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Thesis Abstract

Currently, Clostridium difficile infection (CDI) is the leading cause of hospital
acquired diarrhea in the US and has been listed as one of the Centers for Disease Control
(CDC)’s three most urgent infectious disease threats!. This is due, in part, to the
emergence of hypervirulent epidemic strains of C. difficile (typified by strain NAP1/027)
over the last decade. These strains are associated with major epidemic C. difficile
outbreaks in both Northern America and Europe?=°. As a consequence, one of every five
patients relapse, and 29,000 patients die yearly in the US, despite receiving antibiotic
treatment®. Thus, it is a national priority to study novel avenues to treat and prevent

hypervirulent C. difficile infection.

Hypervirulent strains express a third toxin, C. difficile Transferase (CDT), in
addition to the primary virulence factors Toxins A and B (TcdA and TcdB), and are
associated with higher mortality rates and rates of relapse. Our lab has identified CDT as
a virulence factor capable of suppressing protective gut eosinophils and enhancing
mortality during infection®. How the host combats the enhanced inflammation and
virulence of CDT expressing hypervirulent C. difficile requires further investigation. To
identify novel therapeutic host immune targets, we conducted a transcriptome analysis of
host genes altered by CDT expressing hypervirulent infection. Through this array, we
identified interleukin-33 (IL-33) as a gene upregulated in response to the increased
severity of infection. Using a murine model, we show that both endogenous IL-33 and
exogenous IL-33 treatment prevent mortality, weight-loss and clinical scores during
hypervirulent CDI. IL-33 treatment reduced the epithelial disruption and gut leakiness
characteristic of C. difficile toxin damage. 1L-33 protected independently of C. difficile
bacterial factors as equivalent C. difficile burdens and toxin levels were observed in both

protected IL-33 treated mice and susceptible IL-33 receptor (ST2) knockout mice relative



to controls. IL-33 mediated protection required the action of ST2 expressing type-2 innate
lymphoid cells (ILC2s), as IL-33 increased the number of activated colon-resident ST2+
ILC2s during infection. Furthermore, ILC2s were sufficient to promote survival, as
adoptive transfer of sorted and purified ILC2s into immune compromised hosts prevented
C. difficile- associated mortality and weight-loss, and increased downstream eosinophilia
during infection. Thus, we identified a novel pathway of IL-33 mediated activation of ILC2s

that enhances gut barrier defenses and host protection during C. difficile infection.

We also demonstrate that IL-33 signaling is a clinically relevant immune target
during human C. difficile infection. 1L-33 expression was increased in colon biopsies of 6
C. difficile infected patients relative to uninfected patients. Furthermore, dysregulated IL-
33 signaling via the soluble 1L-33 decoy receptor (sST2) predicted disease severity and
mortality in a cohort of human patients. Lastly, we demonstrate that the host microbiome
is required to regulate 1L-33-mediated protection. Colonic IL-33 expression was reduced
during antibiotic-depletion of the microbiome, whereas fecal microbiota transplant of
mouse and a human fecal spore preparation rescued IL-33 expression. Thus, IL-33
signaling is a novel therapeutic pathway for during C. difficile infection which can

potentially be induced with rationally designed microbial therapies.
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Chapter 1: Introduction

1.1 C. difficile infection- disease overview

Importance: Clostridium difficile (C. difficile) is a gram positive, spore-forming
bacterium that colonizes the colon, causing inflammation and diarrhea’®. C. difficile is the
leading cause of hospital-acquired, antibiotic-associated diarrhea and is one of CDC’s
three most urgent infectious disease threats in the US. C. difficile incidence has tripled
over the past 15 years'® and is attributed to the emergence of hypervirulent epidemic
strains of C. difficile (referred to as NAP1/027). In a single year, C. difficile caused
approximately 500,000 infections and $4.8 billion worth of excess health-care costs in the
United States alone!!. C. difficile is also attributed to high mortality rates with 29,000 C.
difficile associated-deaths occurring in 2011!%, Although a recent healthcare survey
demonstrated an overall decline in the prevalence of health-care associated infections
from 2011 to 2015, there was no reduction in the high prevalence of C. difficile infections
(CDI) during that time. Thus, reducing C. difficile infections is a national priority, as
emphasized in the National Action Plan for Combating Antibiotic-Resistant Bacteria issued
by the White House in 2015 and the NIAID’s Antimicrobial Resistance Program in 20142~
14.

1.1.1 Epidemiology:

Over the past two decades both the incidence and severity of C. difficile has
increased in North America and Europe. In 2005, molecular analysis led to the
identification of a genetic variant strain associated with wide-spread C. difficile outbreaks
and increased disease severity in the US, typified as North American pulsed-field gel
electrophoresis type NAP1 and polymerase-chain-reaction (PCR) type 027'°. Since
identification, NAP1/027 isolates have been reported globally in the US, Canada, and

Europe!!'817. Their emergence, has been linked to an increase in national and global



hospital-associated outbreaks, higher mortality rates, and higher disease severity*®
NAP1/027 strains are more virulent than classical C. difficile isolates, producing higher
levels of the virulence factors, toxin A (TcdA) and toxin B (TcdB), higher fluoroquinolone
resistance, and the expression of a third toxin (CDT toxin)?18, Because of these attributes,
mortality rates are 3 times higher during NAP1/027 infection as compared to less virulent
strains!2°,
1.1.1.1 C. difficile infections in the US:

In the US, C. difficile is a leading cause of hospital-associated infection. Between
1995 to 2005, there was a 350% increase in C. difficile infections and a 400% increase in
C. difficile-related mortalities?>22. More recently, the Centers for Disease Control (CDC)
conducted a 2011 survey of C. difficile infections at 10 US sites to better understand
incidence, severity, and recurrence. This study estimated 453,000 infections and 29,000
C. difficile associated deaths per year in the United States!!. In addition to hospital-
associated outbreaks, the incidence of community-acquired CDI has also increased in the
US. Of the cases reported in the US in 2011, 46.2% were community associated infections
not linked to a hospital exposure. Between 1991 and 2005, a US study reported a 5.3 fold
increase in community-acquired CDI*® and more recently, a 2011-2015 study of 25 US
hospitals reported a doubling of the community-acquired CDI incidence rate?*. Patients
previously thought to be at low risk for hospital-acquired CDI are reported to be at
increased risk to community-acquired CDI such as younger adults®®. Thus, the epidemic
outbreak is not solely confined to the hospital setting but extends to community-acquired
exposures. These findings expand the burden of CDI to outside the hospital-setting within
healthier populations and indicates possible nosocomial transmission of C. difficile.
1.1.1.2 C. difficile infections in Europe and Canada:

C. difficile outbreaks are not limited to the United States but have also occurred in

Europe and Canada. In Canada, it was discovered that from 1991-2003 the rate of CDI



had increased from 65.6 to 156.3 per 100,0000 population in addition to an increase in
cases with severe complications?®. A follow up prospective study of 12 Quebec hospitals
reported a 30 day mortality rate of 6.9 percent, a four-fold increase compared to the 1.5%
mortality reported in a 1997 Canadian study!®?®. In the UK, outbreaks of CDI were also
reported. For example, two UK hospitals in the towns of Aylesbury and Devon, England
had 565 C. difficile infections and at least 25 deaths in one year?’. Additionally, in 2004,
43,672 infections were reported in the UK, a 23% increase from 2003%’. Coinciding with
the increased incidence and severity of C. difficile in both North America and Europe was
the spread of a previously rare strain, North American Pulse-field type 1 NAP1 or
polymerase chain reaction (PCR) ribotype 027 (NAP1/027)'>*. NAP1/027 isolates are
now linked to these north American and European outbreaks and enhanced disease
severity151828.:29

1.1.2 Clinical disease and pathogenesis:

Clostridium difficile is transmitted via the faecal-oral route and is especially
prevalent in hospital environments. C. difficile spores are resistant to traditional ethanol-
based disinfectants making them highly persistent and easily transmittable. Within the
hospital setting, shed spores are transmitted to new hosts likely through contact with the
contaminated hospital environment, other patients, or health-care providers®3. Once
ingested, C. difficile spores, can colonize the colon of susceptible hosts whose intestinal
microbiota has been disrupted, most commonly through prior antibiotic exposure.
Resident intestinal-commensals provide colonization resistance against C. difficile via
indirect and direct competition®!. After disruption of these protective communities, C.
difficile spores can occupy the intestinal niche, germinate into vegetative cells, and
express toxin within the gut lumen. Toxin expression initiates C. difficile disease through

the killing of colonic host-epithelial cells and breakdown of the gut barrier®323, The timing



and severity of clinical symptoms is further dependent upon the microbial and immune
factors present within the intestine during infection3-34:35,

The clinical manifestations of C. difficile range from mild to severe diarrhea to life-
threatening pseudomembranous colitis. Patients with severe C. difficile infection have
white blood cell counts greater than 15,000 cells/pl in addition to diarrhea, abdominal
pain, and fever3®3’. The spectrum of C. difficile disease manifestations is dictated by the
infecting strain (ie. Toxin expression, sporulation and other genetic factors), in addition to
host factors such as the quality of the inflammatory response and composition of the host
microbiome (Figure 1.1).

Certain populations of individuals have increased risk of developing CDI and it is
important to understand the multiple factors contributing CDI susceptibility. Host-related
risk factors commonly associated with CDI are increased age, comorbidities such as
inflammatory bowel disease, suppressed immune function and exposure to a health-care
setting*3¥-41, Increased age remains the most widely observed host risk factor, with a
recent CDC study demonstrating that rates of CDI were 4—fold higher in patients aged >65
compared to adults aged 45-65 and 13—fold higher compared to adults aged 18—44%,
Various pharmacological risk factors are also associated with CDI and include the use of
antibiotics, and the use of gastric acid suppressors such as proton-pump inhibitors?26-38,
CDI is most commonly regarded as a disease complication of antibiotic therapy due to
disruption of the microbiota. A strong statistical association between the use of antibiotics
and increased risk of CDI has been reported by many studies®3%4%43,  Patients on
antimicrobial therapy have up to a 6-fold increased risk of CDI compared to non-antibiotic
exposed individuals*. The underlying mechanisms by which these various risk factors
predispose the host to CDI are likely multifactorial and may be caused by a dysbiotic

microbiota and/or a dysregulated immune response.
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Figure 1.1: Pathogenesis of C. difficile in the colon.

The pathogenesis of C. difficile is dictated by the microbiota, C. difficile virulence factors,
and the host immune response. Antibiotics are the primary risk factor for acquiring CDI
due to disruption of colonization resistance. In the intestine, orally digested C. difficile
spores germinate into vegetative cells upon sensing of nutrients indicative of a favorable
growth environment*. Expression of toxins by vegetative cells is tightly linked to disease
onset. Toxins internalization leads to enzymatic disruption of epithelial cell cytoskeleton
resulting in loss of barrier function and pro-inflammatory cell death. Sensing of C. difficile
and its toxins by the immune system triggers an influx of immune cells into the colon,

typically characterized by high neutrophil migration.



While the above risk factors have been assessed in the context of hospital-
acquired CDI, recently, several studies have described the onset of community-acquired
CDI (CA-CDI)*8_ |n 2011, a study conducted by the CDC estimated that 46.2% of the
total CDI cases were community-acquired!’. High proportions of CA-CDI have been
replicated by other studies with one recent population-based study finding that 41% of CDI
is community-acquired?. Interestingly, CA-CDI has been reported to affect populations
of individuals not traditionally at high risk for hospital-acquired CDI. This includes younger
patients and individuals with no exposure to antibiotics 12 weeks prior to infection, and
pregnant women23464749 " The modes of transmission of community-acquired infection
remain to be elucidated however outpatient health-care exposures and contact with
asymptomatic carriers such as infants have been proposed®34648, As C. difficile isolates
most commonly found in animals, such as the ribotype 078 isolate, are increasingly
reported in hospital-acquired and community-acquired CDI, the possibility of zoonotic
spread into the community has also been proposed?°°-2, Further studies are required to
understand whether the rise in CA-CDI is caused by increased testing for CDI in the
community, increased transmission outside of the hospital, increased virulence of infecting
strains, or host-mediated changes in the population such as the microbiota or immune
response.

1.2 C. difficile: the bacterium:

C. difficile is a gram-positive, spore forming bacillus and an obligate anaerobe that invades
the colon. The start of its life cycle in the colon is triggered by sensing of a favorable gut
environment, and subsequent signaling cascades that control germination into vegetative
cells, release of toxin, and then sporulation.
1.2.1 Germination and vegetative growth:

Inside the gastrointestinal tract, C. difficile spores germinate into vegetative cells

with the capability to express toxin depending on the genetics of the infecting strain.



Germination and growth are dictated by sensing of a favorable lower gastrointestinal (Gl)
environment. The environment of the lower Gl tract has low oxygen content, making it a
favorable site for the growth of anaerobic C. difficile®®. Germination of the spore is
triggered by receptor-based sensing of small molecule germinants within the intestinal
lumen, most notably bile acids. This process is controlled by the cspBAC operon, a region
encoding subtilisin-like proteases, CspAB and CspC, that initiate germination
signaling®>#%. The process of germination is composed of three steps: 1) sensing of bile
acids via the germinant receptor, CspC, at the inner spore membrane®. 2) Rehydration of
the spore and release of major spore constituent, calcium-dipicolinic acid (CA-DPA), which
actives the cortex lytic enzyme, SleC. 3) SleC degrades the peptidoglycan cortex causing
full rehydration of the spore®%45°5, Thus, the sequential activation of proteases triggers the
full enzymatic activity necessary to degrade the C. difficile spore.

Bile acids are important germinants and different bile acids have varying
capabilities to induce germination and growth. The conjugated primary bile acid,
taurocholate, was initially demonstrated by Wilson and colleagues to induce germination
of spores when added to culture media®®®’. Subsequent studies demonstrated that all
cholate derivatives, in addition to the co-germinant, glycine, can promote germination of
C. difficile®®. The secondary bile acid, deoxycholate, supports C. difficile germination but
also inhibits C. difficile vegetative growth®¢*8, Thus, signals received from the bile acid
pool of the intestine dictate the balance between germination and growth of C. difficile
within the intestine.

1.2.2 Toxin Virulence factors:

Once C. difficile has germinated in the intestine, it can release its virulence factors
to drive epithelial disruption, inflammation, and disease. Like germination, toxin production
is also regulated by favorable environmental signals within the gastrointestinal tract. Toxin

production typically occurs during stationary phase of growth under nutrient limiting



conditions. Nutrients like glucose and amino acids inhibit toxin synthesis, whereas high
temperatures, nutrient starvation, and the short-chain fatty acid, butyrate, can all activate
toxin synthesis®=°3. The mechanisms by which these various nutrients modulate toxin
production are not well understood. However, it appears that master regulator proteins
involved in cellular metabolism, can also regulate the transcription of toxins. For example,
the catabolite control protein, CcpA, a transcriptional regulator of metabolizing carbon
sources, also binds to regulatory regions of TcdA and TcdB and is required for glucose-
dependent repression of toxin®4. Thus, there is a connection between toxin expression,
metabolism and nutrient sensing by C. difficile.

The primary virulence factors expressed by C. difficile are TcdA and TcdB,
encoded from the Pathogenicity locus (PaLoc)®>%. While both toxins can lead to disease,
a recent study using isogenic mutants and three separate animal infection models,
comprehensively demonstrated that toxin B is the major virulence factor during infection
and also the major driver of inflammation®’. In addition to the well-characterized TcdA and
TcdB, epidemic Ribotype 027 isolates and non-epidemic Ribotype 078 isolates express
an additional third toxin, CDT®8. In fact, CDT toxin is detected in 15-25% of CDI strains
during non-outbreak situations®°, In contrast to TcdA and TcdB, CDT is encoded by a
different region called the CDT locus’72. The presence of CDT during infection increases
the severity of weight-loss, mortality, epithelial disruption, and inflammation in a murine
model of CDI®. Furthermore, in vitro, CDT can increase the C. difficile adherence through
the induction of microtubule protrusions on host epithelial cells’. All three toxins (TcdA,
TcdB, and CDT) produced by C. difficile together cause symptomatic disease by
damaging colonic epithelial cells and breaching the protective gut barrier. These toxins
initiate epithelial damage by binding to their cell surface receptors followed by entrance

into cells, disruption of the actin cytoskeleton, and inflammatory cell death. The release
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of inflammatory cytokines by toxin-damaged epithelial cells causes an influx in neutrophils,
monocytes, macrophages, ILCs and eosinophils at the site of infection®7475,
1.2.2.1 TcdA and TcdB:

TcdA and TcdB enter cells by clathrin-mediated endocytosis and each have four
domains essential for activity: 1) a glucosyl transferase domain at the amino terminus, 2)
a cysteine protease domain, 3) a pore forming domain, and 4) a CROPS domain’®. The
CROPS domain is canonically thought to be the domain important for binding and entry
into the cell. The glucosyl transferase domain mediates Rho GTPase glucosylating
activity in intoxicated host cells, an activity essential for cytoskeleton disruption. Adjacent
to the glucosyl transferase domain is the cysteine protease domain which autocatalytically
cleaves the glycosyl transferase domain, thus releasing it into the cytosol”’.

