by BMDCs in response to treatment with LOS. BST2 blocks the release
of enveloped viruses from infected cells by tethering them to the cell surface and
targeting them for degradation.(176, 177) The Interferon-Induced proteins with
tetratricopeptide repeats (IFIT) family of proteins inhibits translation of viral mRNA, and
has been demonstrated to play a role in limiting replication of RNA and DNA viruses,
including TAV and vesicular stomatitis virus (VSV).(58, 178) 2’-5’-Oligoadenylate
synthetase-like protein 2 (OASL2) activates ribonuclease (RNase) L to degrade viral
RNA in the cytoplasm, thus broadly targeting many RNA viruses.(58, 179) After 24 hrs
of treatment, we observed that LOS strongly and significantly increased the expression of
Bst2 (Figure 17A), Ifit]l (Figure 17B), Ifit2 (Figure 17C), Ifit3 (Figure 17D), and Oasi2

(Figure 17E) in BMDC:s.
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Figure 17 B. fragilis LOS induces intrinsic antiviral factor expression in BMDCs.
WT BMDCs were treated with 100 ng/mL of B. fragilis LOS for 24 hrs followed by RNA
isolation and qRT-PCR analysis of gene expression of (A) Bst2, (B) Ifitl, (C) Ifit2, (D)
Ifit3, and (E) Oas/2. Data represents average +/- SEM of fold change gene expression
compared to vehicle control using the delta-delta CT method with Actb as the reference
gene. Unpaired t-test statistical analysis. *p<0.05, ***p<0.001.
5.3.  B. fragilis glycolipids exhibit antiviral activity in vitro through induction of
IFNB

Having observed that signaling of LOS to BMDCs results in increased intrinsic
antiviral factor expression (Figures 17A-E), we next sought to address whether this
increased expression is functional, and thus whether priming of BMDCs with LOS or
PSA can render them non-permissive to virus infection. To test this, we developed an in
vitro virus infection model in collaboration with the laboratory of Dr. Akiko Iwasaki at

Yale University using VSV strain Indiana. VSV is an enveloped, negative-sense, single-

stranded RNA virus of the family Rhabdoviridae, of which the human pathogen rabies
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virus is also a member. VSV displays wide host and cell tropism.(180) While only rarely
infecting humans, it is an important livestock pathogen, infecting cows, horses and pigs,
and is also capable of infecting and causing disease in mice.(181-183) Importantly, VSV
is highly sensitive to IFN-Is and is thus commonly used as a model pathogen to assess the
antiviral activity of IFN-I signaling.(184, 185) Indeed, VSV is targeted by a multitude of
different interferon-stimulated intrinsic antiviral factors including BST2 and IFIT2.(183,
186, 187)

To first confirm whether IFN-Is are involved in the control of VSV infection in
murine BMDCs, we infected WT or Ifnarl " BMDCs with a recombinant green
fluorescent protein (GFP) expressing strain of VSV strain Indiana (VSV-GFP) at a
multiplicity of infection (MOI) of 1 and then analyzed infection 24 hrs later through flow
cytometric analysis of the percentage of infected (GFP") live cells. A significant increase
in the percentage of infected Ifnarl”" compared to WT BMDCs was observed (Figure
18A), confirming that [fnar!” BMDCs are more susceptible to VSV infection.

To test whether priming of BMDCs with LOS or PSA could enhance resistance to
VSV infection, BMDCs were treated with a dose response of these molecules for 24 hrs
prior to infection with VSV-GFP, followed by analysis of infection by flow cytometry at
24 hours post infection (h.p.i.). Priming with either LOS or PSA inhibited virus infection
in a dose-dependent manner (Figure 18B), resulting not only in a lower percentage of
infected cells but also increased cell viability (Figure 18D). Indeed, treatment with 0.01
ug/mL of LOS or 10 ug/mL of PSA completely inhibited virus infection to levels

statistically indistinguishable from the background fluorescence observed in uninfected
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control cells (Figure 18C). Based on these results, it was concluded that pretreatment of

cells with either PSA or LOS is protective against VSV infection.
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Figure 18 B. fragilis glycolipids reduce vesicular stomatitis virus infection of
BMDCs by signaling through TLR4 to induce IFNB. BMDCs were infected with
VSV-GFP (MOI=1). GFP" virus-infected cells were analyzed by flow cytometry 24 h.p.i.
in (A) untreated WT and Ifnarl” BMDCs or WT BMDCs treated with (B) a dose
response of PSA or LOS or (C) 0.01 ug/mL LOS or 10 ug/mL PSA for 24 hours prior to
infection. (D) Flow cytometric analysis of viability of WT BMDCs pretreated with 10
ug/mL PSA or 0.01 ug/mL LOS 24 h.p.i. with VSV-GFP (MOI=1). (E) Flow cytometric
analysis of GFP' virus-infected WT, Ifub1”", Ifnarl”, or Tir4” BMDCs 24 h.p.i with
VSV-GFP following priming with vehicle control, 10 ug/mL PSA, or 0.1 ug/mL LOS.
average +/- SEM. Statistical analysis with (A) unpaired t-test, (B, E) two-way ANOVA
followed by Dunnett’s multiple comparisons test comparing each group to (B) 0 ng/mL
control or (E) WT, or (C, D) one-way ANOVA (C: p<0.0001, D: p<0.0001) followed by
Tukey’s multiple comparisons test. ns=not significant, **p<0.01, ***p<0.001.
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We next sought to investigate the mechanism of antiviral activity of these
microbial molecules. Specifically, we asked whether the observed protection is mediated
by the TLR4-IFNB-IFNARI1 signaling axis that we discovered is activated by both PSA
and LOS. WT, IfnbI™", Ifnarl”", or Tlr4" BMDCs were primed with PSA or LOS for 24
hrs, washed, infected with VSV-GFP, and analyzed by flow cytometry at 24 h.p.i.
Protection by either PSA or LOS was completely lost in the absence of TLR4, IFNf, or
IFNARI1 signaling (Figure 18E), confirming that the observed antiviral function of these
microbial molecules is indeed mediated by IFN-I, and specifically IFNP signaling. These
findings suggested that PSA or LOS induction of IFNP and downstream ISG expression
induces an antiviral state in cells, thus protecting them from subsequent virus infection.