The receptors that mediate entry of TcdA and TcdB into epithelial cells have been
elusive with multiple receptors being identified. TcdA receptors include: gp96, blood
antigens 1, X, Y787 and TcdB receptors include Poliovirus Receptor-like 3 (PVRL3), Wnt
receptor frizzled family (FZDs), and Chondroitin sulfate proteoglycan 4 (CSPG4)80-%2,
Likely dual receptors can mediate toxin entry within the gut epithelium. Endocytosis of the
toxin/receptor complex and subsequent vesicle acidification leads to conformational
changes triggering the insertion of the pore forming domain into the vesicle membrane.
After pore formation, the glucosyl transferase exits the vesicle whereby autocatalytic
cleavage occurs via the cysteine protease domain’6#84  Once inside the cytosol, the
glucosyl transferase domain mediates toxicity by glucosylating and inactivating Rho family
GTPases, leading to defects in F-actin, disruption of tight junctions, and cell death (Figure
1.2)77:85,
1.2.2.2 CDT Toxin:

CDT toxin is expressed by hypervirulent, epidemic Ribotype 027 strains of C.

difficile in addition non-epidemic Ribotype 078 strains. Hospital surveys indicate that 15%-
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Figure 1.2: Mechanism of TcdA and TcdB intoxication of epithelial cells

TcdA and TcdB bind to their respective receptors on epithelial cells. TcdA binds to GP96
and carbohydrate structures via the CROPS domain (blue). TcdB can bind to various
receptors such as CSPG4, Frizzled-proteins, and/or PVRL3 via regions of the toxin that
are not within the CROPS domain and also the CROPs domain. After binding to their
respective receptors both TcdA and TcdB enter target cells by clathrin-mediated
endocytosis. After the toxin enters the cell via endocytosis, vesicle acidification leads to
conformational changes that initiate toxin insertion into the vesicle and translocation of the
enzymatic glucosyltransferase (red) into the cytosol. The glycosyltransferase domain is
then cleaved off (stimulated by inositol hexakisphosphate binding) by the adjacent
cysteine protease domain (green). After release into the cytosol, the glucosyl transferase
domain glucosylates and inactivates Rho family GTPases at the cell membrane. This
modification leads to pathogenic effect such as cytoskeleton disruption, cell death, and

subsequent loss of barrier integrity.
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25% of toxinogenic isolates express CDT toxin®®’, CDT toxin is encoded by a 6.2 kb
region called the CDT locus™ and belongs to a family of toxins called binary ADP-
ribosylating toxins’*3, CDT is composed of two subunits: the binding subunit, CDTb, and
the enzymatic subunit, CDTa. To intoxicate host epithelial cells, CDTb oligomerizes and
associates with a host cell surface receptor, shown to be the lipolysis-stimulated
lipoprotein receptor (LSR) in addition to the endocytic uptake mediator, CD448-%,
Following endocytosis of the CDTb-receptor complex, the CDTa subunit is translocated
into the cytosol, where it carries out ADP-ribosylation of G-actin and disruption of the colon
epithelial barrier®%8°1, CDT toxin also disrupts the microtubule dynamics within the cell,
leading to microtubule protrusions that can increase bacterial adherence to epithelial cells
(Figure 1.3)”%. Additionally, our lab has demonstrated that CDT toxin increases pro-
inflammatory cytokine release and mortality in a TLR2 dependent mechanism. TLR2
serves as an immune sensor for CDT and interestingly, TLR2” mice are protected from
CDT-mediated toxicity®. Further investigation is required to determine whether TLR2 is a
receptor or coreceptor for CDT toxin and additionally whether a direct interaction occurs
between TLR2 and CDT. Importantly, our lab and others have demonstrated that CDT is
a virulence factor in vivo, that enhances mortality, weight-loss, and clinical severity of
infection®%. In line with these animal studies, cases of diarrhea due to infection with a
CDT positive strain that is negative for both TcdA and B (TcdA-TcdB-CDT+) have been
reported, albeit these strains are very rare®%,

1.3 Microbiota resistance to CDI:

The microbiota provides the host with colonization resistance against C. difficile.
Colonization resistance comes from both direct and indirect interactions. To directly limit

C. difficile infection, commensals can express bacteriocins that kill C. difficile while



14

Figure 1.3

—>

Microtubule protrusions

Disruption of the
actin cytoskeleton
&




15

Figure 1.3: Mechanism of CDT intoxication of epithelial cells.

CDT is a binary toxin composed of two subunits: the binding subunit, CDTb, (green) and
the enzymatic subunit, CDTa (orange). CDTb forms a heptamer and binds to the receptor
LSR, expressed in gut tissues®#®°, Heptamer formation triggers binding of CDTa to the
complex. The CDT-receptor complex enters epithelial cells by endocytosis. Vesicle
maturation leads to reduced endosomal pH, triggering the CDT heptamer to form a pore
in the vesicle membrane. Through the pore, CDTa is released into the cytosol a process
aided by the chaperone proteins HSP90 and cyclophilins®°. In the cytosol, CDTa then
ADP-ribosylates F-actin, resulting in the depolymerization of F-actin and subsequently

resulting in microtubule protrusions that increased bacterial adherence™,
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preserving other commensal microbes. To indirectly limit C. difficile growth, commensals
can alter the bile acid and short-chain fatty acid pool of the gut. For example, certain
commensals can convert primary acids into secondary bile acids which limit the growth of
C. difficile. Finally, many protective host defenses are maintained by interactions with the
microbiota and thus may indirectly strengthen the immune response to infection. Here we

review the mechanisms by which the microbiota confers protection to C. difficile colitis.
1.3.1 Antibiotic induced dysbiosis confers susceptibility to CDI.

Antibiotic-mediated disruption to the intestinal microbiota is a risk factor for
community and hospital acquired C. difficile infection®’-%°. Risk of hospital acquired and
community acquired CDI is highest in individuals with prior exposure to cephalosporins,
fluoroquinolones and clindamycin antibiotics®®®.  Antibiotics can cause long-lasting
alterations to the microbial community that provides colonization resistance against C.
difficile’®®. Many animal studies have demonstrated decreased colonization resistance
after antibiotics°-1%_ A single treatment with clindamycin confers murine susceptibility to
infection and induces long-lasting alterations in the composition of the gut microbiome,
eliminating ca. 90% of bacteria taxa for up to 28 days®2. Similarly, in humans subjects, a
7 day clindamycin regimen caused long lasting deficiencies in the microbiota, especially
a significant decline in the diversity of Bacteroides that over a span of two-years, never
returned to its original composition!®, Patients who have developed recurrent C. difficile
have lower microbiota diversity than patients with non-recurrent disease!®*. Furthermore,
using next-generation sequencing, additional studies have demonstrated decreases in the
diversity and species richness of CDI patients relative to controls'® 1%, Thus, it is clear
that intestinal dysbiosis is a risk factor for the development of C. difficile colitis. However,
the mechanisms underlying commensal resistance to C. difficile colitis are not as well

understood!®®. Here we review recent advancements regarding the interplay between C.
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difficile, the microbiota and the host immune response and additionally discuss fecal

microbiota transplantation (FMT) strategies to restore antibiotic-induced dysbiosis.

1.3.2 Mechanisms of microbiota mediated protection from CDI:

Commensal bacteria are dynamic; their nutrient acquisition, production of
metabolites, expression of anti-microbial factors, and their interaction with the host
immune system aid in their resistance against pathogens. Recent studies have begun to
make associations between the composition and function of the microbiota in conferring
resistance against C. difficile.

1.3.2.1 Bile acid metabolism alters C. difficile growth.

One important mechanism of commensal protection from CDI is the intestinal bile
acid pool. Bile acids are produced in the liver and metabolized by the microbiota into
secondary forms. The primary bile acid chenodeoxycholate in addition to the secondary
bile acids deoxycholate and lithocholate are inhibitors of C. difficile growth whereas the
primary bile acids taurocholate and cholate induce spore germination®119-112 " Antibiotic
exposure disrupts the relative balance of primary to secondary bile acids in mice and
humans!'*-115 Caecal contents from susceptible antibiotic treated mice have reduced
levels of inhibitory secondary bile acids and a corresponding increase in growth-promoting
primary bile acids. Additionally, compared to a healthy microbiome, extracts from an
antibiotic-treated microbiome had an enhanced ability to stimulate C. difficile colony
formation from spores in vitro'''. Furthermore, human patients with recurrent CDI had
high levels of primary bile acids yet were completely deficient in secondary bile salts prior
to FMT therapy''®. FMT therapy could restore bile-acid metabolizing microbiota, rescuing
protective levels of secondary bile acids!'®. Modeling of the microbiota of susceptible mice
and human patients, demonstrated an association between resistance from CDI and the

commensal microbe Clostridium scindens, a primary to secondary bile acid converter*2.
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Recolonization of mice with C. scindens conferred resistance to C. difficile infection and
C. scindens engraftment was associated with enhanced deoxycholate abundance!!2,
Thus, commensal-mediated alterations to the bile acid pool of the intestinal lumen

contribute to C. difficile’s ability to expand and infect hosts.
1.3.2.2 Direct and indirect competition between the microbiota and C. difficile:

Commensals organisms can also compete with C. difficile for nutrients and space
within the intestine. Commensal metabolism affects the available nutrients and
metabolites that can both limit and promote C. difficle growth. Break down of
carbohydrates provides an energy source for commensals whereas antibiotic treatment
alters the balance of commensal fermenters leading to reduced short-chain fatty acid
production?®7 Lawley et al. demonstrated that in the presence of hypervirulent C.
difficile infection, the microbiota of infected mice was marked by low diversity and
reductions in SCFAs, with most notable reductions in acetate and butyrate!®. Similarly,
an additional study characterized the metabolome of susceptible, antibiotic-treated mice
and demonstrated reduced fermenting commensal activity with increases in sugar
alcohols and carbohydrates and reciprocal reductions in SCFAs!3, Aligning with these
studies, 16 S rDNA sequencing of the human flora demonstrated reductions in the families
Ruminococcaceae, Lachnospiraceae, and butyrate-producing C2 to C4 anaerobic
fermenters in human CDI patients®®, Finally, a recent study demonstrated that microbiota
accessible carbohydrates (MAC) diets caused outgrowth of MAC utilizing bacteria (eg.
Bacteroides). This outgrowth was associated with increased fermentation end products
acetate, proprionate, and butyrate and decreased C. difficile fitness in vivo despite also
increasing virulence factor TcdB expression®®!8, While the MAC+ diet elevated TcdB
expression on a per cell basis, likely due to stress of a non-permissive environmental

change, the overall toxin B abundance mirrored C. difficile burden and was lowered by the
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protective MAC+ diet. The exact mechanism by which a MAC enriched diet inhibits C.
difficile burden during infection remains unclear. It is possible that the resulting increase
in intestinal SCFAs directly inhibit C. difficile growth!'%12° or indirectly by lowering the
luminal pH of the colon creating unfavorable growth conditions for pH-sensitive C.
difficile*?-124, Thus, diets that favor MACS may be a novel avenue for treatment of CDI
through their ability to alter the microbiota however, further studies deciphering the
interaction between diet and CDI in humans are required. Furthermore, while it is clear
that reductions in the fermenting capacity of the microbiota and the SCFA pool of the
intestine are associated with CDI, further investigations into the mechanism by which

SCFAs decrease the fitness of C. difficile are essential.

The microbiota also consumes intestinal nutrients that positively contribute to C.
difficile growth, thus competing with C. difficile for these nutrients. The organic acid,
succinate, is a product of bacterial fermentation, and is used as an energy source by
commensals. Additionally, certain sialidase-producing commensals such as Bacteroides
thetaiotaomicron, cleave polysaccharide sugars from host mucosal barrier, and release
monosaccharides like sialic acid into the lumen'?®. Released sialic acid is exploited by
other commensals that lack the scavenging sialidase enzyme. Thus, during homeostasis,
the monosaccharide sialic acid and the organic acid succinate are metabolized by other
commensals, depleting their availability from the gut lumen. As such, antibiotic-associated
depletion of commensals frees up excess sialic acid and succinate within the intestine. C.
difficile encodes succinate transporters and sialic acid catabolism genes, enabling it to
exploit these nutrients to promote growth and disease!?®?’, In summary, competition
between C. difficile and the microbiota for common energy sources aids in colonization

resistance against infection.
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In addition to nutrient competition, the microbiota can alter C. difficile growth more
directly by the expression of bacteriocins. Bacteriocins are ribosomally synthesized anti-
microbial peptides that can more narrowly target C. difficile than antibiotics. For example,
the commensal B. thuringiensis, produces the bacteriocin, thuricin CD, which has anti-C.
difficile properties in vivo with limited effects on bystander commensals'?82?, Thus,
commensals can offer direct anti-microbial effects against C. difficile through bacteriocin
production which offers a more targeted approach to combating infection.

1.3.3 Interaction between the microbiota and host immune defenses.

The host immune system has a multifaceted role during CDI with some level of
inflammation required to clear the infection. However, this inflammation must be tightly
regulated to prevent overly robust damage to the host. Protective host defenses during
CDI include, bacterial killing via antimicrobial peptides; granulocyte-mediated bacterial
clearance; and tissue-repair via type-2 immunity® 75139133 Thus, the type of host immune
response elicited during CDI, plays an important role in dictating disease severity in murine
models and human patients®133-138  Many studies have investigated how the microbiota
reduces C. difficile colonization via bacterial competition. However, how the microbiota
harnesses a protective immune response to reduce C. difficile disease severity is largely
understudied. Given the rise of FMT therapy to treat severe CDI and efforts to define
specific, purified, commensals that elicit protection from disease, it is increasingly
important to understand how members of the microbiota influence the type of host-immune

response generated during CDI*39140,

1.3.3.1 The microbiota influences antimicrobial peptide expression.
While few studies have directly tested whether microbiota-immune interactions
play a role in dictating the severity of CDI, many inferences can be made from other

infection models. For example, host-derived anti-microbial peptides are important barrier
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defenses against pathogens and are effective at killing C. difficile’**3!, The expression
of host-antimicrobial peptides can be regulated by the presence of the microbiota and in-
turn, regulate both the composition and spatial proximity of the microbiota. For example,
the expression of the anti-microbial C-type lectin, Regllly, is regulated by the microbiota
in a MYD88-dependent manner and germ-free mice lack Regllly expression4142,
Regllly, is expressed by epithelial cells and Paneth cells of the intestine and possesses
selective antimicrobial activity against gram-positive bacteria'#!. Antibiotic-mediated down
regulation of Regllly leads to reduced Kkilling of Vancomycin Resistant Enterococcus
(VRE)¥2143_ Intestinal Regllly expression is regulated by TLR5 mediated sensing of
flagellin by dendritic cells of the lamina proprial*.  After sensing of flagellin,
CD103+CD11b+ dendritic cells produce high amounts of the type-17 associated cytokine,
IL-23, causing a burst of IL-22 production and a subsequent induction of Regllly in the
epithelium®#. Interestingly, TLR5 mediated sensing of microbial flagellin protects mice
from C. difficile infection by reducing C. difficile growth and toxin expression. However,
whether Regllly-mediated killing of C. difficile is downstream of commensal-activated
TLR5 requires further investigation46.

1.3.3.2 The microbiota influences granulocyte function.

Cues from the microbiota also have an important impact on granulocyte function.
Prolonged antibiotic therapy impairs granulopoiesis in the bone marrow by depletion of
the microbiota in a STAT1 dependent manner'’. Additionally, the depletion of the
maternal microbiota results in impaired numbers of circulating neutrophil and granulocyte-
precursors in neonates!*®, Restoration of the neonatal microbiota results in a rescue of IL-
17 producing type-3 innate lymphoid cells (ILC3), G-CSF and neutrophil numbers, in a
TLR4 and MYD88 dependent manner'®®, In line with these results, another study

demonstrated that microbiota-derived peptidoglycan enhances neutrophil killing of the
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pathogens Streptococcus pneumoniae and Staphylococcus aureus#®. Recognition of
peptidoglycan by the pattern recognition receptor, NOD1, was sufficient to restore
neutrophil function#°. Interestingly, mice lacking the pattern-recognition receptors TLR4,
MYD88, and NOD-1 are more susceptible to C. difficile infection and have deficiencies in
their granulocyte responses, however whether a lack of host/microbiota immune

development contributes to disease severity has not been addressed32:149.1%0,

1.3.3.3 The microbiota influences type-1 immunity.

In addition to granulocyte defects, commensal dysbiosis also impairs lymphocyte
function. Type-1 immunity is typically characterized by expression of the cytokines IFN-y,
IL-12, and IL-18 which canonically have anti-viral functions. Type-1 immunity is also an
important defense mechanism during C. difficile infection and can be altered by
commensal signals”™. For example, the commensal Bacteroides fragilis contributes to
the maintenance of CD4+ T cell development, TH-1 differentiation, and lymphoid
organogenesis through the production and subsequent immunological presentation of the
zwitterionic polysaccharide PSA™. In addition to adaptive TH-1 cells, innate NK cell
function is also impaired in the absence of the microbiota. NK cells are cytotoxic type-1
innate lymphoid cells that require priming by mononuclear phagocytes in order to
function®2. Similar to TH-1 cells, NK function is also dependent on the microbiota. Germ-
free mice have defective type-1 interferon production from mononuclear phagocytes and
thus lack primed NK cells'®3. This defect in NK cell priming leads to diminished IFN-y+
NK cells during viral infection and impaired viral clearance®3. Type-1 immunity,
specifically ILC1s and IFN-y responses, were recently demonstrated to be critical for
recovery from C. difficile infection”>3®,  Further investigations regarding antibiotic
mediated depletion of microbiota-derived signals and how they contribute to C. difficile

susceptibility via impairment of type-1 immunity are required.
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1.3.3.4 The microbiota influences type-17 immunity.