Viruses represent a vastly diverse taxonomic group in terms of their structure,
genetic material, and replication strategy and mammals have in turn evolved multiple
strategies for inhibiting virus infection.(58, 188) As such, control of different viruses
might require different host antiviral mechanisms. We therefore investigated whether the
observed in vitro protective effects of PSA and LOS are limited to VSV infection or
whether they represent a broad-spectrum antiviral functionality of these commensal
molecules. A second in vitro virus infection model was developed, using the murine
adapted IAV strain PR8 (IAV-PRS).(189) IAV is also an enveloped, negative-sense,
single-stranded RNA virus, but belongs to a different family, the Orthomyxoviridae
family, and is thus not closely related to VSV.(190) IAV is a major causative agent of
severe respiratory infection in humans, contributing to significant morbidity and
mortality worldwide.(191) It primarily infects epithelial cells of the respiratory tract, but

can also infect airway macrophages and DCs, which contribute to the immune response
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against this virus.(192) Importantly, IAV is also sensitive to IFN-I signaling, having been
demonstrated to be inhibited by numerous ISGs, including BST2, Mx1, and the IFIT
family of proteins.(58, 193, 194) Indeed, [fnarl” mice exhibit increased susceptibility to
IAV infection, confirming the relevance of IFN-I signaling in control of this
infection.(195)

As mentioned above, IAV has previously been reported to infect APCs of the
airway, with important implications for the antiviral immune response.(192) We therefore
sought to establish an in vitro IAV infection model using BMDCs. To first confirm that
IFN-I signaling is important in the control of IAV in this model system, WT or Ifnarl™
BMDCs were infected with a recombinant GFP-expressing IAV-PR8 strain (PR8-GFP) at
an MOI of 1, followed by flow cytometric analysis 24 h.p.i. Ifinarl” mice exhibited
increased susceptibility to PR8-GFP infection, as evidenced by a significant increase in
the percentage of live cells that were GFP" (Figure 19A), thus confirming that IFN-Is are
important for control of AV infection in BMDC:s.

To test the effect of pretreatment with either PSA or LOS in this model, we
incubated WT BMDCs with increasing doses of PSA or LOS for 24 hrs, washed, and
infected with PR8-GFP. The percentage of infected, GFP" cells was analyzed at 24 h.p.i.
by flow cytometry. Similar to what was observed for VSV infection, priming of BMDCs
with either PSA or LOS inhibited subsequent IAV infection, with a significant reduction
in the percentage of infected cells (Figure 19B) and increase in cell viability (Figure
19C).  Through priming of Ifubl”, Ifnarl™, or Tir4” BMDCs with PSA or LOS
followed by PR8-GFP infection, we observed that the antiviral effect of these microbial

glycolipids was completely abrogated in the absence of IFNB, IFNARI, or TLR4 (Figure
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19D). These results revealed that signaling of PSA or LOS through the same pathway

protects cells from infection with two different viruses.
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Figure 19 B. fragilis glycolipids reduce influenza A virus infection of BMDCs
through the TLR4-IFNP pathway. BMDCs were infected with IAV/PR8-GFP (MOI=1).
GFP' virus-infected cells were analyzed by flow cytometry 24 h.p.i. in (A) untreated WT
and Ifnar]'/ "BMDCs or WT BMDC:s treated with (B) a dose response of PSA or LOS.
(C) Flow cytometric analysis of viability 24 h.p.i with PR8-GFP of WT BMDCs
pretreated with 10 ug/mL PSA or 0.1 ug/mL LOS. (E) Flow cytometric analysis of GFP"
virus infected WT, Ifnbl'/ ~ Ifnarl”, or T Ir4” BMDCs 24 hrs post PR8-GFP infection
following priming with vehicle control, 10 ug/mL PSA, or 0.1 ug/mL LOS. average +/-
SEM. Statistical analysis with (A) unpaired t-test, (B, D) two-way ANOVA followed by
Dunnett’s multiple comparisons test comparing each group to (B) 0 ng/mL control or (D)
WT, or (C) one-way ANOVA (p<0.0001) followed by Tukey’s multiple comparisons test.
**p<0.01, ***p<0.001.

Taken together, these results established a novel in vitro broad-spectrum antiviral
function of B. fragilis glycolipids. Pre-incubation of BMDCs with either PSA or LOS

protected cells from subsequent infection with either VSV or IAV. Using BMDCs from
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genetic knockout mice, the mechanism of protection was confirmed to depend on the
ability of these microbial molecules to induce IFN through TLR4 signaling. Based on
our observation that LOS increases expression of ISGs known to be intrinsic antiviral
factors (Figure 17), it can be predicted that PSA and LOS prime cells with an antiviral
state, so that they can respond rapidly to block the virus life cycle and thus prevent

establishment of a productive virus infection.