Another flavor of immune defense, type-17 associated immunity, is critically
intertwined with commensal derived signals. Type-17 immunity is associated with the
expression of the pro-inflammatory cytokines, IL-23, IL-22, IL-17, and IL-21, and
canonically drives recovery during extracellular bacterial infection'®*1>5, Interestingly,
during CDI, type-17 immunity can be both pathogenic and protective to host recovery. IL-
23 and type-17 (TH-17) T cells increase mortality and tissue pathology during infection
while IL-22 increases survival by promoting bacterial clearance!32137:138.156,157,
Furthermore, antibiotic-mediated inhibition of neutrophil recruitment reduces tissue
pathology during CDI while complete depletion of neutrophils causes severe
mortality’®21%8,  These findings indicate a dual-role for type-17 immunity during CDI —
contributing to both pathogen clearance and host tissue damage. Signals from the
microbiota seem to be important in maintaining effective type-17 defenses. For example,
adaptive type-17 T-cell (TH-17) differentiation is impaired in the small intestine of germ-
free mice and rescued with fecal transplant'®®. Additionally, the commensal organism
segmented filamentous bacteria (SFB) drives TH-17 differentiation in the gut and can
aggravate colitis and other auto-immune diseases'®®-164, SFB makes direct contact with
intestinal epithelial cells, activating a IL-22/IL-23 dependent circuit between ILC3s,
epithelial cells, and TH-17 cells'®>%6,  Specifically, SFB colonization induces the
expression of serum amyloid A proteins 1 and 2 (SAA1/2) by epithelial cells and
subsequent IL-17A production by RoryT+ TH-17 cells®®. The majority of intestinal TH-17
cells have TCR specificity for SFB derived antigens, demonstrating the striking
immunodominance elicited to this commensal microbe'®’. In addition to adaptive TH-17
cells, the microbiota can additionally shape the function of type-3 innate lymphoid cells
(ILC3s). Microbiota - induced TNF-like ligand 1A (TL1A) released from CX3CR1+

mononuclear phagocytes can increase the production of IL-22 by ILC3s!®8. This response



24

is important for mucosal healing and protection from acute DSS colitis and infectious
C. rodentium mediated colitis!®®. Furthermore, the specific commensal, segmented
filamentous bacteria, can induce IL-22 and IL-17 production by ILC3s, aiding in the
expansion of TH-17 cells via serum amyloid A%>%¢_ Thus, the microbiota is an important
signal for maintaining type-17 immunity in mucosal tissue.

In addition to maintaining type-17 immune defenses, the microbiota also controls
type-17 immune responses indirectly, via the induction of type-2 polarizing cytokines, IL-
25, TSLP, and IL-33. Microbiota-regulated IL-25 expression by intestinal epithelial cells
leads to the suppression of IL-22 production by ILC3s!%°. In a similar fashion, expression
of colonic thymic stromal lymphopoietin (TSLP) is also dependent on the microbiota and
bacterial-induced TLSP suppresses excessive TH-17 cell activation'’®. Lastly, during
small intestinal inflammation, expression of microbiota-regulated IL-33 by intestinal
epithelial cells causes TH-17 cells to acquire immunosuppressive properties such as IL-
10 production'’*172, These studies suggest that the microbiota is an important signal for
controlling type-17 immunity via maintaining expression of IL-33, IL-25 and TSLP by
intestinal epithelial cells.
1.3.3.5 The microbiota influences type-2 immunity.

Interestingly, microbiota-regulated IL-25 and IL-33 are important activators of type-
2 innate lymphoid cells (ILC2s) and TSLP is important for ILC2 survival'’*1"", [LC2s
express the transcription factor, GATA3, and make large amounts of type-2 cytokines, IL-
4, IL-5, and IL-13 upon activation with type-2 polarizing cytokines IL-25, IL-33, and TSLP.
Interestingly, while these polarizing cytokines are regulated by the microbiotal33169.170.172,
ILC2 seeding of both the lung?”® and intestine’® occurs independently of the microbiota
as germ-free mice have comparable ILC2s numbers. Furthermore, germ-free mice also
have comparable expression of ILC2 activation markers IL-17RB and KLRGL1 relative to

SPF controls!’. While the microbiota may not play a role in the seeding or abundance of
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intestinal ILC2s, it may have an important role in promoting ILC2 function. In line with this
idea, human ILC2s express toll-like receptors and can directly sense microbial PAMPs
resulting in increased expression of IL-5 and IL-13'8.  Furthermore, during a model of
intestinal colitis, germ-free mice had reduced expression of type-2 cytokines, IL-4, IL-5,
IL-13, and IL-33 in addition to lack of eosinophils'®l. These studies indicate that the
microbiota may have some influence on type-2 immune function. Given recent findings
that IL-25 elicited eosinophils are protective during C. difficile infection®3, further studies
are required to understand the connection between susceptibility to C. difficile, and
possible antibiotic impairment of type-2 immune function.

1.3.3.6 The microbiota influences immune suppression.

In addition to mounting anti-microbial immunity, certain microbes of the commensal
community are also essential for mounting immune suppression. One of the prime
examples of this is the induction of regulatory Foxp3+ T cells (T-regs) by B. fragilis and
Clostridia commensals. In addition to impairing TH-1 differentiation, B. fragilis derived PSA
inhibits IL-17 production in the intestine by enhancing the production of anti-inflammatory
IL-10 and T-regs to protect from experimental colitis’®. Commensal Clostridia also
contribute to IL-10+ T-reg accumulation in the gut by increasing the expression of TGF-3
from intestinal epithelial cells'®3, Additionally, a consortia of 17 Clostridia strains, falling
within clusters 1V, XIVa and XVIII, were rationally identified from a human faecal sample
based on their T-reg inducing activity, and could attenuate colitis upon administration to
mice!84, Finally, short-chain fatty acids, metabolites derived from commensal fermentation
of carbohydrates, are important regulators of T-reg homeostasis and protect against
colitis!®>187, Therefore, sensing of the microbiota additionally maintains homeostasis
through immune suppression, preventing an overly robust immune response to host-

proximal commensals.
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1.3.4 FMT strategies to treat C. difficile infection:

Our understanding and utilization of Fecal microbiota transplantation (FMT) has
jump-started over the past two decades. FMT therapy is a procedure whereby a healthy
faecal microbiota is introduced into a diseased gut to restore recipient microbial density
and diversity and most importantly, health. Recent technological advancements in
sequencing and metabolomics have allowed for better characterization of our intestinal
microbial counterparts, triggering a surge of excitement in the fields of mucosal
immunology and microbiology. This excitement is well-founded, as evidenced by 90%
relapse free-cure rates in FMT treatment for recurrent CDI.

1.3.4.1 FMT treatment of recurrent C. difficile:

Fecal Microbiota Transplantation (FMT) therapy has had great success in the
treatment of recurrent CDI. Standard of care treatments for CDI include treatment with
antibiotics such as vancomycin and fidaxomicin. However, high rates of recurrence are
problematic and occur in up to 30% of patients due to sustained antibiotic-associated
dysbiosis'®32, While C. difficile is susceptible to antibiotic therapy, the antibiotics used to
treat the infection further disrupt the microbiota that provides colonization resistance and
immune-mediated protection against CDI. Thus, while killing C. difficile, antibiotics also
cause greater host susceptible to reinfection and recurrent disease'®18, FMT combats
this cyclical diseased state, by restoring a diverse community of microbes in the colon that

restore colonization resistance.

FMT was first introduced into modern medicine in 1958 by Eisenmen et al. to treat
pseudomembranous colitis with fecal enema!®. Since then, multiple studies have
demonstrated the effectiveness of FMT to treat recurrent CDI. However, the first
randomized controlled trial was not conducted until 2013 in which 94% relapse-free C.

difficile cure rates were reported, surpassing conventional vancomycin treatment by 3-
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fold°. How FMT therapy alters the microbiota community structure is beginning to be
understood. Patients with recurrent CDI who were successfully treated with FMT had
increased diversity in their fecal microbiota with increased relative abundance of

Bacteroidetes and decreased relative abundance of Proteobacteria®®®.

The idea that a defined mixture of purified commensals within healthy stool are
sufficient to transfer FMT-mediated protection was initially demonstrated by Tvede &
Rask-Madsen in 1989. This initial human study demonstrated that the administration of
10 bacterial strains into 5 patients caused a loss of C. difficile and toxin levels within the
infected bowel while replenishing Bacteroides species!®?, After this study,
bacteriotherapy for CDI was limited and primarily focused on probiotic drinks in
combination with standard antibiotic care that had some success!®*'%. A seminal study
by Lawley et al, demonstrated that a defined consortium of six bacteria (Staphylococcus,
Enterococcus, Lactobacillus, Anaerostipes, Bacteroidetes, and Enterorhabdus) could
suppress hypervirulent C. difficile 027/Bl and promote recovery from antibiotic associated
dysbiosis'®. Another group identified the family of bacteria, Lachnospiraceae, as a
potential therapeutic target for bacteriotherapy'®®. Mice with mild C. difficile disease had
microbiota communities dominated by Lachnospiraceae relative to mice with severe
disease. A follow up study, demonstrated that pre-colonization of germ-free mice with
Lachnospiraceae, leads to a dramatic reduction in C. difficile colonization and mortality
after infection®. Additionally administration of Clostridium scindens, an intestinal bacteria
whose depletion is associated with more severe disease in humans and mice, was able
to restore colonization resistance against C. difficile infection in mice and protection is
associated with secondary bile acid synthesis!2. In addition to these studies, a phase I

clinical trial demonstrated that 86.7% of patients were absent of C. difficile positive
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diarrhea for 8 weeks after treatment with a cocktail of 50 species of Firmicutes spores

derived from healthy donor stool*®°.

Thus, in the past few years, great advancements have been made to improve our
understanding of how defined species of bacteria can combat C. difficile infection. Likely,
there is not just one commensal or one community architecture that contributes to
colonization resistance, but multiple community structures exist that can transfer
protection from C. difficile colitis. Given the vast complexity of the microbiota, its
expansive influence on the metabolic state of the gut, and its numerous interactions with
the mucosal interface and the host immune response, it is likely that not one magic bullet
exists to combat CDI. This idea is supported by a recent study demonstrating that multiple
CDl-resistant states of the microbiota exist with differing community structures however
their functional outputs are similar'*®. Further studies defining mechanistic and functional
outputs of commensals, such as their metabolomes and their interactions with the host,
are key to the advancement of purified, next-generation bacteriotherapy to treat both C.

difficile and other diarrheal diseases.

While it is clear the microbiota shapes the immune response, how host immunity
alters the effectiveness of FMT therapy for CDI is still not well understood. Adaptive
immunity does not play a critical role in primary C. difficile infection”>%7, however it does
have a role in recurrent C. difficile’®’1% and thus it may contribute to the effectiveness of
FMT for recurrent, severe, CDI. In line with this thinking, patients with recurrent CDI have
increased pro-inflammatory IL-17+ or IFNY+ CD4+ T cells circulating in their peripheral
blood?®, Additionally, TH-17 cells are both necessary and sufficient to enhance the
severity of C. difficile infection in settings of prior gut insult like IBD colitis®*’. Recently, it
was also demonstrated that FMT therapeutically controls gut inflammation and colitis via

the induction of IL-10 and TGF-B, cytokines critical for T-reg accumulation in the
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intestine?°12°2, These studies indicate FMT-induced IL-10 + T-regs may be involved in the
inhibition of pathogenic TH-17 cells during recurrent CDI. Thus, further investigation
regarding the involvement of the immune system in FMT mediated control of recurrent C.
difficile colitis is essential.

14 Host immune response to primary C. difficile infection:

While C. difficile toxins drive epithelial disruption and disease during CDI, our lab
and others have demonstrated that the type of host immune response generated against
C. difficile also dictates the severity of symptoms during infection independent of bacterial
factors®74203204 - Both protective and pathogenic associations have been made between
immune defenses and C. difficile severity. Human clinical studies have demonstrated a
detrimental role for an over-active immune response during CDI as IL-8 and CXCL5 levels
positively predict disease severity, whereas C. difficile bacterial burden does not 134293, |n
contrast to this, high eosinophil levels, a type-2 immune cell canonically important for
parasite expulsion from infected mucosal tissue?®, are associated with protection during
human and mouse studies of CDI®13313¢ These studies indicate that in addition to toxin
epithelial damage, the type of immune response generated during CDI dictates disease
severity. Here we will review the balance between anti-microbial vs. tissue regulatory
immunity during C. difficile infection.

1.41 Immune recognition of C. difficile:

After toxin mediated damage to the epithelium, pro-inflammatory cytokines and
chemokines are quickly released both locally and systemically to orchestrate an acute
immune response that prevents bacterial dissemination. TcdA, TcdB, and CDT activate
the transcription factors NF-kB and AP-1 leading to expression of various proinflammatory
cytokines such as IL-1B, IL-8, IL-6 IFN-y, and IL-23 74135206=211 " These cytokines are
important orchestrators of neutrophil recruitment, ILC activation, and monocyte activation

that aid in bacterial clearance®7>132212213  |nterestingly, IL-1B release is regulated by
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toxin activation of the pyrin inflammasome sensor?4215, Pyrin interacts with the adapter
protein, apoptosis-associated speck-like protein (ASC),to orchestrate caspase-1
cleavage of IL-1B and IL-18. Our lab has discovered that CDT toxin serves as an
inflammasome priming signal, increasing pro-IL-1B transcripts and NF-kB activation in a
TLR2-dependent fashion®. C. difficile toxins TcdA and TcdB serve as inflammasome
activation signals, triggering oligomerization of the inflammasome sensor via their Rho-
GTPase glucosylating activity?'#2!5, Thus, all three C. difficile toxins (CDT, TcdA and
TcdB) together are sufficient to prime and activate the inflammasome during infection and
mediate IL-13 maturation and release. The inflammasome is essential for recovery from
acute CDI as complete abolishment of the inflammasome complex in ASC”- mice, causes
severe mortality during infection and impaired CXCL1 mediated neutrophil chemotaxis?*®.

In addition to immune recognition of C. difficile toxins, other C. difficile derived
PAMPs are also recognized by pattern-recognition receptors to elicit an inflammatory
response during infection. Nucleotide-binding oligomerization domain 1 (Nod-1),
important for recognition of bacterial peptidoglycan, recognizes C. difficile and aids in
bacterial clearance and neutrophil recruitment during infection?*’. TLR4 recognizes C.
difficile surface layer proteins (SLPs), important for DC maturation and the development
of antibody responses to SLPs during infection®®.  Finally, C. difficile flagellin can
stimulate TLR5 leading to NF-kB and p38 MAPK activation'44146218 - Flagellin stimulation
leads to increased production of IL-8 and CCL20 by epithelial cells that can be augmented
by pre-treatment with TcdB?!°. This immune pathway may have less impact in vivo as
TLR5” mice have equivalent disease severity during infection'#6. These studies indicate
that immune recognition of C. difficile toxins or other C. difficile derived PAMPS aids are

key drivers of host immunity during infection to aid in bacterial clearance.
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1.4.2 Cellular immunity during primary CDI:

After the release of cytokines, chemokines, and alarmins, a swift cellular response
is mounted to control C. difficile and pathobiont semination. A balance between anti-
microbial vs. tissue regulatory immune responses is essential for host protection. Here
we review the innate immune subsets important for driving resolution of C. difficile
infection. While adaptive immunity does not play a central role in acute primary C. difficile
infection”1%7, innate lymphoid cells and myeloid cells are essential for CDI recovery and
restoration of homeostasis.
1.4.2.1 Type-17 immunity, a double-edged sword during CDI:

Type-17 associated cytokines, IL-1B, IL-23, IL-17a, IL-22 and IL-6 are upregulated
in the gut in response to C. difficile infection’#13®, Both pathogenic and protective
outcomes are associated with type-17 immunity during C. difficile colitis”#75:138156220.221
IL-23 signaling is pathogenic during CDI, contributing to increased mortality and tissue
pathology’#1%¢ whereas IL-22 contributes to survival and systemic pathobiont elimination
through the complement system!®. The type-17 cytokine network is a key driver of
neutrophil production and accumulation during mucosal infections. In accordance,
neutrophils are characteristically recruited at high levels into the colon during C. difficile
colitis via MyD88 signaling®®*2222,  Neutrophils have important anti-microbial functions
during infection through their phagocytic activity, granule formation, and production of
antimicrobial proteases, peptides, and reactive oxygen species???2, Dual roles for
neutrophils have been reported during C. difficile colitis. Complete depletion of neutrophils
with anti-GR1 antibody, increases CDI- associated mortality however inhibition of
neutrophil recruitment through blockage of CD18 or MIP-2 or inhibition of IL-23 reduces
tissue pathology and mortality during infection’4132.212.223.224  Gimilarly in human patients,
high neutrophil counts are associated with more severe disease whereas neutropenia is

a risk factor during infection??°226, Thus, type-17 associated immunity is essential for
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pathogen elimination however if left unregulated, can contribute to profound tissue
damage during infection.
1.4.2.2 Type-1 immunity promotes recovery during CDI:

Recently an important role for type-1 immune responses has been demonstrated
during C. difficile infection”**2!1, Type-1 associated cytokines, IFN-y and IL-12, are
upregulated in response to C. difficile infection in humans and mice’®?1227  |nnate
lymphoid cells are lymphocytes that lack antigen specific receptors however can rapidly
respond to inflammatory signals by producing large amounts of cytokine. ILCs, similar to
their T cells counterparts, come in three flavors identified by the transcription factors they
express in addition to the cytokines they make: T-bet expressing ILCls, GATAS
expressing ILC2s, and RoryT expressing ILC3s. Mice lacking ILCs have increased
mortality during C. difficile infection and lack the ability to upregulate IFN-y and |L-2275228,
Further investigation revealed that IFN-y+ ILC1s were central to survival during CDI with
a very limited role for IL-22+ ILC3s’. This important role for IFN-y+ ILC1s was
corroborated in humans demonstrating that high levels of IFN-y in the serum of CDI-
patients is associated with less severe infection'®*. How IFN-y protects during CDI
requires further investigation however it may act by increasing phagocytic functions during
infection??®,
1.4.2.3 Type 2 immunity contributes to immune protection during CDI.

Recent studies from our lab and others demonstrate that type-2 immune
responses play an important role in recovery and survival during CDI53313¢ " Eosinophils,
a type-2 associated myeloid subset, have protective roles in both human and murine
studies of C. difficile colitis®!331%6, CDT toxin expressed by epidemic NAP1/027 isolates
can kill protective eosinophils during infection contributing to their heightened virulence®.
Thus, promoting type-2 immunity during infection presents a new avenue for treatment

during hypervirulent CDI. IL-25 and IL-5 are type 2 cytokines that contribute to eosinophil
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accumulation in the intestine®®°, and are associated with survival and less severe disease
during CDI**31%5, Eosinophil survival and maintenance within mucosal tissue depends on
the action of type-2 innate lymphoid cells (ILC2s). ILC2s constitutively express the
eosinophil survival cytokine, IL-5, resulting in eotaxin production and eosinophil
accumulation in the circulation and peripheral tissues?*°. Central to our current studies, we
have identified a novel protective role for the type-2 cytokine, interleukin-33 (IL-33) during
murine and human CDI studies via the action of type-2 innate lymphoid cells (ILC2s). We
will discuss the importance of IL-33 in greater detail below.

1.5 1L-33: an alarmin and type-2 cytokine that maintains intestinal homeostasis

The IL-33 receptor, ST2, was first reported on in 198923! and is a member of the IL-1
receptor family. The ligand for ST2 remained unknown until the discovery of IL-33 in 2005
through a computational sequence database search of the IL-1 cytokine family?®2. This
seminal study also described IL-33’s ability to induce type-2 cytokine expression,
eosinophilia, goblet cell hyperplasia, and serum IgE and IgA at mucosal surfaces?®?. Since
its discovery, many studies have described a role for IL-33 in various diseases including
asthma, anaphylaxis, and atherosclerosis. Within the gut, IL-33 is host-protective against
helminth infection while both protective and pathogenic roles have been described in IBD
colitis. Here we will describe the biology of IL-33, how it regulates mucosal immunity, and

its involvement in infectious disease.
1.5.1 IL-33 biology:

IL-33 is a member of the IL-1 family of cytokines and functions both as an alarmin,
released from cells upon death, and as a cytokine capable of inducing type-2 immunity in
the colon?33234, |L-33 is produced by intestinal pericryptal myofibroblasts, in addition to
epithelial, endothelial, and adventitial stromal cells!’®#>28 Full-length IL-33 is

biologically active through its carboxy-terminal IL-1-like domain. IL-33 can be cleaved by
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caspases 3 and 7 during apoptosis?®®. Unlike the IL-1 family member, IL-1B, the caspase
cleavage site of IL-33 is located within the IL-1-like domain, thus rendering its cleavage
products biologically inactive and limiting inflammation during programmed cell death?®.
IL-33 lacks a signal sequence?*° thus release of full-length active 1L-33 most likely occurs
after inflammatory cell death such as necrosis or active necroptosis?#242, After release,
IL-33 binds to its receptor complex ST2 and the accessory receptor, IL-1R accessory
protein (IL-1RAP). The ST2 receptor complex induces downstream signaling via the TIR
domain of IL-1RAP through the recruitment of the adapter proteins, MyD88, IRAK1, and
IRAK4 and activation of NF-kB and MAPK signaling pathways?®?. ST2 is expressed on a
variety of innate and adaptive cells, including type-2 innate lymphoid cells (ILC2s),
eosinophils, regulatory T- cells (T-regs), and T helper-2 cells?*3. IL-33 can also act directly
on the intestinal epithelium as LGR5+ stem cells also express ST2 and their activation
with IL-33 leads to differentiation into secretory-cell lineages®®. Thus, IL-33 is abundantly
expressed at mucosal surfaces and is released after cell damage to alert and activate an

immune response.
1.5.2 IL-33 barrier and immune regulation in the intestine:

Within the intestine, IL-33 is constitutively expressed by pericryptal myofibroblasts
located at the base of intestinal crypts and it's expression is increased in response to
systemic infection and sepsis®®. Additionally, IL-33 was recently demonstrated to be
expressed by adventitial stromal cells, a fibroblast-like cell type that line the perivascular
cuffs of blood vessels®8. Additionally, during inflammation IL-33 can be expressed by
additional cell type such as epithelial cells within intestinal crypts'’®. Interestingly, a recent
study demonstrated that IL-33 can act directly on the ST2+ LGR5+ intestinal stem cells to
reprogram them towards secretory lineages, increasing goblet cell, Paneth cell, and

enteroendocrine cell numbers per crypt®®. This resulted in enhanced mucin production
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by the epithelium, a key barrier defense that limits the interaction between the epithelium
and invading pathogens of the intestine?**. Thus, IL-33 can stimulate mucosal barrier

defenses by directly reprogramming the epithelium.

In addition to maintaining epithelial barrier defenses, IL-33 also activates both
innate and adaptive immune cells in the intestinal lamina propria. Many innate and
adaptive cell types express the ST2 receptor and respond to IL-33 such as type-2 innate
lymphoid cells, eosinophils, mast cells, macrophages, type-2 T cells, regulatory T-cells,
and B cells. Upon release, IL-33 elicits a strong type-2 inflammatory response in the
intestine, characterized by IL-4, IL-5, and IL-13 cytokine production?2245, This type-2
immune response is essential for dispelling parasites in the intestine. Additionally, IL-33
elicits important tissue-repair pathways such as stimulation of the epithelial growth factor,
amphiregulin, by intestinal ILC2s'’®. Amphiregulin acts on the epithelium to increase
regeneration and tight-junction formation'’®. IL-33 also increases tissue-reparative M2
macrophages to promote wound healing after tissue damage?*. Thus, IL-33 has essential
functions in maintaining intestinal homeostasis (Figure 1.4) and we will review these

functions in the context of intestinal disease below.

1.5.3 IL-33 during colitis:

During intestinal inflammatory diseases such as irritable bowel disease (IBD), IL-33
has been reported to act in both a protective manner by increasing tissue-repair or in a
pathogenic manner by enhancing inflammation. A handful of studies have demonstrated
that IL-33 signaling exacerbates colitis in murine models. Specifically, three studies have
demonstrated that IL-33 signaling increases inflammation during a dextran sulphate
sodium (DSS) chemical model of IBD colitis, which closely resembles human ulcerative

colitis (UC).
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Figure 1.4: Mechanism of IL-33 mediated protection of mucosal tissue.

IL-33 is released from mucosal barrier cells, such as pericryptal myofibroblasts,
endothelial cells and epithelial cells, upon inflammatory cell death?®245, During bacterial
infections, IL-33 can act in an anti-microbial manner, increasing neutrophil chemotaxis
through inhibition of TLR4 signaling and preventing the downregulation of chemokine
receptor, CXCR2, on the neutrophil surface?*’. Additionally, IL-33 can act directly on
epithelial LGR5+ ST2+ intestinal stem cells to increase secretory lineage differentiation
(Paneth cells, goblet cells, and enteroendocrine cells)?®. This direct interaction between
the epithelium and IL-33 increases anti-microbial peptide production, aiding in bacterial
clearance. During helminth infection, IL-33 can polarize type-2 immune responses by the
activation of ST2+ ILC2s and ST2+ TH-2 cells?®3245, Activation ILC2s and TH-2 cells elicit
downstream eosinophil accumulation via their IL-5 expression?30232248  Fyrthermore, IL-
33 mediated activation of ILC2s and TH-2 cells enhances their expression of IL-13, which
increases goblet cell hyperplasia and mucin responses which aid in parasite expulsion?4%-
251 1L-33 activated ILC2s can also promote epithelial cell regeneration via their expression

of the growth factor, amphiregulin (AREG)*">178,
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One study demonstrated that blockade of ST2 decreased histopathology, inflammation
and disease-activity index during colitis induced by DSS or trinitrobenzene sulfonic acid
(TNBS)?2, Furthermore, IL-33 treatment of 0.5ug on days 1,3, and 5 of DSS-treated mice,
increased the disease-activity index at disease onset?®2. A second study demonstrated
that a higher dosage of IL-33, 1ug/mouse daily for 19 days during DSS administration,
exacerbated DSS- mediated diarrheal scores and colon shortening via IL-4 mediated
inflammation?®2,

Additionally, ST2"- had delayed diarrhea development during DSS. However, weight-
loss was never assessed between ST27, IL-33+ or controls?3, Weight-loss is an indicator
of epithelial disruption, water-loss, and inflammation during colitis and its measurement
helps assess IL-33’s influence at different phases of disease (ie. acute disease vs.
recovery). Along these lines, a third study demonstrated that deficiency of the IL-33 gene
causes amelioration of weight-loss and inflammation early on during DSS-colitis but
impairs weight-gain during the recovery phase of DSS?*. This data indicates that I1L-33
may have dual roles during DSS colitis by enhancing inflammation at disease onset yet
subsequently being required for recovery and weight-gain.

IL-33 has also been demonstrated to play a pathogenic role in a SAMP1/YitFc (SAMP)
murine model of spontaneous Crohns-like ileitis®12%°, Neutralization of ST2 in transgenic
SAMP mice, possessing a mixed TH-1/TH-2 immunological profile, results in less severe
intestinal inflammation, specifically eosinophilic infiltration, however weight-loss, and
colon length were not assessed!®. Additionally IL-33 was upregulated in SAMP mice and
correlated with histopathology disease severity?*®. As neither of these studies measured
weight-loss or the severity of diarrhea, it is difficult to assess the role of IL-33 on morbidity
and recovery. It is possible that IL-33 exacerbates inflammation at acute phases of colitis,
however it may have a differential role during later phases of colitis in promoting recovery

and weight-gain that were not assessed. However, in summary of the above findings, IL-
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33 can have a pathogenic role during murine IBD colitis models by exacerbating intestinal
inflammation at acute phases of disease.

In contrary to these findings, other investigations have demonstrated that IL-33 is
protective from colitis-associated disease via the enhancement of anti-inflammatory and
tissue repair pathways’>?%¢, One investigation of the pathogenesis of DSS-induced colitis
demonstrated that treatment of mice with 1 pg of IL-33 for 5 days post-DSS reduced
weight-loss and increased colon length?*®, The same study also demonstrated that IL-33
treatment prevented weight-loss very early on during TNBS-induced colitis, a Thl-
mediated CD-like colitis model. The authors demonstrate that IL-33 protection was
mediated via the enhancement of wound-healing, M2 macrophages. Specifically,
transfer of IL-33 treated M2 macrophages were sufficient to protect from weight-loss and
tissue pathology.

Similar to the above study, a second study also has demonstrated that IL-33 acts in a
protective manner during DSS-associated colitis via innate immunity. Treatment with IL-
33 for 7 days during DSS-administration, activates amphiregulin expressing ILC2s and
limits tissue damage and intestinal disease’>. Amphiregulin is an epidermal growth factor
(EGR)-like protein that promotes epithelial regeneration and tight-junction formation’.
Adoptive transfer of ILC2s into amphiregulin deficient mice is sufficient to limit tissue
pathology, enhance mucin production, and decrease weight-loss associated with
colitis'’®. Thus, both the above two studies have demonstrated that IL-33 can protect from
IBD-colitis models by enhancing innate-like tissue repair pathways.

Adaptive immunity has also been demonstrated to play an important role in IL-33-
mediated protection from IBD-like colitis. 1L-33-activated T-regs (ST2+ T-regs) have
innate-like behavior; producing high levels of IL-10 and TGF-B in the absence of TCR
stimulation?°82%°, Adoptive transfer of ST2(+) T-regs, but not ST2(-) T-regs protects mice

from experimental T-cell mediated colitis models?®. Furthermore, an additional study
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demonstrated that IL-33 treatment reduced weight-loss and histopathology during TNBS-
induced colitis in a T-reg dependent manner 261, Thus, IL-33 can limit colitis severity via
the action of anti-inflammatory, ST2+ T-regs.

Itis clear that IL-33 signaling is dysregulated in human IBD. Human patients with IBD
had decreased levels of circulating IL-33 in their serum?*. Additionally, multiple studies
have demonstrated that IL-33 is significantly upregulated in human biopsies from
Ulcerative colitis patients?°2:255.262.263 . However, the exact role of IL-33 in the pathogenesis
of IBD requires further investigation. Both beneficial and pathogenic roles for IL-33 have
been identified using murine colitis models making it difficult to assess whether IL-33
upregulation in human IBD is a driver of disease or a mechanism of repair. Discrepancies
in the role of IL-33 may be attributed to differences in the immunological profiles between
experimental colitis models, the timing and dosage of IL-33, or the phase at which disease
severity is assessed. It appears that the timing of IL-33 signaling has an important role in
the development of disease as IL-33" mice have enhanced disease early on yet reduced
ability to recover from weight-loss®*. These findings may explain the discrepancies
between animal models with variations in treatment timing. However, based on the studies
reviewed here it is currently not clear whether IL-33 treatment during disease onset vs.
recovery is pathogenic or protective. Thus, further assessment of the timing and dosage
of IL-33 in the context of IBD is required to evaluate therapeutic applications in the future.

1.5.4 IL-33in intestinal helminth disease.

Given IL-33’s central location at barrier surfaces, it is an important danger signal
released upon pathogen infection. Upon IL-33 activation, ILC2s and TH-2 cells promote
eosinophilia, goblet cell hyperplasia, mucin production, and alternatively activated
macrophage activation within the mucosal tissue of the intestine!’>24°, skin!’¢-264 and

lung?48265266  These responses are characteristic of the ‘weep and sweep’ immunity
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required to expel helminth parasites from host mucosal tissue?®’2¢®, For example,
administration of recombinant IL-33 early during infection with the intestinal nematode,
Trichuris muris, leads to enhanced TH-2 responses and increased worm expulsion®°, IL-
33 mediated protection from T. muris was dependent on TH-2 cells as it was absent in
SCID mice. Recently IL-33 activated ILC2s were also demonstrated to also play a critical
role during intestinal nematode infection. Mice lacking IL-33 signaling have impaired
expulsion of Nippostrongylus brasilensis due to their lack of IL-13 production from ILC2s
in addition to TH-2 cells®2%°, Adoptive transfer of ILC2s was sufficient to decrease worm
burdens. ILC2 mediated protection was dependent on IL-13 expression as IL-13 deficient
ILC2s failed to expel Nippostrongylus brasilensis?®®. In summary, the induction of type-2

immune cells by IL-33 plays a protective role in expelling nematodes from mucosal tissue.
1.5.5 IL-33in bacterial infections:

IL-33 signaling via the ST2 receptor has also been shown to protect during
bacterial infections via both anti-microbial and anti-inflammatory mechanisms. For
example, during S. aureus infection, IL-33 improved antimicrobial iNOS production by
macrophages in the skin, thus inhibiting S. aureus growth?°. Another study demonstrated
that IL-33 treatment inhibited S. aureus colonization, enhancing neutrophil trafficking and
tissue healing within the S. aureus infected wound?’*. IL-33 similarly protected via anti-
microbial mechanisms during intestinal Salmonella Typhimurium challenge. I1L-33
knockout mice have increased Salmonella burden, decreased Paneth cells and anti-
microbial peptides, and increased tissue disruption?®. Thus, during these infections, IL-

33 elicits anti-microbial responses to aid bacterial expulsion.

IL-33 can also protect via anti-inflammatory mechanisms during bacterial
infections. During P. aeruginosa infection of the cornea, IL-33 protects from disease

pathology. Treatment of mice with IL-33 reduced P. aeruginosa bacterial burden and
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corneal disease by increasing anti-inflammatory macrophage polarization and IL-10 levels
while decreasing pro-inflammatory cytokines and neutrophil influx?”2. In M. tuberculosis
infection of the lung, IL-33 also protects by promoting anti-inflammatory immunity. In this
model, IL-33 treatment ameliorates M. tuberculosis infection, reducing neutrophils into the
lung and increasing protective M2 macrophage tissue-repair?’®. Thus, during bacterial
infections of mucosal tissue, IL-33 can act in both anti-inflammatory and anti-microbial

ways to mediate protection.

IL-33 also plays an important role during bacterial sepsis. Sepsis is a systemic
inflammatory state caused by bacterial infection that has high rates of mortality. During
human sepsis, sST2, the soluble decoy receptor for IL-33, is a marker of mortality and
severity, demonstrating that dysregulation of IL-33 is clinically relevant?’42>, Building off
of this, IL-33 protected from a murine model of bacterial sepsis, by increasing neutrophil
chemotaxis into the peritoneal cavity by preventing neutrophil downregulation of the
chemokine receptor CXCR22%74, A similar anti-microbial effect via IL-33 induction of
neutrophils was also seen in S. aureas caused peritonitis in addition to enhanced wound-
healing?’®.  Another study, demonstrated that IL-33 protected from Staphylococcus
aureus bacteremia-induced mortality via an ILC2 dependent mechanism?’’. IL-33
signaling to ILC2s and eosinophils balanced dysregulated and overly robust septic
inflammatory responses. Furthermore, patients who survived Staphylococcus aureus
bacteremia had increased circulating TH-2 cells and reduced TH-17 cells?’’. Thus, similar
to bacterial infection of mucosal tissues, 1L-33 protects from systemic bacteremia by
maintaining anti-microbial and tissue-regulatory immune responses to promote bacterial

clearance and homeostasis.