5.4. IFNp is protective in a murine subcutaneous VSV infection model

As aforementioned, numerous studies have established critical roles for both IFN-
I signaling and the commensal microbiota in the antiviral immune response, but there is a
paucity of research mechanistically linking these two factors. IFN-Is are well known for
their ability to induce expression of intrinsic antiviral factors that directly block virus
replication, assembly, and spread to other host cells and exhibit broad antiviral activity
against classes of viruses with similar structural features.(58) Previous publications as
well as our own results (Figures 1 and 2) have revealed that the commensal microbiota is
required for constitutive, low level expression of these antiviral ISGs across several
different tissue sites.(103) Indeed, our findings specifically identified commensal-induced
IFNP as a homeostatic regulator of antiviral ISG expression. We therefore asked whether
commensal-induced IFN is required in vivo for protection from virus infection.

Due to the strong susceptibility of VSV to IFN-I signaling, we proceeded to
establish a murine VSV infection model, which would allow us to investigate the role of
commensal-induced IFNB.(184, 185) VSV is a mammalian neurotropic virus, spread by

an arthropod vector. In addition to being a significant livestock pathogen, VSV is a model
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pathogen for studies of the closely related and clinically important rabies virus as well as
of other arthropod-borne, neurotropic viruses, such as West Nile virus.(182, 196, 197)

In mice, infection with VSV strain Indiana causes meningoencephalitis, leading to
a fatal paralytic disease. Several routes of infection are used for murine VSV studies,
including the intravenous, intranasal, and subcutaneous routes.(198, 199) Subcutaneous
injection most closely resembles the natural route of infection of this arthropod-borne
virus and was therefore selected for use in this study. Following subcutaneous injection
of the footpad, viral particles enter into the local lymphatics and are transported to the
draining lymph nodes, where they first infect and replicate within APCs.(187, 199) From
the draining lymph node, VSV proceeds to infect neurons, spreading through the sciatic
nerve to the CNS, ultimately causing a lethal paralytic disease, with symptoms appearing
approximately 1week post infection.(187) Importantly, IFN-Is are critical for control of
VSV infection by this route, with mice lacking IFNAR1 succumbing to infection by 2-3
days post infection (d.p.i.), even before the onset of neurological symptoms.(187)
Interestingly, the role of the microbiota has never been investigated in VSV infection by
any route, and so this study represents the first analysis of the microbiota in this virus
infection model.

The role of IFNP in subcutaneous VSV infection has not been previously
reported. To begin to address the role of commensal-induced IFN in VSV infection, we
therefore first sought to investigate whether IFN contributes to protection in this model.
To control for possible microbiota composition differences between WT and knockout
mice, heterozygous Ifnbl"" mice were bred and Ifub1 ™" and Ifub1”" littermate offspring

were housed together and used for these studies. Mice were infected by subcutaneous
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injection into the footpad with 10° plaque-forming units (PFU) of VSV strain Indiana and
monitored daily for weight loss and ascending paralysis, which was monitored using a
clinical scoring system. IfinbI” mice exhibited increased susceptibility to disease based

on all parameters tracked, with increased weight loss (Figure 20A), daily and cumulative
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Figure 20 IFNP is required for protection from murine vesicular stomatitis virus
infection. Littermate /fnbl 7 or Ifnbl “ mice were infected with 10° PFU of VSV strain
Indiana by subcutaneous injection into the footpad. Mice were monitored daily for (A)
weight loss, (B) daily paralysis score based on ascending paralysis, (C) percentage of
mice with paralysis (incidence of disease), and (D) survival. (E) The sum of the daily
disease scores for each mouse for the duration of the experiment (cumulative disease
score) was calculated 14 d.p.i. Statistical analysis with (A,E) unpaired t-test, (B) linear
regression analysis, and (C,D) Log-rank test *p<0.05, **p<0.01, ***p<0.001.
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disease scores (Figures 20B and 20E), incidence of disease (Figure 20C), and ultimately
reduced survival (Figure 20D). These findings demonstrated a strong role for IFNf in
protection against subcutaneous VSV infection.

It is important to note that VSV infection itself induces IFNf expression through
PRR signaling, which likely contributes to ISG expression after infection and antiviral
immunity.(200) Therefore, the increased susceptibility observed in the Ifnbl “ mice likely
reflects virus infection-induced IFN in addition to any contributions of priming levels of
IFNB induced by commensal microbes prior to infection. To investigate the effects of
priming of the antiviral response by constitutive, microbiota-induced IFNf, we therefore
used an IFNP neutralizing antibody (anti-IFNP, clone HDB-4A7).(201) Using this
approach, instead of a complete absence of IFNf, we could selectively inhibit IFN only
prior to infection, thus limiting our effects to homeostatic, and not virus-induced, IFN.