Finally, IL-33 is also essential for the development of endotoxin tolerance, a

phenomenon whereby repeated exposure to endotoxin leads to immune paralysis,


https://insight.jci.org/articles/view/124168
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protecting against bacterial septic shock. Investigations demonstrated that IL-33 signaling
through the ST2 receptor competes with TLR4 activation in a MYD88 dependent manner
therefor limiting endotoxin exposure and protecting from a subsequent lethal challenge of
endotoxin?’®, Similarly mice lacking the IL-33 receptor, showed decreased tolerance and
increased mortality against a subsequent lethal bacterial lipoprotein (BLP) challenge?®.
In contrast to these studies, IL-33 mediated immune-suppression, induced by CLP sepsis
challenge, was pathogenic and contributed to mortality during a subsequent infection with
Legionella pneumophila?®. In this study, IL-33 signaling contributed to long-term
immune suppression after sepsis by induction of M2 macrophages and ST2+ regulatory
T cells?®°, Thus, IL-33 signaling is important for the development of endotoxin tolerance
after survival from initial septic challenge. ST2 mediated tolerance is a double-edged
sword as it can protect against multiple septic challenges while also contributing long term

immune-suppression and risk of not clearing a subsequent infection.

In summary, these studies demonstrate a critical role for IL-33 in bacterial
infections through its ability to re-establish homeostasis. IL-33 can harness type-2
immunity, tissue-repair, and activate anti-microbial pathways during bacterial infections.
We establish here an additionally important role for IL-33 curing C. difficile infection via

ILC2s and demonstrate an important interaction between IL-33 and the microbiota.
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1.6 Significance and Overview

The CDC has listed C. difficile among the top three urgent antimicrobial resistant
health threats in the United States?. C. difficile incidence has tripled over the past 15 years
and is attributed to the emergence of hypervirulent epidemic strains of C. difficile (referred
to as NAP1/027). Hypervirulent epidemic strains of C. difficile express an additional

virulence factor, binary toxin (CDT), and are associated with more severe disease.

While it is clear that C. difficile toxins cause damaging colonic inflammation during
infection, the immune mechanisms protecting the host from tissue damage require further
investigation. Emerging evidence indicates gut immunity to C. difficile is a delicate
balance between protection and pathology. Based on our current understanding, the
balance and intensity of the host immune response can dictate disease severity during
infection. Specifically, type-2 associated eosinophils can promote recovery while an
overly robust TH-17 response can exacerbate C. difficile severity. The goal of my research
was to identify novel therapeutic host immune targets that are dysregulated during

hypervirulent CDT expressing C. difficile infection.

In this dissertation |: 1) demonstrate that IL-33 protects the gut barrier and prevents
mortality during C. difficile infection via the action of type-2 innate lymphoid cells; a cell
type previously not known to play a role during C. difficile recovery and 2) identify IL-33
signaling as a predictor of human C. difficile mortality, demonstrating that IL-33 is
regulated by the microbiota and rescued with FMT therapy. In summary, 1L-33 signaling
is a novel therapeutic pathway for severe CDI which can potentially be targeted with

rationally designed microbial therapies.
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Chapter Two: IL-33 drives group 2 innate lymphoid cell-mediated

protection during Clostridium difficile infection.

This chapter has been adapted from “Microbiota-regulated IL-33 drives group 2 innate
lymphoid cell-mediated protection during Clostridium difficile infection.”
Nature Communications (2019).

Alyse L. Frisbee, Mahmoud M. Saleh?!, Mary K. Young!, Morgan E. Simpson?, Carrie A.
Cowardin®, Stephen D. Turner®, Erica L. Buonomo?, and William A. Petri, Jr.

1 M.M.S, M.K.Y., M.E.S, helped with tissue extraction and processing, bacterial

guantification, and invaluable advice.

2 E.L.B. aided with colon flow protocol development, tissue extraction and processing,

and invaluable experimental guidance.

3S.D.T., and C.A.C. aided with microarray sample collection, processing and analysis.
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2.1 Introduction

C. difficile is an anaerobic, spore forming bacterium that is a growing public health
threat. The emergence of NAP1/027 isolates over the past decade have caused
worldwide epidemics with high mortality rates!®?81, In the US alone, an estimated half a
million C. difficile cases and 29,000 deaths occurred in 2011, Disruption of the intestinal
microbiota, most often through antibiotic exposure, greatly increases the risk of C. difficile
infection of the colon. Hypervirulent NAP1/027 clones, such as the epidemic R20291
strain used in this study, are associated with higher mortality rates, express higher
amounts of the classical C. difficile exotoxins, TcdA and TcdB, and also produce a third
toxin called C. difficile transferase (CDT)>®®281 CDT is a binary toxin composed of a
binding domain, CDTb, and an enzymatic domain, CDTa, which together mediate
intoxication of colonic epithelial cells via the lipolysis stimulated lipoprotein (LSR) and
result in cytoskeleton disruption®®8°282 Qur lab and others have recently identified CDT
as a virulence factor that increases toll-like receptor 2 (TLR2)-mediated inflammation
during infection®%8283  All three toxins can together cause symptomatic disease by
damaging colonic epithelial cells and eliciting pro-inflammatory, inflammasome-dependent
IL-1B release®?14284  Development of a murine model of C. difficile colitis has allowed for
better understanding of disease onset which is characterized by an acute 2-5 day
inflammatory response with high neutrophil influx, diarrhea, and weight-loss followed by a

resolution phase with weight-gain0s:132.285.286,

The murine model of C. difficile colitis has led to new insights into the relationship
between the host immune response and disease development. Recent studies in both
mice and humans have demonstrated an important yet multifaceted role for the host
immune system during C. difficile infection. Early acute cellular responses such as

MYD88-mediated neutrophilia, IL-25-responsive eosinophils, and IFN-y+ producing type-
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1 innate lymphoid cells, provide protection during C. difficile infection. However, many
pro-inflammatory pathways such as Th-17 associated IL-23, IL-17 and toll-like receptor 2
(TLR2) signaling exacerbate C. difficile-associated mortality®7>132.133156.221.287 = Sayeral of
these murine studies have been corroborated in human patients with IFN-y, IL-5 and
peripheral eosinophil counts being associated with less severe infection yet pro-
inflammatory cytokines such as IL-8, IL-2, and IL-6 being associated with poor
prognosis’®+136.204  These studies emphasize the complexity of the immune network
elicited during CDI. Likely, a robust anti-microbial response is vital for bacterial clearance,
however, this circuit must be tightly regulated to prevent chronic intestinal damage. Thus,
further investigation is required to discover novel immune avenues that control CDI-

associated tissue damage and improve patient survival.

In the present study, we use whole-tissue transcriptomics to identify potential
therapeutic immune pathways that aid in recovery during infection with the hypervirulent
CDT expressing strain, R20291. We identify the IL-1 cytokine family member, IL-33, as
an important guardian of the gut barrier during C. difficile colitis that prevents CDI-
associated mortality via 1L-33 responsive type-2 innate lymphoid cells (ILC2s). IL-33
signaling protects the gut barrier, decreasing toxin-mediated epithelial disruption and
required ST2+ ILC2s to protect. Adoptive transfer of ILC2s is sufficient to transfer
protection from C. difficile-associated weight-loss and mortality. These findings identify a

novel pathway essential for host-recovery and tissue-repair during C. difficile colitis.

2.2 Results

2.2.1 CDT toxin drives more severe disease during CDI.

To study host-derived gene expression changes during C. difficile infection (CDI),
we infected mice with the CDT expressing epidemic PCR-ribotype 027 strain, R20291, or

with an isogenic mutant lacking the binding region of CDT (R20291_cdtb)?®. As we
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previously reported, the CDTb mutant strain caused a less virulent infection with a
reduction in mortality, weight-loss and clinical score severity (Fig 2.1A-C), confirming
CDT's role as a virulence factor®. Loss of CDT caused a 55% decrease in mortality during
infection. Peak weight-loss and clinical scores occurred around day 3 post infection with
loss of CDT causing 13% less weight-loss relative to R20291 infection. Our previous
findings demonstrate that CDT toxin has immune-modulatory activity; enhancing
inflammasome activation and increasing pro- IL-1B transcripts®. Given the high mortality
and weight-loss during R20291 infection, we wondered how the host immune response

changed in response to more severe CDT expressing infection.

2.2.2 Host gene expression changes in response to CDT toxin in wildtype mice.

To find possible therapeutic immune targets relevant during severe infection, we
compared whole caecal tissue transcriptomes of R20291 vs. R20291_cdtb infected mice
via Affymetrix microarray. 484 genes were differentially expressed in response the severe
CDT+ infection [ logfc = 0.5, P < 0.05]. The top 50 significantly upregulated (Table 2.1)

or downregulated genes (Table 2.2) are listed.
2.2.2.1 Identification of IL-33 as a potential immune target:

The microarray analysis revealed a 1.8-fold increase in the alarmin and type-2
cytokine, interleukin-33 (IL-33) (Fig 2.2 A-B). To assess the relevance of IL-33 during C.

difficile infection, we quantified 1L-33 protein and RNA during R20291 and R20291_cdtb
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Figure 2.1
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Figure 2.1: CDT expressing R20291 has increased virulence relative to attenuated,

R20291_cdtB.

(A-C) Mice were infected with R20291 (CDT+) or R20291 cdtb (CDT-) and (A) survival,
(B) body-weight and (C) clinical scores were assessed on each day post infection. (A—C)
n = 10 per experiments and combined from 2 independent infections (A) Comparison
made by log rank test. (B-C) Comparison made by student t test. *P < 0.05, **P < 0.01,

***p < 0.001.



Table 2.1 Host immune changes upregulated in response to CDT expressing R20291.

Fold
AffylD Entrez | SYMBOL logFC | AveExpr | T P.Value | adj.P.vVal | Change
17408897 | 12655 | CHIL3 2.431 7.473 | 4.18 | 0.0004 0.051 5.392
17278321 | 20717 | SERPINA3M 2.140 6.320 | 4.23 | 0.0004 0.049 4.407
17284505 | 380809 | IGHV10-3 1.962 8.624 | 3.04 0.0062 0.136 3.896
17343628 57875 | ANGPTL4 1.594 6.141 | 3.56 0.0018 0.083 3.020
17514541 17384 | MMP10 1.405 8.372 | 4.27 0.0003 0.047 2.648
17383892 | 16819 | LCN2 1.371 8.241 | 3.14 | 0.0049 0.122 2.587
17298775 | 11752 | ANXA8 1.258 8.300 | 3.96 | 0.0007 0.056 2.391
17212174 16178 | ILIR2 1.233 6.171 | 3.20 0.0043 0.115 2.351
17514482 17386 | MMP13 1.206 6.751 | 3.25 0.0037 0.109 2.307
17312219 | 546644 | LY6G 1.177 8.344 | 2.21 | 0.0384 0.308 2.261
17211305 | 94227 | PI15 1.177 5.385 | 3.38 | 0.0028 0.095 2.260
17217399 12654 | CHIL1 1.149 8.564 | 3.38 0.0028 0.096 2.217
17514515 17392 | MMP3 1.125 6.362 | 2.35 0.0282 0.268 2.181
17318089 17067 | LY6C1 1.123 4.480 | 3.25 0.0038 0.109 2.177
17255023 72381 | 2210409E12RIK | 1.111 5.173 | 4.11 0.0005 0.053 2.159
17492947 | 80982 | CEMIP 1.107 6.446 | 3.59 | 0.0017 0.080 2.153
17514553 17394 | MMPS8 1.100 4.950 | 3.26 0.0037 0.107 2.143
17348492 16774 | LAMA3 1.076 8.325 | 4.46 0.0002 0.044 2.108
17329759 11815 | APOD 1.069 6.527 | 2.74 0.0121 0.184 2.097
17461205 | 12661 | CHL1 1.051 5.906 | 3.62 | 0.0016 0.078 2.073
17362973 | 68774 | MS4A6D 1.048 6.919 | 3.68 | 0.0014 0.072 2.068
17491941 56847 | ALDH1A3 1.040 7.902 | 4.52 0.0002 0.041 2.057
17330359 | 85031 | PLA1A 1.024 5.827 | 4.83 | 0.0001 0.034 2.034
17222800 | 227059 | SLC39A10 1.016 7.509 | 5.29 | 0.0000 0.029 2.022
17228136 | 16782 | LAMC2 1.011 9.044 | 4.93 | 0.0001 0.032 2.015
17230045 | 15951 | IFI1204 1.007 5.101 | 2.65 | 0.0150 0.203 2.009
17414802 18491 | PAPPA 0.996 7.517 | 3.25 0.0038 0.109 1.994
17221401 | 277328 | TRPAL 0.980 5.843 | 4.30 0.0003 0.047 1.973
17403205 | 229898 | GBP5 0.966 6.040 | 2.96 0.0073 0.146 1.954
17249036 14584 | GFPT2 0.963 6.339 | 2.52 0.0197 0.231 1.949
17267617 | 217066 | GM15698 0.935 6.337 | 2.67 0.0141 0.197 1.912
17535774 | 104368 | SNORA70 0.928 5.494 | 2.82 | 0.0101 0.169 1.903
17349552 | 436583 | SNORA74A 0.914 7.206 | 4.27 0.0003 0.047 1.884
17358598 77125 | 1L33 0.907 7.838 | 2.96 0.0074 0.148 1.875
17388999 | 228413 | PRRG4 0.903 7.530 | 4.94 0.0001 0.032 1.870
17533713 | 21857 | TIMP1 0.896 6.613 | 2.89 | 0.0087 0.159 1.861
17391554 | 16175 | IL1A 0.886 5.051 | 3.35 | 0.0030 0.099 1.848
17470627 | 56619 | CLECAE 0.884 4.608 | 4.16 | 0.0004 0.051 1.846
17526707 | 235320 | ZBTB16 0.875 6.493 | 3.04 0.0061 0.135 1.834
17449718 15945 | CXCL10 0.873 6.862 | 2.46 0.0223 0.243 1.832
17218845 20344 | SELP 0.865 6.874 | 2.57 0.0177 0.220 1.822
17268066 | 217122 | GM11545 0.864 9.800 | 4.84 | 0.0001 0.034 1.820
17455507 15505 | HSPH1 0.860 8.839 | 3.48 0.0022 0.087 1.815
17399823 20201 | S100A8 0.858 5.204 | 3.54 0.0019 0.084 1.813
17333731 14289 | FPR2 0.854 3.991 | 3.11 0.0053 0.127 1.807
17391709 | 269356 | SLC4A11 0.849 5.979 | 6.14 | 0.0000 0.020 1.802
17354589 | 225594 | GM4841 0.847 4.781 | 2.52 0.0197 0.231 1.799
17464654 27273 | PDK4 0.847 6.137 | 2.49 0.0210 0.238 1.799
17508850 20288 | MSR1 0.84 6.38 | 3.35 0.0030 0.099 1.80

51
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Table 2.1: Host immune changes upregulated in response to CDT expressing

R20291.

Top significantly upregulated genes in response to CDT expressing R20291 relative to
R20291_cdtb. Wildtype C57BL6 mice were infected with R20291 or R20291_cdtb and 3
days post infection mouse caecal tissue was harvested, washed with PBS, and RNA was
extracted. Affymetrix microarray revealed relative gene expression changes in R20291

vs. R20291_cdtb infected mice. n = 5-6 mice per condition.
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Table 2.2 Host immune changes downregulated in response to CDT expressing R20291.

AffylD Entrez SYMBOL logFC | AveExpr |t P.Value | adj.P.val | Fold Change
17525578 56857 | SLC37A2 -2.573 7.721 | -4.60 0.0002 0.037 -5.951
17467529 16019 | IGHM -2.073 6.880 | -2.49 0.0213 0.238 -4.207
17459383 243469 | IGK -1.861 9.221 | -2.96 0.0074 0.148 -3.632
17284919 105387 | AKR1C14 -1.751 7.242 | -4.96 0.0001 0.032 -3.366
17482897 11833 | AQPS8 -1.750 8.411 | -2.76 0.0115 0.180 -3.364
17290263 105349 | AKR1C18 -1.656 5.994 | -5.02 0.0001 0.032 -3.151
17410251 13809 | ENPEP -1.628 7.755 | -4.80 0.0001 0.034 -3.091
17336526 | 100038862 | BTNL1 -1.575 6.982 | -4.12 0.0005 0.053 -2.980
17507308 20494 | SLC10A2 -1.548 7.579 | -8.05 0.0060 0.134 -2.925
17268884 217166 | NR1D1 -1.417 8.006 | -6.32 0.0000 0.020 -2.670
17467696 330350 | 9130221F21RIK | -1.399 5.447 | -3.01 0.0066 0.139 -2.638
17273447 58210 | SECTM1B -1.392 9.731 | -4.05 0.0006 0.054 -2.625
17408360 56185 | HAO2 -1.310 8.361 | -2.54 0.0191 0.228 -2.479
17224015 74591 | ABCA12 -1.257 8.537 | -3.48 0.0022 0.087 -2.390
17378685 383766 | TLDC2 -1.246 8.476 | -6.64 | 0.0000 0.020 -2.371
17491205 20208 | SAAL -1.221 10.607 | -2.63 0.0155 0.206 -2.331
17284577 780931 | IGHV1-53 -1.184 10.209 | -3.56 0.0018 0.083 -2.273
17284507 | 102642252 | LOC102642252 | -1.183 8.584 | -2.25 0.0354 0.297 -2.271
17343488 64385 | CYP4F14 -1.175 8.479 | -3.82 0.0010 0.064 -2.258
17408336 15494 | HSD3B3 -1.171 8.452 | -3.78 0.0011 0.066 -2.252
17329847 106407 | SLC51A -1.161 7.913 | -8.35 | 0.0030 0.099 -2.236
17545899 12309 | S100G -1.152 5.524 | -3.74 0.0012 0.068 -2.222
17319707 76279 | CYP2D26 -1.150 8.068 | -2.35 0.0285 0.270 -2.219
17400162 20341 | SELENBP1 -1.150 10.394 | -4.37 0.0003 0.044 -2.218
17365098 20249 | SCD1 -1.135 8.248 | -2.70 0.0132 0.191 -2.196
17313583 13105 | CYP2D9 -1.125 4.727 | -4.58 0.0002 0.038 -2.181
17274813 13487 | SLC26A3 -1.114 10.866 | -3.10 0.0054 0.128 -2.165
17484477 22264 | PRAP1 -1.095 6.891 | -4.98 0.0001 0.032 -2.137
17348860 17288 | MEP1B -1.094 9.497 | -4.13 0.0005 0.053 -2.135
17510772 15245 | HHIP -1.059 7.444 | -3.99 0.0007 0.055 -2.084
17400124 20342 | SELENBP2 -1.041 8.243 | -4.19 0.0004 0.051 -2.058
17516997 434402 | GM5617 -1.014 6.314 | -2.60 0.0165 0.214 -2.019
17266436 20500 | SLC13A2 -1.003 8.577 | -4.45 | 0.0002 0.044 -2.004
17246602 237625 | PLA2G3 -0.996 6.308 | -5.96 0.0000 0.023 -1.994
17362839 69826 | MS4A10 -0.985 6.326 | -3.17 0.0046 0.118 -1.980
17477169 72431 | CEACAM18 -0.984 5.707 | -5.94 0.0000 0.023 -1.978
17300717 17224 | MCPT1 -0.969 7.060 | -2.43 0.0240 0.251 -1.958
17330799 433023 | GM5485 -0.959 7.660 | -3.78 0.0011 0.065 -1.944
17284519 16061 | IGH-VJ558 -0.954 7.479 | -2.53 0.0195 0.230 -1.937
17408323 15493 | HSD3B2 -0.954 5.820 | -3.94 0.0007 0.057 -1.937
17346401 171168 | ACER1 -0.949 7.136 | -3.28 0.0035 0.106 -1.931
17225993 320311 | RNF152 -0.942 6.639 | -3.26 0.0037 0.108 -1.921
17496354 20887 | SULT1A1 -0.933 8.344 | -2.93 0.0080 0.152 -1.909
17409130 14864 | GSTM3 -0.928 7.776 | -3.39 0.0028 0.095 -1.902
17459696 | 100038714 | GM15401 -0.919 6.110 | -4.28 0.0003 0.047 -1.891
17322750 268860 | ABAT -0.919 8.230 | -5.30 0.0000 0.029 -1.891
17427928 13370 | DIO1 -0.918 6.859 | -4.58 0.0002 0.038 -1.890
17449406 53315 | SULT1D1 -0.902 9.604 | -3.25 0.0038 0.109 -1.869
17345066 17287 | MEP1A -0.898 9.431 | -4.17 0.0004 0.051 -1.863
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Table 2.2: Host immune changes downregulated in response to CDT expressing

R20291.

Top significantly downregulated genes in response to CDT expressing R20291 relative to
R20291_cdtb. Wildtype C57BL6 mice were infected with R20291 or R20291_cdtb and 3
days post infection mouse caecal tissue was harvested, washed with PBS, and RNA was
extracted. Affymetrix microarray revealed relative gene expression changes in R20291

vs. R20291_cdtb infected mice. n = 5-6 mice per condition.
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Figure 2.2: 1L-33 is upregulated by the host in response to C. difficile infection

Mice were infected with R20291 (CDT+) or avirulent R20291_cdtb (CDT-) and whole-
caecal tissue transcriptomic analyses was performed on Day 3 post infection. (A) Heat
map of genes upregulated (red) or downregulated (blue) in response to CDT toxin. (B)
Volcano plot highlighting IL-33 (blue) among genes altered (> 0.5 logFC = red). (C) ELISA
of IL-33 protein within the caecal tissue (Day 3). (D) Enriched pathways of the top
upregulated transcripts (log FC > 0.5; p<0.05) listed by significance (-log10(p)) and
created using the ConsensusPathDP database. (E) Enriched pathways of the top
upregulated transcripts (log FC > 0.5) listed by significance (-log10(p)) and created using
the Ingenuity Database. (F) IL-33 transcript abundance in infected caecal tissue was
measured (Day 3) by Tagman gPCR normalized to housekeeping genes. Data are
presented as means = SEM. (A-B), n =5 mice (C) n = 7-10 per experiment combined from
2-3 infections. (F) n = 3-6 per group. (C&F) Comparison made by ANOVA. *P < 0.05, **P

< 0.01, **P < 0.001.
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infections and in uninfected controls. Both gPCR and ELISA analyses indicated
upregulation of IL-33 in response to both hypervirulent R20291 and attenuated
R20291 cdtb infection relative to uninfected controls (Fig 2.2C, 2.2F). Mice infected with
the hypervirulent strain, had a 1.71-fold increase in IL-33 protein relative to R20291 cdtb
infected mice and R20291_cdtb infected mice had a 1.82-fold increase in IL-33 protein
relative to uninfected controls (Fig 2.2C, 2.2F). This data indicates, that IL-33 expression

is increased in response to increasing severity of C. difficile infection.

2.2.2.2 Pathways significantly enriched in response to CDT toxin.

In order to understand higher level functional changes within the transcriptome of
CDT+ vs. CDT- infected mice, we conducted pathway analysis of the significantly altered
genes within our data set. This analysis of the microarray data set using Ingenuity?®, and
Consensus Path DB?° pathway tools revealed enrichment of many immune-related
pathways in response to the CDT expressing strain, including many tissue-regulatory
pathways including IL-10R, IL-4, and IL-13 (Fig 2.2D-E). These pathways have been
associated with tissue repair and can counter pro-inflammatory responses to promote
healing?82%0-294_ Given increased IL-33 expression in response to CDI, in addition to its
established role in promoting IL-10, IL-4, and IL-13 tissue regulatory pathways?243295-2%
we hypothesized IL-33 may be an important upstream regulator of gut barrier defense

during C. difficile infection.

2.2.3 IL-33 protects from mortality and intestinal damage during epidemic and

classical C. difficile infection.

In order to determine if IL-33 mediates protection during infection, we used a
mouse model of CDI to ascertain the effect of IL-33 on disease severity, tissue pathology
and mortality® 74195133 First, we asked whether increasing IL-33 levels in the gut alters

disease severity during infection. IL-33 was administered in 5 doses by intraperitoneal
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injection (0.75ug/mouse) prior to infection (Fig 2.3A). Our IL-33 treatment regimen
caused a 5-fold increase in IL-33 protein levels within the colon prior to infection (Fig
2.3B). Notably, this IL-33 treatment regimen reduced mortality following infection with
R20291 as evidenced by the increased survival [70% with IL-33 treatment vs. 30%
without) (Fig 2.4A). Additionally, IL-33 treated mice had reduced weight-loss, and less
severe clinical scores (a measurement system of weight loss, piloerection, ocular
discharge, activity, posture, and diarrhea) (Fig 2.4B-C). We also noticed that IL-33
treatment reduced epithelial barrier disruption during infection. Blinded histology scoring
of the epithelial barrier by H&E staining revealed a significant reduction in epithelial
damage and submucosal edema (Fig 2.4D-E). Accordingly, IL-33 treated mice had
reduced gut permeability as quantified by FITC-dextran gut-barrier permeability assay (Fig

2.3C).

Despite the reduction in epithelial damage, IL-33-mediated protection was not due
to a reduction in C. difficile bacterial burden as IL-33 treated mice were colonized to
equivalent levels as vehicle controls (Fig 2.4F). IL-33-mediated protection was also not
caused by a reduction in TcdA and B or CDT as IL-33 treatment mice had equivalent toxin
levels over the course of acute infection when peak disease occurred (Fig 2.5A-B).
Furthermore, IL-33 treatment did not prevent translocation of gut commensals as IL-33
treated mice had equivalent dissemination of commensal bacteria into their livers likely
caused by gut leakiness still present in IL-33 treated mice as demonstrated by FITC-

dextran within their serum. (Fig 2.3C-D).

Since the microbiota plays a critical role in the pathogenesis of CDI¥?42% we
assessed whether IL-33 treatment altered the microbiota prior to infection via analysis of
the V4 region 16 S rRNA gene amplified from caecal contents of IL-33 vs. vehicle treated

mice. We found no significant differences in the alpha diversity or beta diversity between
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Figure 2.3. IL-33 treatment protects the gut epithelial barrier during infection but
does not decrease translocating commensals into the liver. (A) IL-33 treatment
experimental design. (B) Total IL-33 protein present in caecal tissue with and without IL-
33 treatment measured by ELISA. (C) FITC-dextran concentration present in serum after
gut permeability assay during infection (Day 2). (D) IL-33 and PBS treated mice were
infected with R20291 C. difficile liver tissue was harvested and colony forming units were
counted on BHI agar plates (Day 2). Data are presented as means = SEM (B-C) n = 7-12
per group (C) n = 7-10 per group combined from two infections. (B) Comparison made by
student t test. (C) Comparisons for commensal burden were made by student t test and

Mann-Whitney U tests. *P < 0.05, **P < 0.01, **P < 0.001.
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Figure 2.4. IL-33 protects from mortality and epithelial barrier disruption during C.
difficile infection. C57BL6 mice (A-F) or ST27 mice (F-1) were treated with an antibiotic
cocktail prior to infection with R20291 and treated by IP injection with recombinant IL-33
(rIL-33) or vehicle control (PBS) for 5 days prior to infection. (A) Survival curves (B),
weight-loss (C), and clinical scores after infection and treatment. (D-E) Infected caecal
tissue was examined with IL-33 treatment and without (Day 3). (D) Representative
epithelial damage (H&E) of treatment groups assessed by (E) blinded scoring of infected
tissue (H&E). (F) Peak C. difficile bacterial burden in caecal contents after infection (Day
2) of IL-33 treated mice or ST2" mice compared to vehicle or wildtype controls. (G-1) ST2
 on C57BL6 background and C57BL6 controls were cohoused for 3 weeks prior to
R20291 infection. (G) Survival curves (H) weight-loss and () clinical scores were
assessed. Data are presented as means + SEM (A-F) n = 10 per experiment combined
from 2 to 4 infections and (D) Images at 10X magnification. (G—I) n = 7-10 per experiment
combined from 2-4 infections. (A and G) Comparison made by log rank test (B-E and H-I)
Comparison made by student t test. (F) Comparisons for C. difficile burden were made

by Mann-Whitney U tests. *P < 0.05, *P < 0.01, ***P < 0.001.
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Figure 2.5
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Figure 2.5. Exogenous and endogenous IL-33 do not alter C. difficile toxin levels
during infection. (A-B) IL-33 treated (blue square) vs vehicle treated (black circles) mice
were sacrificed on day 1, 2 and 3 post infection and (A) Tcd A and TcdB in the caecal
contents were assessed by ELISA and (B) CDT in the caecal contents was assessed by
ELISA. (C-D) ST2"vs. WT mice were sacrificed on day 2 post infection and (C) TcdA and
TcdB in the caecal contents were assessed by ELISA and (B) CDT in the caecal contents
was assessed by ELISA. Data are presented as means + SEM (A-C) n = 7-12 per group
representative of two infections. Comparisons for toxins were made by student t test and

Mann-Whitney U tests. *P < 0.05, **P < 0.01, ***P < 0.001.



65

the treatment groups (Fig 2.6A-C). Thus, IL-33 treatment did not significantly alter the

microbiota composition prior to infection with C. difficile.

Given the striking protection elicited by exogenous IL-33 treatment, we additionally
asked whether endogenous IL-33 signaling contributes to survival from CDI using
transgenic mice lacking the IL-33 receptor, ST2". Complementing the IL-33 treatment
data, ST2" mice had higher mortality rates compared to cohoused wildtype controls (Fig
2.4G). Markedly, ST2” mice lost more weight and developed clinical signs by Day 1 of
infection when wildtype mice lacked signs of disease (Fig 2.4H-1). Similar to the IL-33
treatment data, ST2"" mice did not have more severe disease due to increased C. difficile
bacterial burden or increased toxin levels as there were no significant differences in CDI
colonization or toxins TcdA and TcdB, or CDT levels between ST2" vs. controls on Day 2
post infection when disease was most severe. (Fig 2.4F, Fig 2.5C-D). Together these
results indicate that IL-33 signaling protects from mortality during CDI independent of C.

difficile bacterial burden and toxin expression.
2.2.3.11L-33 mediated protection is not restricted to CDT expressing NAPI/027 infection

As IL-33 was identified to be highly upregulated in response to CDT toxin, we
wondered whether IL-33 mediated protection was specific to CDT toxin expressing C.
difficile. Thus, we applied our IL-33 treatment regimen to mice infected with the isogenic
CDTb mutant (R20291_cdtb) in addition to the non-ribotype 027 strain, VPl 10463. 1L-33
mediated protection was not restricted to hypervirulent R20291 infection as IL-33
treatment robustly protected against the non-ribotype 027 C. difficile strain VPI 10463 (Fig

2.7A-C), and the attenuated R20291_cdtb mutant strain (Fig 2.7D-F).
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Figure 2.6. IL-33 treatment does not significantly alter the microbiota community
prior to infection. Mice were treated with IL-33 or vehicle control, in addition to broad-
spectrum antibiotic cocktail used in infection model. (A) Bar plot of relative phylum
abundance of IL-33 vs. control groups prior to infection with C. difficile. (B) Microbiota
diversity in caecal contents of untreated donors and antibiotic treated FMT recipients using
Shannon (upper) and Simpson index (lower). (C) NMDS plot of Bray-Curtis dissimilarity
index from caecal samples of IL-33 and vehicle mice post antibiotic treatment and before
C. difficile infection. (B) Comparison made by ANOVA test. (C) comparisons made using
permutational multivariate analysis of variance (PERMANOVA) *P < 0.05, **P < 0.01, ***P

< 0.001.
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Figure 2.7. IL-33 protects from mortality, weight-loss and clinical scores in non-027
(VPI 10643) and non-CDT, R20291_cdtb infection. (A-F) Wildtype mice treated with IL-
33 or with vehicle control were infected with (A-C) VPI 10643, or (D-F) attenuated mutant,
R20291 cdtb (CDT-) and (A,D) survival, (B,E) body-weight and (C,F) clinical scores were
assessed on each day post infection. (G-1) ST2”- mice and WT controls were infected with
the avirulent mutant, R20291 cdtb and (G) survival, (H) body-weight and (1) clinical scores
were assessed on each day post infection. Data are presented as means + SEM (A-I)
representative experiment of n = 10-12 mice per group and (A,D,G) comparison made by
log rank test. (B-C,E-F,H-1) Comparison made by student t test. *P < 0.05, **P < 0.01,

***p < 0.001.
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Similar to the IL-33 treatment model, endogenous IL-33 protection was not restricted to
binary toxin expressing strains as only 40% of ST2” mice survived attenuated
R20291 cdtb infection, compared to 100% of wildtype mice (Fig 2.7G-I). These results

indicate that IL-33 signaling protects from mortality independently of CDT status.

2.2.4 IL-33 regulates the balance between Type-17 and Type-2 immunity during

CDL.

In addition to the important role of C. difficile toxins in driving epithelial disruption
and disease’"%2:3%, the type of immune response generated during CDI is an important
predictor of disease severity!33-13301  Colonic neutrophil invasion and Type-17
inflammation are hallmarks of CDI whereas Type-2 associated eosinophilia is protective
in both human and murine CDI74133136.1%6222.301  Gjyven these findings, we wanted to
determine whether IL-33 modulates the local intestinal immune response during infection
to prevent mortality and epithelial disruption. Indeed, flow cytometry revealed that IL-33
treatment caused a dramatic switch in the myeloid cells of the colon by day 2 post
infection, decreasing pro-inflammatory neutrophil and monocyte frequencies and numbers
(Fig 2.8A-B, Fig 2.9A, 2.9C-D). Instead of the canonical neutrophilic response seen in
wildtype infection, IL-33 treatment shifted the myeloid compartment towards dominant
eosinophilia by Day 2 post infection [57% with IL-33 vs. 20% without] and a trend toward
increased numbers of eosinophils (Fig 2.8A-B; Fig 2.9A-B). This shift in myeloid cells
occurred only after infection as there were no differences in the frequency or number of
neutrophils, monocytes, or eosinophils in uninfected controls (Fig 2.8B, Fig 2.9B-D). In
alignment with the IL-33 treatment model, ST2” mice, which lack IL-33 signaling, had a
reduction in colonic eosinophils both by frequency and number compared to wildtype
controls indicating that endogenous IL-33 signaling contributes to eosinophil accumulation

within the colon during infection (Fig 2.9F-G).