WT mice were administered two doses of anti-IFNB or mouse IgG2a isotype
control antibody by IP injection, 72 hrs and 24 hrs prior to infection with 10° PFU of
VSV strain Indiana. Indeed, anti-IFNP treated mice had increased severity of disease, as
observed by increased weight loss (Figure 21A), daily and cumulative paralysis scores
(Figures 21B and 21D), and incidence of disease (Figure 21C) compared to isotype
control treated mice. Of note, the severity of disease observed after treatment with anti-
IFNB was less than that of ]fnb]'/’ mice in terms of paralysis score and incidence of
disease (Figures 20 and 21). Together, our results revealed that blockade of IFN prior to
infection enhances susceptibility to subsequent VSV infection, thus suggesting a role for

commensal-induced, homeostatic IFN.
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Figure 21 Inhibition of IFNP prior to infection increases susceptibility to vesicular
stomatitis virus infection. Age- and gender-matched WT SPF mice were treated with
250 ug anti-IFNP or mouse IgG2a isotype control antibody by intraperitoneal injection 72
and 24 hours prior to subcutaneous infection with 10° PFU VSV strain Indiana. Mice
were observed daily for (A) weight loss, (B) paralysis score based on ascending paralysis,
and (C) percentage of mice with paralysis (incidence of disease). (D) The sum of the
daily disease scores for each mouse for the duration of the experiment (cumulative
disease score) was calculated 14 d.p.1. Statistical analysis with (A,D) unpaired t-test, (B)
linear regression analysis, and (C) log-rank test. ns=not significant, *p<0.05, **p<0.01,
*H%p<0.001.

5.5. Commensal-induced IFNP enhances resistance to VSV infection

To further investigate the impact of the commensal microbiota on VSV infection,
we used treatment of WT mice with broad-spectrum antibiotics to deplete the microbiota
prior to infection. Following this methodology, we have the ability to exert exquisite
control over the timing and length of antibiotics treatment. For these studies, mice were

treated with antibiotics for 7 days prior to infection, stopping on the day of infection.

Microbiota depletion can have numerous effects on the host immune system, all of which
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could potentially impact VSV infection. Our short dosing regimen was designed with the
intent to favor effects on the innate immune system, including the IFN-I response, which
should change more rapidly than the adaptive immune response. In addition, because we
are specifically interested in the priming effects of the microbiota and not its effects
during the course of infection, we stopped antibiotics exposure at the onset of infection.
Partial restoration of the culturable microbiota is observed by 24 hrs after cessation of
antibiotics (unpublished data), and so microbiota depletion should start to reverse during
the initial phase of infection. Finally, this dosing regimen should also reduce the
occurrence of direct effects of the antibiotics themselves on the virus, such as those
which have been reported for the aminoglycoside antibiotics in the context of IAV.(202)

WT mice were subjected to vehicle control (SPF) or antibiotics treatment (ABX)
for 7 days, with vancomycin, neomycin, and gentamicin administered in the drinking
water and metronidazole and amphotericin B administered by daily oral gavage.
Increased susceptibility to disease was observed in ABX mice compared to SPF mice,
with significantly increased daily (Figure 22A) and cumulative (Figure 22G) paralysis
scores, incidence of disease (Figure 22C), and reduced survival (Figure 22E). These data
suggested a role for the commensal microbiota in natural resistance to subcutaneous VSV
infection.

Having implicated both IFNP and the microbiota in protection against VSV
infection, we next sought to link these two immunomodulatory mediators
mechanistically, to determine whether the antiviral effects of the microbiota are mediated

through IFN signaling. Ifnb]”" mice were treated with ABX for 7 days prior to infection
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Figure 22 Microbiota depletion of WT but not IfnbI”" mice increases susceptibility
to vesicular stomatitis virus infection. Age- and gender-matched WT or Ifubl” SPF
mice were treated with vehicle control or broad spectrum antibiotics for 7 days prior to
infection with 10° PFU VSV strain Indiana. Mice were observed daily for (A,B) daily
paralysis score based on ascending paralysis, (C,D) percentage of mice with paralysis
(incidence of disease), and (E,F) survival. (G) The sum of the daily disease scores for
each mouse for the duration of the experiment (cumulative disease score) was calculated
14 d.p.i. Statistical analysis with (A,B) linear regression analysis, (C-F) log-rank test, and
(G) one-way ANOVA (p=0.0132) followed by Tukey’s multiple comparisons test.
ns=not significant, *p<0.05, **p<0.01, ***p<0.001.
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with VSV. Interestingly, ABX treatment had no effect on the susceptibility of Ifnbl'/ .
mice to VSV infection (Figures 22B, 22D, 22F, 22G). In the absence of IFNP, depletion
of the microbiota therefore does not alter the antiviral immune response to VSV,

suggesting that the microbiota exerts its protective effect specifically through IFNp.

5.6. Summary

Our findings demonstrated a novel function of the commensal microbial
glycolipids B. fragilis PSA and LOS, through identification of their ability to protect
against virus infection in vitro through TLR4 and IFNP signaling. Using a combination
of mice lacking IFNP, IFNf neutralizing antibody treatment, and antibiotics treatment we
provide evidence that this antiviral mechanism is also important in vivo, for protection
against subcutaneous VSV infection.

The significance of these findings is highlighted by the near universal role of IFN-
I signaling and ISG activity in the response to many different virus infections. In these
infections, the direct antiviral activity of IFN-I and its ISGs is thought to act rapidly to
limit virus replication and spread, which retains control of the infection until adaptive
immune response activation and subsequent clearance of infection can occur. Previous
reports have suggested that without microbiota priming of the homeostatic IFN-I
response, the host cells are not able to immediately mount an effective IFN-I response
upon exposure to pathogenic viruses.(103) Through identification of a specific IFN-I-
inducing microbial molecule and the host pathway it signals through, we therefore have
identified a mechanism that might not just be important in the context of VSV infection,

but in the response to interferon-sensitive viruses in general.
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While our work has focused on the glycolipids of B. fragilis, we have
demonstrated the ability of other Bacteroides sp. to activate the same signaling pathways
(Figure 10). Due to the prominent role of Bacteroides in the human GI microbiota, it is
likely that the glycolipids of these bacteria contribute to constitutive priming of the IFN-I

response and thus to the susceptibility or resistance of individuals to virus infection.
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Chapter 6

Conclusion



In summary, we have described a novel mechanism of immunomodulation by the
commensal microbiota through IFNB-mediated regulation of the homeostatic TFN-I
response. Furthermore, we identified the mechanism by which a specific species of
commensal bacteria regulates this response, signaling of B. fragilis glycolipids through
TLR4 to induce expression of IFNB by colonic DCs. Interestingly, this commensal-
mediated regulation of IFN and the IFN-I response was found to be important to the
health of the host in two different models. In the context of autoimmune disease,
commensal-induced IFNPB promoted tolerance to protect against pathological
inflammation. Specifically, induction of IFN-I signaling by B. fragilis PSA was required
for protection of mice from EAE, the mouse model of MS. Based on in vitro
observations, it can be predicted that this protective effect is mediated through the
induction of a tolerogenic DC phenotype and IL-10 secreting T cells by IFNB. In the
context of virus infection, the same commensal-induced cytokine enhanced protective
immunity, and was observed to reduce susceptibility to VSV infection in vitro and in
vivo. Initial evidence suggests that this protective effect is due to the priming of low-
level expression of antiviral ISGs, which enables host cells to respond rapidly to block
virus infection. Commensal-mediated regulation of IFNP 1is therefore not just
biologically interesting, but also has the potential to contribute to host health.

The observed dichotomy of effects by one commensal-induced cytokine
highlights one of the most significant challenges facing the immune system, that of
maintaining a homeostatic balance in which cells are ready to respond rapidly to
eliminate pathogenic invaders while simultaneously maintaining tolerance to host cells

and commensal microbes.(142) Indeed, the same immunological mechanisms that are
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protective against pathogens can be harmful if left uncontrolled or if directed towards self
antigens, as evidenced by the numerous and significant human diseases now linked to
pathological inflammation or autoimmunity, including IBD, RA, cardiovascular disease,
and Alzheimer’s disease.(203-206) The immune system must therefore be tightly
regulated, constantly integrating and responding to signals from the host as well as the
environment to maintain homeostasis and prevent aberrant and excessive activation.(143)
The commensal microbiota is thought to provide crucial environmental signals to
regulate the immune system and promote a tolerogenic balance under homeostatic
conditions.(144) Indeed, alterations in the microbiota composition, and thus in the way in
which it communicates with the host, have been linked to many inflammatory
disorders.(148) In this study, we have identified a mechanism by which the microbiota
uses one cytokine to regulate both sides of this homeostatic balance, depending on the
context of the signaling. In the context of pathologic inflammation, commensal-induced
IFNP enhances tolerogenic mechanisms, and reduces disease severity. Upon exposure to
virus infection, the opposite effect is observed, in which commensal-induced IFNf
appears to enhance protective immunity to reduce susceptibility to disease.

Our research joins a growing body of literature demonstrating that the intestinal
microbiota is capable of regulating host physiology at distal sights. Indeed, the intestinal
microbiota has been linked to disorders of the joints, cardiovascular system, the brain,
and even to behavioral disorders.(27, 35, 36) While our results suggest that the source of
IFNB under homeostatic conditions is intestinal DCs, we have made several observations
suggesting that intestinal-derived IFNf can mediate systemic effects on host physiology.

First, we demonstrated that expression of ISGs in the spleen as well as the mLN was
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reduced by depletion of the intestinal microbiota. Second, delivery of IFNP by the
orogastric route was sufficient to increase ISG expression in microbiota-depleted mice in
both of these tissues. Finally, functional effects of commensal-induced IFNP were
observed in two different disease models of extra-intestinal origin, subcutaneous VSV
infection and EAE. Taken together, these findings suggest that IFNf induction by the
intestinal microbiota is capable of altering gene expression systemically and ultimately
impacting host physiology and susceptibility to disease.

While our results indeed indicate the systemic effects of commensal-induced
IFNB, the mechanism by which IFNJ of intestinal origin can mediate systemic changes
remains to be defined. One hypothesis is that IFNP secreted by DCs in the intestine
enters the systemic circulation and thus signals through IFNAR on cells at distal sites to
regulate their gene expression and function. We were unable to detect IFNP in the serum
of conventionally colonized mice. However, IFNf signaling is well established to occur
at very low cytokine concentrations.(95) It is therefore plausible that IFNJ is present in
the serum at concentrations capable of inducing a functional response, but still below
detection limits of traditional cytokine detection assays.  Alternatively, another
hypothesis is that intestinal-derived IFNf never leaves the intestinal milieu but instead
signals to local immune cells which then traffic to distal sites of the body, carrying the
interferon-induced gene signature with them to their new tissue location. Further
investigation will be required to identify which of these mechanisms accounts for the
systemic effects of commensal-induced IFN.

In addition to the two facets of IFN-I biology that were the focus of this study,

tolerogenic mechanisms and antiviral immunity, IFN-Is have been described to influence
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numerous other vital aspects of host physiology, including antitumor immunity, cytokine
signaling regulation, bone homeostasis, and hematopoiesis.(63) It is therefore likely that
the commensal microbiota might influence each of these processes as well, through the
ability to regulate IFNB. Future studies will be required to determine the importance of
commensal-induced IFN in each of these physiological processes.