Figure 2.8

Ly6C-FITC

SiglecF-PE

ooy v vyoy
3 ) 4
R T 10

Ly6G-PECy7

R

s
10

Ly6C-FITC

SiglecF-PE

R20291 + IL-33

Ly6G-PeCy7

e.
=20
(=%
fag
215
2
810
E 0,0
o 5

] o O
o )

0 T

% of CD11b+

PBS

IL-1B

_R20291 + PBS

IL-6 IL-23

- ABX + Vehicle
E ABXx + riL-33

Ml R20291 + Vehicle
Ml Rr20291 +rIL-33

R20291 + IL-33

71



72

Figure 2.8. IL-33 dampens inflammation and skews gut type-2 immunity during CDI.
(A-B) Immune profiling of myeloid cells within the colon of IL-33 treated or untreated mice
during R20291 infection. CD45" CD11b* Ly6g* Ly6¢c* neutrophils; CD45* CD11b* Ly6g
Ly6¢c™ monocytes, and CD45* CD11b* SiglecF* Ly6g~ eosinophils were quantified by flow
cytometry. (A) Representative dot plots of eosinophils, monocytes and neutrophils within
the colon of IL-33 treated (right plots) vs. untreated (left plots) mice (Day 2). (B)
Quantification of the frequency of neutrophils (N), monocytes (M), and eosinophils in the
colon of uninfected mice or during infection (Day 2). (C-D) Cytokine protein expression in
caecal tissue during C. difficile infection (Day 2). (C) Pro-inflammatory IL-1f3, IL-6, and IL-
23 expression and (D) Anti-inflammatory IL-10, IL-4, and IL-5 expression with and without
IL-33 treatment. (E-F) Enumeration of mucin+ goblet cells with and without IL-33
treatment by microscopy. (E) Blinded quantification of number of PAS+ goblet cells per
colon crypt during R20291 infection (Day 2). (F) Representative PAS+ goblet cell staining
of IL-33 or vehicle treated mice (20x magnification). Data are presented as means + SEM
(B) n = 8-10 per group combined from 2 infections and (C-D) n = 4-10 per group combined
from 2-3 infections. (E) n = 4-5 per group combined from 2 infections. (B-E) Comparison
made by two-tailed student t test or Mann Whitney Test as described in methods. *P <

0.05, *P < 0.01, ***P < 0.001.
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Figure 2.9
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Figure 2.9.1L-33regulates type-17 vs. type-2 immunity during CDI. (A) Gating strategy
for flow cytometry characterization of eosinophils, neutrophils, and Ly6C" monocytes in
the colon. Representative dot plot from an IL-33 treated mouse during R20291 infection
(Day 2). (B-D) Total number of (B) Eosinophils, (C) Neutrophils (D) Ly6C" Monocytes in
IL-33 vs. vehicle treated mice during infection or in uninfected mice. (E) IL-4 expression in
gut caecal tissue with and without IL-33 treatment in infected and uninfected mice. (F-I)
ST27" mice and wildtype mice were infected with R20291 and (F) eosinophil frequency (%
of CD11b+), (G) eosinophil number, (H) neutrophil frequency and (I) neutrophil number
were assessed by flow cytometry (Day 2). Representative experiment from 2 independent
infections n = 7-10 mice per group. Comparisons between groups made by two-tailed

student t test or Mann-Whitney test. *P < 0.05, **P < 0.01, **P < 0.001.
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Unlike the IL-33 treatment model, ST2" knockout mice had no change in colon
neutrophilia during CDI indicating endogenous IL-33 dominantly regulates colonic

eosinophil recruitment during infection.

Given the 1L-33 mediated switch toward gut eosinophilia, we questioned whether
IL-33 treatment also altered the cytokine milieu during CDI. We found that IL-33 treatment
reduced pro-inflammatory IL-1p3, IL-6, and IL-23 and increased anti-inflammatory IL-4, IL-
5 and IL-10 during CDI (Fig 2.8C-D). In accordance with the myeloid cell data, the increase
in the Type-2 associated cytokine, IL-4, occurred only after infection as uninfected IL-33
treated mice had equivalent levels of IL-4 relative to controls (Fig 2.9E). In addition to
eosinophilia, Type-2 associated mucosal immunity is linked to goblet cell expansion to aid
in parasite expulsion and is regulated by IL-13 production from type-2 innate lymphoid
cells in the gut'’®3%2, CDI causes a loss of goblet cells and mucin production at the
epithelial barrier of the colon333%, Thus, we explored the effects of IL-33 treatment on
goblet cell mucin responses by Periodic Acid Schiff (PAS+) goblet cell mucin staining of
infected caecal sections. IL-33 treated mice had significantly more goblet cells per colonic
crypt during CDI infection compared to untreated controls (Fig 2.8E-F). Taken together,
these results indicate that IL-33 is an important regulator of the balance between Type-17

vs. Type-2 associated mucosal immunity during CDI.
2.2.5 [IL-33responsive ILC2s protect from CDI- associated mortality.

IL-33 has been shown to reduce intestinal damage during IBD colitis via the action
of type-2 innate lymphoid cells (ILC2s) or ST2+ regulatory T- cellst’>256.260 Fyrthermore,
B cells have also been implicated in IL-33 mediated protection from IBD colitis via IgA or
IL-10 production?7:2%, We wondered whether innate lymphoid cells (ILCs) or adaptive T
and B cells were involved in the therapeutic capacity of IL-33 to protect from hypervirulent

C. difficile colitis. To address this question, we treated Rag2” (lacking T and B cells) and
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Rag2” yc’ (additionally lacking ILCs) mice with IL-33 or the vehicle control. In line with
Abt et al, Rag2” yc’ mice had significantly higher mortality compared to Rag2” mice [75%
Rag2”yc” vs. 24% Rag2”] confirming the importance of ILCs in recovery from C.
difficile’. 1L-33 treatment of Rag2”’ mice led to a significant increase in survival and
reduction in weight-loss indicating T and B cells are dispensable for IL-33 mediated

protection during CDI (Fig 2.10A,B).

In contrast, IL-33 mediated protection from mortality and weight-loss was lost in
Rag2”yc’ mice indicating ILCs are necessary for IL-33’s therapeutic effects (Fig 2.10A,
C). We found that during CDI, colonic GATA3+ ILC2s co-expressed the IL-33 receptor,
ST2, leading us to believe that ILC2s were downstream of IL-33 mediated protection (Fig
2.11A-B). Indeed, protective IL-33 treatment led to a significant increase in ST2+ GATA3+
ILC2s within the colon lamina propria during infection (Fig 2.10D-E, 2.11C). Furthermore,
IL-33 treated Rag2”’ mice had an equivalent increase in the number of colonic ILC2s
indicating that IL-33-mediated ILC2 induction was independent of the adaptive immune
system (Fig 2.10E). We also noticed IL-33 treatment led to a significant reduction in the
frequency of ILC1s, which canonically drive recovery during CDI’®, and a reduction in
ILC3s (Fig 2.10D, 2.11C). The increase in ILC2s and corresponding decrease in ILC1s
and ILC3s may be due to ILC plasticity within the intestinal lamina propria®®-=%. GATA3+
ILC2s isolated directly ex vivo from the colon during C. difficile infection were activated,
as evidenced by their increased capacity to produce IL-13 compared to uninfected controls
without further stimulation (Fig 2.12A-B). ILC2s isolated from IL-33 treated mice had 2.5-
fold increase in IL-13+ ILC2s during infection compared to vehicle controls (Fig 2.12A-B).
While ST27- mice had normal numbers of ILC2s in their colons, their ILC2s were

significantly dysfunctional as evidenced by a reduced ability to make IL-13 by frequency



77

Figure 2.10
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Figure 2.10. IL-33-ILC2 crosstalk is protective during C. difficile infection. (A-C)
Rag2”’ and Rag2’yc’ were infected with R20291 and treated with or without IL-33. (A)
Survival curves, (B) Rag2’ weight-loss, and (C) Rag2’yc’ weight-loss after IL-33
treatment and infection. (D-E) Immune cell profiling of ILCs within the colon of IL-33 treated
or untreated mice during R20291 infection. Lin- CD45" CD90* CD127* ILCs were
subsetted into ST2* GATA* ILC2s; Thet" ILC1s, and RORyT*ILC3s by flow cytometry. (D)
Representative dot plots of ILC subsets within the colon of PBS controls or IL-33 treated
mice during infection (Day 2). (E) Enumeration of the number of ILC2s in the colon of IL-
33 treated C57BL6 or Rag2” mice during R20291 infection. (F-G) Adoptive transfer of ex
vivo expanded and sorted purified ILC2s from uninfected IL-33 treated mice into naive
Rag2”yc’ mice. (F) Survival curves and (G) weight-loss after ILC2 transfer and R20291
infection. (H) Pearson correlation between the frequency of ILC2s and the percent weight-
loss during R20291 infection. Data are presented as means + SEM (A-C) n = 6-10 mice
per group representative of 2 infections and (E) n = 4-10 mice per group representative of
2 independent infections. (F) n = 10 mice per group representative of from 2 adoptive
transfers. (G) n = 10 per group representative of 2 independent adoptive transfers (A and
F) Comparison made by log rank test (B-C, E & G) Comparison made by two-tailed student

t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2.11. IL-33 regulates type-17 vs. type-2 immunity during CDI. (A) Gating
strategy for flow cytometry characterization of eosinophils, neutrophils, and Ly6C"
monocytes in the colon. Representative dot plot from an IL-33 treated mouse during
R20291 infection (Day 2). (B-D) Total number of (B) Eosinophils, (C) Neutrophils (D)
Ly6C" Monocytes in IL-33 vs. vehicle treated mice during infection or in uninfected mice.
(E) IL-4 expression in gut caecal tissue with and without IL-33 treatment in infected and
uninfected mice. (F-1) ST2” mice and wildtype mice were infected with R20291 and (F)
eosinophil frequency (% of CD11b+), (G) eosinophil number, (H) neutrophil frequency and
() neutrophil number were assessed by flow cytometry (Day 2). Representative
experiment from 2 independent infections n = 7-10 mice per group. Comparisons between
groups made by two-tailed student t test or Mann-Whitney test. *P < 0.05, **P < 0.01, ***P

< 0.001.
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Figure 2.12. Activated IL-13+ ILC2s are dysfunctional during ST2” C. difficile
infection. (A-D) Immune profiling of IL-13+ GATA3+ ILC2s within the colon of infected IL-
33 treated, ST27, WT, or uninfected mice by flow cytometry. (A) % of IL-13 + ILC2s in C.
difficile infected or uninfected mice (Day 2). (B) Representative flow plots of IL-13
expression during R20291 infection. (C) Total number of ILC2s and (D) IL-13+ ILC2s in
the colon during infection. (E-H) Immune profiling type-1 immunity during infection. (E)
Frequency of IFN-y+ ILC1s and (F) Number of T-bet+ ILC1s in the colon during ST2" vs.
WT infection. (G) Frequency of IFN-y+ CD3+ T cells and (H) Number of IFN-y+ T cells in
the colon during infection. (A) Groups compared with ANOVA. (E-H) Groups compared

by student-t tailed t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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and total cell number, indicating ST2” mice have limited functional ILC2s during infection
(Fig 2.12A-D). ST2" mice have deficiencies in Type-1 CD4+ and CD8+ T cell responses
during viral infection3193!1 however we did not see decreased frequencies or numbers of
IFN-y+ T cells during infection likely due do the limited role for adaptive immunity during
acute primary C. difficile infection (Fig 2.12G-E)3*75312,  Furthermore, we did not see
deficiencies in type-1 Thet+ ILC1 numbers or alterations in their ability to produce IFN-y
in infected ST27 mice, together indicating that type-1 immunity is intact during ST2"

infection (Fig 2.12E-F).
2.2.5.1ILC2s are sufficient to transfer protection during C. difficile infection.

To determine whether ILC2s are sufficient to transfer protection during CDI, we
adoptively transferred ILC2s from the mesenteric lymph nodes and colon of IL-33 treated
mice and ex vivo expanded them in the presence of IL-33, IL-2 and IL-7 as described
previously®*-315, We then sort purified Lin- CD45+ CD901.1+ CD127+ ST2+ CD25+ ILC2s
and transferred them into naive Rag2’yc’ mice prior to infection (1 x 10° ILC2s per
mouse). Rag2”’yc’ mice displayed 100% mortality during infection, however, ILC2
recipients had a 30% rescue in survival (Fig 2.10F). Furthermore, ILC2 recipients were
also protected from weight-loss during their infection (Fig 2.10G). Direct ex vivo transfer
of ILC2s (1 x 10°) from IL-33 treated mice into naive Rag2’yc’ mice also conferred
protection from CDI associated mortality (Fig 2.13A). We confirmed the presence of
congenitally marked donor ILC2s within the colon of recipient Rag2”yc” mice (Fig 2.13B).
Intestinal ILC2s contribute to eosinophil accumulation and homeostasis within the
gut?30316 Accordingly, ILC2 transfer enhanced colonic eosinophilia during C. difficile
infection demonstrating that transferred ILC2s were functional after trafficking into the

colon (Fig 2.13C).
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Figure 2.13. Direct ex-vivo transfer of IL-33 activated ILC2s protects from CDI-
associated mortality and increases protective colon eosinophilia during CDI. (A)
Survival of direct ex vivo adoptive transfer study where sort purified ILC2s were isolated
from the MLN, colon, and spleen of IL-33 treated mice (CD90.1) and, without expansion,
were directly transferred into Rag2”yc’ mice followed by R20291 infection. (B)
Representative flow plot of donor Lin- CD45+ CD90.1+ CD127+ ST2+ ILC2s within the
colon of Rag2”yc’ ILC2 recipients vs. control recipients and (C) frequency of colon
eosinophils within ILC2 vs. control recipients during infection (Day 4). (D-F) C57BL6 Mice
+/-rIL-33 treatment were given 20 ug of anti-SiglecF or isotype control one day prior and
one day after infection with R20291 C. difficile and were assessed for (D) Survival, (E)
Weight-loss and (F) Clinical scores. (A,D) Comparison made by log rank test (C,E,F)

Two groups compared by student T test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Lastly, ILC2 frequency in the colon inversely correlated with weight-loss during C. difficile
colitis. (Fig 2.10H). Eosinophil induction is in part necessary for IL-33 activated ILC2s to
protect as depletion of eosinophils with an anti-Siglec-F antibody partially abrogated IL-33
mediated protection from mortality, weight-loss, and clinical severity (Fig 2.13D-F).
Collectively, these experiments reveal a previously unrecognized mechanism of protection

from C. difficile colitis via IL-33 responsive ILC2s.

2.3 Discussion

In this study, we investigated the host-derived mechanisms of immune protection
during severe C. difficile via unbiased gut-derived transcriptomics. Here we demonstrate
that IL-33 signaling is a critical mechanism of intestinal protection during C. difficile colitis
via the action of ILC2s. IL-33 mediated protection is broad and protects from disease in
multiple strains: severe CDT expressing R20291, the attenuated R20291 cdtb mutant,
and the non-027 strain, VPI. We see that IL-33 activates ILC2s in the large intestine and
induces type-2 repair pathways that protect from toxin-mediated epithelial damage. ST2
signaling on ILC2s is essential for their activation and functioning during C. difficile
infection. Our findings have important relevance to intestinal health and infectious
disease. The activity of IL-33 has centered around its contribution to protective ‘weep and
sweep’ defenses during helminth infection, however, this work expands IL-33’s relevance
to gut bacterial immunity?*°3t7,  Importantly, this work is the first evidence that 1L-33

signaling to ILC2s is a therapeutically important pathway in CDI.

Innate lymphoid cells have an important role in shaping gut immunity at homeostasis
and during pathogen insult. While these cells lack antigen-specific receptors, they are
tissue-resident at the mucosal interface, enabling a quick and robust cytokine response.
Recently, ILC1s were demonstrated to have a critical role in host defense during CDI while

ILC3 involvement is limited”™. ILC1s likely aid in localized anti-microbial defenses during
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CDI via IFN-y production”™. Our findings build off this work, demonstrating that 1L-33
responsive ILC2s are also of high-importance during CDI. ILC2s have tissue protective
functions during murine IBD colitis and lung influenza, and function by protecting the
epithelial barrier via the epidermal growth factor, amphiregulint’. Intestinal ILC2s also
express the cytokine IL-13 which recently was demonstrated to act directly on the
epithelium to drive goblet cell expansion and tuft cell hyperplasia aiding in parasite
expulsion’32%2_|n line with this work, we saw that IL-33 activates ILC2s during C. difficile
infection, increasing IL-13 production, increasing goblet mucin responses and improving

epithelial barrier function.

Additionally, intestinal ILC2s constitutively express the eosinophil-stimulating cytokine
IL-5 and have an essential role in eosinophil survival in the intestinel’®2%0.318-320 |
accordance with these findings, we see IL-33 treatment increases IL-5 levels during C.
difficile infection and adoptive transfer of ILC2s caused increased eosinophilia in the colon
during C. difficile infection in addition to preventing CDI-associated weight-loss and
mortality. Furthermore, depletion of eosinophils partially abrogated the ability of IL-33 to
protect, indicating these cells are an important downstream mechanism of IL-33
protection. Our previous studies have demonstrated an important role for eosinophils
during infection with both hypervirulent and classical strains of C. difficile®!*3. Specifically,
IL-25 elicited eosinophils prevent CDI-associated mortality and eosinophil adoptive
transfer is sufficient to promote survival®'33, Thus, ILC2s may act as upstream regulators
of eosinophil function and barrier protection during CDI by integrating signals from the
epithelium, such as IL-33 or IL-25, to promote repair. In line with this idea, recent studies
have demonstrated a pivotal role for both IL-5 and eosinophils in human C. difficile
infection with IL-5 being negatively correlated with disease severity and low peripheral

eosinophil counts predicting poor CDI prognosis!*®**, Thus, ILC2s may have a key
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regulatory role in countering C. difficile toxin-mediated epithelial damage and an overly

robust anti-microbial response through their promotion of type-2 associated immunity.

IL-33 is considered an alarmin protein, transcriptionally regulated by PAMPS, and held
within the nucleus until it is released upon cell death to activate rapid immunity?3332!, The
acute nature of IL-33 signaling likely explains its importance very early on during C. difficile
colitis in our murine studies. Our work demonstrates a new role for IL-33 responsive ILC2s

in protection from Clostridium difficile colitis.
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Chapter 3: IL-33 signaling is dysregulated during human C. difficile
infection and is targetable with bacteriotherapy

This chapter has been adapted from “Microbiota-regulated IL-33 drives group 2 innate
lymphoid cell-mediated protection during Clostridium difficile infection.”
Nature Communications (2019).

Alyse L. Frisbee, Mahmoud M. Saleh?!, Mary K. Young?, Jhansi L. Leslie?, Morgan E.
Simpson!, Mayuresh M. Abhyankar?, Jennie Z. Ma?, Patcharin Pramoonjago?, Alice P.
Liou®, and William A. Petri, Jr.

1 M.M.S, M.K.Y., M.E.S, helped with tissue extraction and processing, bacterial

guantification, and invaluable advice.

2 J.L.L. aided with analyzing and interpreting 16S rRNA Sequencing data and writing

16S rRNA sequencing methods section.