Our findings suggest that induction of IFNP through TLR4 signaling is not
limited to B. fragilis but is a function common to Bacteroides sp. As mentioned
previously, microbes of the Bacteroides genus are significant members of the human GI
microbiota, in both numerical abundance as well as prevalence throughout the
population.(119, 120) As such, it is likely that Bacteroides-induced IFNP might be an
important immunomodulatory mechanism in most individuals, signaling to the immune
system and regulating homeostasis. Alterations in the microbiota composition have been
linked to numerous diseases.(148) It is possible that in disorders where IFN-Is play a
protective role, a dysbiotic state involving reductions in the IFNB-inducing Bacteroides
sp. might increase disease susceptibility. Some evidence supporting this notion comes
from studies that identified associations between reduced levels of either Bacteroidetes or
Bacteroides in the gut microbiota and IBD, a spectrum of diseases in which IFN-I has
also been suggested to be protective.(169, 207) New therapeutic strategies involving
administration of IFNp-inducing microbes or microbial molecules to counteract the
effects of dysbiosis could therefore be envisioned.

In addition to contributing to homeostasis, the identification of IFN-inducing
microbial molecules could be of therapeutic use. Numerous adverse effects have

accompanied the clinical successes of IFN-Is, potentially because delivery of large
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amounts of exogenous IFN-I subverts the normal immunoregulatory mechanisms.(110,
111) Delivery of an IFNB-inducing microbial molecule might represent a novel IFN-I-
based therapeutic approach, which would enhance the IFN-I response while still being
subjected to homeostatic regulatory mechanisms, which might reduce the adverse side
effects. Importantly, compared to a previously described IFN-inducing microbial
molecule, E. coli LPS, the glycolipids of Bacteroides, as exemplified by B. fragilis, are
less inflammatory and antagonize the proinflammatory mechanisms of more
inflammatory bacterial species. In this way, Bacteroides glycolipids might be able to
induce the protective beneficial effects of IFNPB without the consequences of
uncontrolled, pathologic inflammation. As mentioned previously, B. fragilis LOS
represents a mixture of several different structurally distinct molecules, including tri-,
tetra-, and penta-acylated glycolipid species. Further work will be required to investigate
whether specific structural forms of Bacteroides OM glycolipids preferentially induce the
immunomodulatory IFNf pathway downstream of TLR4 signaling, with implications for

therapeutic use.
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Chapter 7

Experimental Methods



Mice

Conventional SPF mice of strains WT (C57BL/6, stock number 000664), Ifnarl™
(B6.129S2-Ifnarltm1Agt/Mmijax, stock number 010830), Tlr4" (B6.B10ScN-Tlr4"7*
4l/Jth], stock number 007227), Myd88” (B6.129P2(SIL)-Myd88™-"P</ stock
number 009088), Trif”~ (C57BL/6]-Ticam1*"**/J, stock number 005037), and 11107
(B6.129P2-1110"“¢"/3, stock number 002251) on a C57BL/6 background were purchased
from Jackson Laboratory. Conventional SPF IfnbI™" (ifnbltm1(komp)vlcg) mice were
purchased from the UC Davis KOMP repository. Mice were housed under SPF
conditions. All genetically deficient mice and their respective controls were gender- and
age-matched (typically 5-10 weeks). All experiments on animals were approved by the
Harvard Medical Area Standing Committee on Animals (animal protocol number
IS00000187-3). Germ free C57BL/6 mice were bred and maintained in sterile vinyl

isolators in the animal facility at Harvard University.

Antibiotics Treatment

SPF mice of the indicated strains were treated with an antibiotics cocktail for 7 days to
deplete the microbiota. Vancomycin hydrochloride (0.5 g/L, Alfa Aesar), gentamicin
sulfate (0.5 g/L, Sigma-Aldrich), and ampicillin (1 g/L, MP Biomedicals) were
administered in the drinking water. Metronidazole (4 g/L, Alfa Aesar) and amphotericin
B (0.1 g/L, Amresco Inc) were administered in 200 uL. by OG once daily. Fecal samples
were collected and plated under aerobic and anaerobic conditions to confirm microbiota

depletion.

91



Bacteria

All bacteria used in this study were grown on Brucella blood agar plates or in liquid
culture in rich Brain Heart Infusion Broth (BD) supplemented with Hemin (0.01%),
vitamin K (0.1 mg/mL), glucose (0.5%), Monopotassium phosphate (0.5%), and L-
cysteine (0.1%) in an anaerobic chamber (Coy Industries) at 37° Celsius (C). The
following bacteria were used in this study B. fragilis (strain NCTC 9343, ATCC 25285),
B. thetaiotaomicron (B. theta, ATCC 29741), B. vulgatus (ATCC 8482), B. dorei (DSM

17855), B. uniformis (ATCC 8492) and C. ramosum (strain AO31).

qRT-PCR gene expression analysis

RNA was isolated from whole spleens and mLNs or the indicated cells following
manufacturer’s instructions with the RNeasy mini kit (Qiagen). cDNA was prepared with
the Quantitect Reverse Transcription Kit (Qiagen). qPCR was performed on a
QuantStudio7 flex Real-Time PCR system (Applied Biosystems) with RT> SYBR Green
ROX gPCR Mastermix (Qiagen). Amplification was achieved using an initial cycle of
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Gene
expression was normalized using beta-actin as a reference gene. The forward (f) and
reverse (r) primers used to detect expression of the corresponding murine genes were as
follows: Ifitl(f 5’-CAGAAGCACACATTGAAGAA-3’,r 5’-
TGTAAGTAGCCAGAGGAAGG-3’), ifit2 (5-GGGAAAGCAGAGGAAATCAA-3’, r
5’-TGAAAGTTGCCATACAGAAG-3), ifit3 (f 5’-GCCGTTACAGGGAAATACTGG-
3’, 1 5’-CCTCAACATCGGGGCTCT-3’), oasl2 (f 5’-GGATGCCTGGGAGAGAATCG-

3°, 1 5’-TCGCCTGCTCTTCGAAACTG-3’), viperin (f 5’-
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AACAGGCTGGTTTGGAGAAG-3’, 1: 5’-TGCCATTGCTCACTATGCTC-3’), Irf7 (f
5’-GCCAGGAGCAAGACCGTGTT-3’, r 5’>-TGCCCCACCACTGCCTGTA-3’), gbp4
(f5’-TGGGGGACACAGGCTCTACA-3’, r 5’-GCCTGCAGGATGGAACTCTCAA-
3%), ifnbl (f 5’-CCTACAGGGCGGACTTCAAG-3’,1 5’-
GGATGGCAAAGGCAGTGTAACT-3’), 1110 (f5’-
ACAACATACTGCTAACCGACTCCTT-3,r 5°-
AGGTAAAACTGGATCATTTCCGATA-3’), bst2 (f5°-
GAAGTCACGAAGCTGAACCA-3,1r 5’-CCTGCACTGTGCTAGAAGTCTC-3’),
Actb (f 5’-GATGCTCCCCGGGCTGTATT-3’, r 5’-GGGGTACTTCAGGGTCAGGA-

3%)

Preparation of tissue single-cell suspensions

Single-cell suspensions of the colonic lamina propria were prepared as previously
described.(208) For single-cell suspensions of mLNs and spleens, tissues were harvested,
treated with collagenase type IV (1 mg/ml; Sigma) for 30 minutes at 37°C in an

atmosphere of 5% carbon dioxide (CO,), and passed through a 40 um mesh.

Magnetic bead-based cell separation

Single-cell suspensions of the indicated tissues were prepared as described. DC positive
and negative fractions were isolated with mouse pan-DC microbeads (Miltenyi), CD4" T
cells were isolated with the CD4" T cell isolation kit (Miltenyi), and CD4 CD25" T, and
CD4'CD25™ T cells were isolated with the CD4'CD25" Regulatory T Cell Isolation Kit

(Miltenyi), each following the manufacturer’s protocol.
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Oral IFNp treatment
Antibiotics treated mice were administered 100 IU of recombinant murine IFNJ3 (PBL

Assay Science) by OG once daily starting on the 4th day of antibiotics treatment.

Monocolonization of GF mice

GF C57BL/6 mice were administered B. fragilis strain NCTC9343 or C. ramosum strain
AO31 by oral gavage [200 uL, approximately 10%-10° colony-forming units (CFU) per
mouse]. Mice were housed in autoclaved cages and maintained on a diet of autoclaved

food and water for 2 weeks and then euthanized for analysis.

Serum IFNp quantification

WT SPF mice were euthanized and blood was collected into 1.1 ml Z-Gel Micro Tubes
(Sarstedt). Blood was left at room temperature for 30 minutes, centrifuged to remove
coagulated cells [12,000 revolutions per minute (RPM), 10 minutes], and serum was
stored at -80°C until analysis. Levels of IFNP were quantified with the High Sensitivity
Mouse IFN Beta ELISA kit (PBL Assay Science) according to the manufacturer’s

protocol.

GM-CSF derived BMDCs

DCs were derived from bone marrow of the indicated mice as previously described.(209)
Briefly, bone marrow was collected from femurs, treated with red blood cell lysis buffer
(Gibco), and cultured in 10 cm tissue-culture-treated dishes at a density of 10x10° cells in

10 mL per plate in complete RPMI medium (cRPMI: RPMI 1640 supplemented with 10
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mM HEPES, 10% fetal bovine serum, 2 mM L-glutamine, 50 units/mL penicillin,
50ug/mL streptomycin, and 50 uM 2-mercaptoethanol) with 20 ng/mL granulocyte-
macrophage colony-stimulating factor (GM-CSF). Cells were cultured for 6 days at 37°C
in an atmosphere of 5% CO, with replenishment of medium on day 3. On day 6 the non-
adherent and loosely adherent cells were harvested and plated at a density of 1x10°
cells/mL in 200 uL per well of a 96-well round-bottom TC-treated cell culture plate for

use in the indicated experimental procedures.

Bacteroides OM extraction

OM complexes were isolated from the indicated Bacteroides sp. as previously
described.(123) Briefly, mid-log phase bacteria were pelleted, washed twice in 0.15 M
sodium chloride (NaCl) and resuspended in a buffer of 0.15 M NaCl, 0.05 M sodium
phosphate, and 0.01 M Ethylenediaminetetraacetic acid (EDTA). The resuspended
organisms were incubated for 30 minutes at 60°C then subjected to mild shearing
pressure by passing through a 25-gauge hypodermic needle. Cells were pelleted from the
suspension and the supernatants were harvested and subjected to two rounds of

centrifugation at 33,000 RPM for 2 hrs at 4° C to pellet the OM extracts.

Bacterial glycolipids

PSA was purified from B. fragilis mutant strain A44 and LOS was purified from an
acapsular B. fragilis mutant strain by phenol-water extraction as previously
described.(210) Purified B. fragilis lipid A was obtained by acid-hydrolysis (4% acetic

acid, 95°C, 2 hrs) of LOS. E. coli LPS from E. coli 055:B5 was purchased from
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InvivoGen. Synthetic hexa-acylated E. coli lipid A (Kdo2-Lipid A) was purchased from

Avanti Polar Lipids.

Supernatant Cytokine Analysis

Cell free supernatants were collected for quantification of IFN with the Mouse IFN Beta
ELISA kit (PBL Assay Science), IL-10 and TNFa with ELISA MAX kits (Biolegend),
and IL-27 with the LEGENDplex mouse inflammation panel multiplex bead-based

immunoassay kit (Biolegend) according to the manufacturer’s protocol.

Flow cytometric analysis

The following mouse-specific IgG monoclonal antibodies were purchased from
Biolegend: FITC-conjugated anti-BST2 and anti-CD4; biotin-conjugated anti-ICOSL;
APC-conjugated streptavidin; Pacific Blue—conjugated anti-CD45; PE-conjugated anti-
SH; PE-Cy7-conjugated anti-CD11c and anti-TCRP; PerCP-CyS5.5-conjugated anti-
TCRyd; and BV605-conjugated anti-CD45. Fixable Viability Dye eFluor780 and APC-
conjugated anti-FOXP3 were purchased from eBioscience. Single-cell suspensions were
stained with a suitable combination of fluorochrome-conjugated antibodies and fixable
viability dye. For BMDC analysis, cells were fixed in 2% paraformaldehyde in PBS, and
examined with a LSR II flow cytometer (BD). For tissue Ty, analysis, cell fixation,
permeabilization, and intracellular transcription factor staining were performed according
to manufacturer’s protocol with the FOXP3/transcription factor staining buffer set
(eBioscience) and examined with a LSR II flow cytometer (BD). The data were analyzed

with FlowJo software.
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Splenic DC-T cell coculture

Isolated splenic DCs and CD4" T cells were cocultured in wells of a 96-well round-
bottom TC-treated plate at a density of 100,000 CD4" T cells and 20,000 DCs per well in
200 uLL complete RPMI medium with 1 ug/mL anti-CD3 (eBioscience) and the indicated
experimental treatments. Cells were cultured at 37°C in an atmosphere of 5% CO, for 5

days prior to analysis.

FIt3L-derived BMDCs

DCs were derived from bone marrow from untreated mice as previously described.(158)
Briefly, bone marrow was collected from mouse femurs followed by treatment with red
blood cell lysis buffer (Gibco). The remaining cells were counted and cultured in
supplemented RPMI-1640 medium (supplemented with 10 mM HEPES, 50 units/mL
penicillin, 50 ug/mL streptomycin, 50 uM 2-mercaptoethanol, and 10% fetal bovine
serum) at a density of 1.5x10° cells/mL with 100 ng/mL recombinant mouse FIt3L
(Biolegend), at 37°C in an atmosphere of 5% CO2 for 10 days, with replenishment of

media on day 5.

EAE induction and PSA treatment

Mice were administered 75 ug of PSA by OG 3 times per week starting 7 days prior to
and continuing 14 days after disease induction. EAE was induced as previously
described.(165) Briefly, mice were immunized subcutaneously with 250 ug

MOGs3s-ss (Peptides International) emulsified in 200 uL CFA (Sigma) with
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Mycobacterium tuberculosis H37 Ra antigen (5 mg/ml; BD). On the day of and 2 days
after MOG immunization, mice were administered 250 ng of Bordetella pertussis toxin
(List Biological) by IP injection. Mice were evaluated daily for paralytic disease
progression using a well-established clinical scoring system (0 = no symptoms,
0.5=partially limp tail, 1= complete paralysis of tail, 2= hind limb weakness, 2.5=
paralysis of one hind limb, 3= paralysis of both hind limbs, 3.5= paralysis of both hind
limbs and forelimb weakness, 4=forelimb and hind-limb paralysis, 5= moribund

state).(211) Mice exhibiting a score of =4 were humanely euthanized.

in vitro virus infections

On day 6 of culture, GM-CSF BMDCs were plated at a density of 1x10° cells/mL in 200
uL of cRPMI medium per well of a 96-well round-bottom tissue culture-treated cell
culture plate with 20 ng/mL. GM-CSF and the indicated treatments for 24 hrs, washed,
and resuspended in cRPMI medium containing either IAV strain PR8-GFP or VSV-GFP

at an MOI of 1. Cells were harvested for flow cytometric analysis 24 hrs post infection.

Mouse VSV infection

Mice were anesthetized by IP injection of ketamine and xylazine. 1x10° PFU of VSV
strain Indiana was delivered in 10 uL per mouse by subcutaneous injection into the
footpad as previously described.(187) Body weight and clinical disease score were
monitored daily for 14 days following infection. VSV-infected mice exhibit an
ascending paralysis similar to what is observed in EAE and so the same system for

scoring paralysis was used (0 = no symptoms, 0.5=partially limp tail, 1= complete
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paralysis of tail, 2= hind-limb weakness, 2.5= paralysis of one hind limb, 3= paralysis of
both hind limbs, 3.5= paralysis of both hind limbs and forelimb weakness, 4=forelimb
and hind-limb paralysis, 5= moribund). Mice with a body condition score <2 or a

disease score > 4 were humanely euthanized.

IFNP neutralization

Mice were administered two doses of 250 ug IFNf neutralizing antibody (anti-IFNJ,
clone HDB-4A7; Leinco Technologies) or Mouse Ig(G2a isotype control antibody (Leinco
Technologies) by IP injection, 72 hrs and 24 hrs prior to infection with 10° PFU of VSV

strain Indiana.
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