®M.M.A,, J.Z.M., and P.P., aided with human studies including sample collection,

processing, quantification, and statistical analysis.

4 A.P.L. assisted with human spore cocktail preparation and experimental advice.
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3.1 Introduction

We demonstrated an important role for IL-33 activation of ILC2s during a murine model
of C. difficile infection. IL-33 is upregulated in response to the severity of C. difficile
infection and can protect from both hypervirulent CDT expressing strains and also non-
CDT expressing classical isolates. 1L-33 drives recovery in an ILC2 dependent manner,
promoting tissue repair and eosinophilia in the gut during CDI. While it is clear that both
endogenous and exogenous IL-33 are important during infection, we wondered whether
this pathway had relevance in human disease. Thus, we decided to evaluate the IL-33
signaling pathway in human CDI+ biopsies and serum.

The microbiota provides colonization resistance against pathogen infection such as C.
difficile in addition to its important role in influencing and priming immune system
development. Disturbances to the microbiota, such as antibiotic therapy, is the primary
risk factor for acquiring CDI. Although antibiotic exposure is the foremost risk factor, broad-
spectrum antibiotic therapy is also used to treat C. difficile infection. The antibiotics
vancomycin, fidaxomicin, and metronidazole are the current standard of care, however,
recurrence occurs in up to 35% of patients®322-324_ High rates of relapse may be attributed
to further disruption of a patient’'s microbiota and the lack of reestablishment of a diverse
flora. Thus, bacteriotherapy to treat C. difficile has gained great interest over the past
decade. Microbial strategies to combat severe C. difficile colitis through fecal microbiota
transplantation (FMT) have had great advancements in recent years with the first
randomized clinical trial demonstrating ~90% efficacy'06:109.112.113.191.285.325 - However, how
FMT strategies alter mucosal immune defenses and how the host immune system
contributes to C. difficile disease pathogenesis are not fully understood. Given IL-33’s
robust protection in our murine model of C. difficile colitis, we also wondered whether

antibiotic-associated dysbiosis or FMT therapy modulate IL-33 levels in the colon.
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In this study, we demonstrate that IL-33 is regulated by the microbiota and is a
therapeutically relevant pathway during human C. difficile infection and FMT therapy.
Specifically, IL-33 expression is increased in human biopsies from C. difficile infected
patients and high levels of the soluble decoy receptor for IL-33, sST2, is a risk factor for
patient mortality. Furthermore, we demonstrate a connection between the microbiota and
IL-33 expression with antibiotics causing a reduction in I1L-33 levels within the intestine.
Both FMT treatment and a purified human spore prep can rescue IL-33 levels after
antibiotic-mediated depletion. This data indicates a potentially targetable approach for
increasing colonic IL-33 with rationally designed, next-generation microbial cocktails.

3.2 Results
3.2.1 IL-33 signaling is clinically relevant during human CDI

Given that IL-33 is upregulated in the murine colon during CDI, we wondered
whether IL-33 signaling is similarly dysregulated in human patients infected with C.
difficile. To understand changes in IL-33 in response to CDI in the human intestine, we
conducted immunohistochemistry staining of IL-33 protein within colon biopsies of patients
infected with C. difficile. IL-33 immunohistochemistry staining revealed abundant anti-IL-
33 staining of colon tissue biopsies from 6 human CDI patients (Fig 3.1A-B). Blinded
guantification of IL-33 staining in 6 CDI+ vs. 6 CDI- colon biopsies revealed a trend toward
increased IL-33 expression within the colon of patients with C. difficile (Fig 3.1C). This
complements our murine data that colonic IL-33 is upregulated in response to C. difficile

(Fig 2.2C).
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Figure 3.1: IL-33 signaling is dysregulated during human CDI.

(A-C) Immunohistochemistry staining of IL-33 from colon tissue biopsies of 6 CDI- patients
and 6 CDI+ patients. (A) Representative image from a CDI negative patient biopsy (10x
mag). (B) Representative image from a CDI+ patient biopsy (10x mag). (C) Quantification
of IL-33-positive cells per field view taken as an average of 5 blinded images from each
patient biopsy and quantified on Image-J. (D-F) Analysis of systemic sST2 (IL-33 decoy
receptor) in the serum of 167 patients with CDI by ELISA. (D) Patients were stratified
based on their WBC into severe vs. non-severe CDI and sST2 was assessed between the
two groups. (E) Spearman correlation between WBC and sST2 concentration. (F) Survival
curves of CDI+ patients stratified into high (sST2 > 55,000 pg/ml) or low sST2 (sST2 <
55,000 pg/ml). (C) n= 6 CDI+ patients and 6 CDI- patients (5 image replicates per patient
biopsy) (D-H) n = 167 patients (C-D) Comparison made by Mann-Whitney Test. (F)

Comparison made by log rank test *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2.1.1 Soluble decoy receptor for IL-33 is associated with more severe disease.

We also detected the soluble IL-33 decoy receptor (sST2) at high levels in human
serum by ELISA within a cohort of 160 CDI+ patients. sST2 neutralizes the biological
activity of IL-33 and in our murine CDI model, administration of the soluble IL-33 decoy
receptor (sST2-FC) also increased weight-loss and clinical symptoms, although no
mortality occurred in either treatment or controls groups likely due to daily saline IPs during
infection (Fig 3.2A-C). To determine whether sST2 expression is a biomarker of C. difficile
disease severity in human patients, we stratified our CDI cohort into severe and non-
severe disease based on their white blood cell count. Patients with severe CDI were
defined by a white blood cell count greater than or equal to 15,000 as we and others have
defined previously***326, We found that serum sST2 levels were higher in patients with
severe CDI than non-severe CDI patients and there was a significant correlation between
sST2 expression and high-WBC count (Fig 3.1D-E). A Kaplan-Myer curve and log-rank
test revealed that patients with high sST2 expression ( > median) had significantly
increased mortality compared to patients with low sST2 expression ( < median) (Fig 3.1F).
Expression of these results as hazard ratios through a Cox regression model adjusting for
age, gender, race and Charson comorbidity score revealed that high sST2 expression was
an independent prognosis factor for poor survival from C. difficile infection with a hazard
ratio of 3.19 (Table 3.1). Together, this data indicates that the decoy receptor for IL-33,

sST2, is a novel poor prognosis factor during human CDI.

3.2.1.2 CDT toxin is associated with more severe disease in human CDI.
We previously identified CDT as a virulence factor in murine studies. To try and

understand the role of CDT during human CDI, we measured CDT positivity in patient
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Figure 3.2. Soluble ST2 increases C. difficile disease severity in mice.

(A-C) C57BL6 mice were infected with R20291 and subsequently given 4 injection of
sST2-FC or isotype control by IP (D0-3). (A) Experimental design of sST2 treatment and
C. difficile infection model. (B) Weight-loss and (C) clinical scores were assessed after
treatment and infection. (B-C) n= 10 representative of 2 independent experiments and

comparison made by student t test. *P < 0.05, **P < 0.01, **P < 0.001.



97

Table 3.1 Mortality risk of CDI + human patients based on sST2 levels.

Hazard
Ratio
Standard | Chi- (Mortality |95% Hazard Ratio

Parameter Error Square [Pr > ChiSq|Risk) Confidence Limits
sST2 >50%tile [0.44357 |6.8323 |0.0090 3.188 1.336 7.605
Age 0.01573 [9.8886 |0.0017 1.051 1.019 1.084
Female 0.40698 (0.7917 |0.3736 1.436 0.647 3.189
African 0.48369 (0.0001 |0.9921 1.005 0.389 2.593
American
Charlson 0.05366 (0.8791 |0.3484 1.052 0.947 1.168
Index

1 Correlation between ST2 levels in serum and survival assessed through Cox
regression analysis.

» Mortality risk (hazard ratio) adjusted for age, sex, race, charlson comorbidity index.
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stool within our C. difficile cohort. Using an ELISA for the CDTb subunit, we measured
whether CDTb protein was detectable in-patient stool from the day of CDI diagnosis. We
found that 16% of patients were CDT positive by ELISA; indicating not only were these
patients infected with an epidemic isolate that possesses the CDT gene, but CDTb toxin
is also being actively expressed by the infecting strain. Strikingly, patients infected with a
CDT expressing strain had higher mortality and higher weight-blood cell counts indicating
more severe C. difficile disease (Fig 3.3A-B). This data indicates that CDT toxin is a
virulence factor in human C. difficile colitis in aligns with our previous murine studies
identifying CDT as a virulence factors®.

3.2.1.3sST2 is a marker for C. difficile severity independent of CDT status.

Given previous findings that CDT depletes protective type-2 eosinophil during
infection, we wondered whether the association between sST2 and clinical severity was
specific for CDT expressing strains or whether sST2’s relevance expanded to non-CDT
expressing strains of C. difficile. Thus, we excluded patient infected with a CDT
expressing strain from the analysis and measured the correlation between sST2 and
clinical severity. We saw that patients with high sST2 had increased mortality during
infection and increased white blood cell counts, indicating that sST2 is a biomarker of C.
difficile severity regardless of CDT status (Fig 3.3 C-D). To further determine whether
there was an association between CDT status and 1L-33 signaling, we assessed if there
was an interaction between CDT positivity and sST2. Through a cox-regression analysis
we saw no significant interactive effect between CDT status and high sST2. Thus, we
subsequently considered sST2 and CDT as independent predictors of mortality in a cox-
regression analysis. This analysis demonstrated that sST2 > 50% and positive CDT are
each independently associated with higher risk of mortality after also adjusting for age,
gender, race, and Charlson score (Table 3.2). In summary, this data indicates that the

soluble decoy receptor for IL-33, sST2, is an independent prognosis factor during human
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Figure 3.3: CDT is associated with increased disease severity during human CDI

and the pathogenicity of sST2 is not restricted to CDT expressing strains.

(A-B) Analysis of C. difficile disease severity in association with CDT toxin positivity in
human CDI+ stool on the day of diagnosis. (A) Survival curves of CDI+ patients stratified
into CDT(+) or CDT(-) based on CDTb ELISA. B) Patients were stratified based on their
WBC into severe vs. non-severe CDI and CDT status was assessed between the two
groups. (C-D) Analysis of systemic sST2 (IL-33 decoy receptor) in the serum of 115
patients with CDT (-) stool by ELISA. (C) Survival curves of CDI+ patients stratified into
high (sST2 > 55,000 pg/ml) or low sST2 (sST2 < 55,000 pg/ml). (D) Patients were stratified
based on their WBC into severe vs. non-severe CDI and sST2 was assessed between the
two groups. (A-B) n= 137 CDI+ patients (C-D) n= 115 CDI+ patients that are CDT(-) (A,C)
Comparison made by log rank test (B,D) Comparison made by Mann-Whitney Test. *P <

0.05, *P < 0.01, ***P < 0.001.
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Table 3.2 Mortality risk of CDI + human patients based on CDT status and sST2

levels.
Parameter Standard | Chi- Pr > ChiSq | Hazard 95% Hazard
Error Square Ratio Ratio
(Mortality | Confidence
Risk) Limits
sST2_grp | >50%tile | 0.51849 | 4.6105 | 0.0318 3.044 1.102 | 8.411
cdt value |1 0.45775 | 6.4768 | 0.0109 3.206 1.307 | 7.863
Age 0.01726 |8.6624 | 0.0032 1.052 1.017 | 1.088
Female 0.45666 | 0.5079 | 0.4760 1.385 0.566 | 3.389
Black 0.64634 | 0.1647 | 0.6849 0.769 0.217 | 2.731
Charlson 0.06655 | 0.1198 | 0.7292 1.023 0.898 | 1.166

1 Correlation between CDT status in stool and ST2 levels in serum and survival
assessed through Cox regression analysis. ST2 and CDT status are considered as
independent variables as the interaction of sST2 (sST2 >50%tile or not) and CDT

indicator is not significant.

» Mortality risk (hazard ratio) adjusted for age, sex, race, charlson comorbidity index.




102

infection and is therapeutically relevant in both CDT expressing and non-CDT expressing
C. difficile infection.
3.2.2 FMT therapy rescues colonic IL-33 expression after antibiotics.

As FMT therapy is a highly effective treatment for severe relapsing CDI in humans,
we wondered whether microbial therapy alters IL-33 abundance in the colon. We treated
mice with a broad spectrum cocktail of antibiotics to disrupt their protective microbial
communities making them susceptible to CDI*®, 24-hours after antibiotic treatment, mice
were orally gavaged with a mouse FMT isolated from 10 age and sex matched wildtype
donors (Fig 3.4A). We found that mice treated with antibiotics had a significant decrease
in their total colonic IL-33 protein expression (Fig 3.4B-C). Oral gavage with a mouse FMT
rescued IL-33 levels up to ten days post treatment (Fig 3.4B). Blinded
immunohistochemistry scoring of IL-33 staining intensity within the colon aligned with our
ELISA data, showing higher IL-33 staining within the epithelium, muscularis mucosa and

lamina propria of sections from FMT treated mice (Figure 3.4D-E).

Our murine FMT increased the diversity of antibiotic-treated recipients, making their
communities more similar to donor non-antibiotic treated controls with an expansion in the
firmicutes phylum (Fig 3.5A-B). More specifically, the treatment with the murine FMT
caused an expansion in the relative abundance of Lachnospiraceae, Lactobacillaceae,
Muribaculaceae, Ruminococcaceae and reductions in the relative abundance of
Akkermansiaceae, Bacteroidaceae, and Enterococcaceae (Fig 3.5C). Additionally, oral
gavage with a human-derived fecal spore preparation (HSP) also significantly rescued IL-
33 levels, indicating that a commensal or commensal-derived product is capable of
regulating colonic 1L-33 expression and is conserved between mouse and human

microbial therapy (Fig 3.4C).
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Figure 3.4: IL-33 sighaling in the intestine is targetable with FMT or HSP therapy.
(A-C) Mice treated with a broad-spectrum antibiotic cocktail were orally gavaged twice
with a murine FMT isolated from 10 untreated C57BL6 donors. (B) IL-33 protein within the
caecal tissue was measured by ELISA 10 days post treatment. (C-D) The average
intensity of IL-33 immunohistochemistry staining of caecal sections from FMT vs. vehicle
recipients was assessed. D) Images of IL-33 staining from two representative mice. A
score of 0-3 (with 3 being highest IL-33 staining and 0 being no IL-33 staining) was given
by 3 independent scorers and averaged for 10 mice. E) Mice were orally gavaged with a
spore prep derived from a normal human donor and total caecal IL-33 levels were
assessed by ELISA 24 hours after treatment. Data are presented as means = SEM. (B-
C) n = 9-16 mice combined from 2 independent experiments. (E) n = 5 per group
representative of 2 independent experiments. (B,C,E) Comparison made by Mann-
Whitney Test. (F) Comparison made by log rank test (G-H) Comparison made by ANOVA

for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3.5. FMT alters the gut microbiota after treatment. Mice were treated with FMT
therapy after broad-spectrum antibiotic cocktail used in infection model. (A) Microbiota
diversity in caecal contents of untreated donors and antibiotic treated FMT recipients
(Simpson index y axis). (B) NMDS plot of Bray-Curtis dissimilarity index from caecal
samples of Donors vs. FMT and Vehicle recipient mice. (C) Bar plot of relative family
abundance of Donors vs. FMT recipients vs. vehicle controls. Data are presented as
means = SEM. (A) comparisons made by ANOVA. (B) comparisons made using
permutational multivariate analysis of variance (PERMANOVA) *P < 0.05, **P < 0.01, ***P

< 0.001.
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Taken together this data indicates that IL-33 is a novel therapeutic pathway relevant in
human CDI that is regulated by the microbiota and may be targetable with next-generation

bacterial preparations.

3.3 Discussion

The key positioning of IL-33 at the epithelial interface enables it to integrate signals
between the microbiota, pathogens, and the immune system. Our work highlights this
sensing function as colonic IL-33 was amplified in response to mouse and human C.
difficile bacterial infection in addition to murine FMT or a human spore preparation. Thus,
although 1L-33 is constitutively expressed within the nucleus?"32-32°  its homeostatic
expression is also regulated by microbial signals received from the gut lumen. Thus IL-
33 is a novel therapeutic pathway for C. difficile that may be targeted with next-generation,
rationally designed bacterial preparations.

Disturbances of the gut microbiota have long been associated with risk of developing
C. difficile colitis!®®3%, Gut microbial diversity provides colonization resistance against C.
difficile through direct and indirect mechanisms of competition, production of metabolites,
and induction of antimicrobial peptides®104199325  Restoration of microbial diversity
through FMT therapy is a successful treatment strategy in patients that fail to resolve their
infection with traditional antibiotic therapy“°. Previous studies have demonstrated a close
relationship between IL-33 and the microbiota during murine IBD models with germ-free
mice having reduced IL-33 levels in the small intestinal ilea during chronic ileitis'23%®, Here
we show that murine FMT and a human-derived spore-based fecal preparation can rescue
antibiotic-mediated depletion of colonic IL-33. The bacterial species or microbiota-derived
product regulating colonic 1L-33 expression requires further investigation. 1L-33
transcription can be regulated in inflammatory settings by pattern recognition receptors

(PRRs), TLR4, TLR3, and NOD-1, sensing of pathogen associated molecular patterns
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(PAMPs)321:331.332 - Thys, PRR sensing of commensal derived antigens may contribute to
steady-state maintenance of IL-33 in the presence of the microbiota, similar to the MYD88-
dependent antimicrobial peptide, Regllly, which aids in resistance to gram positive-
bacterial4:142:333334  Commensal derived metabolites may also regulate colonic IL-33
expression in a similar fashion to epithelial- derived interleukin-25 (IL-25), a cytokine
expressed by intestinal tuft cells and regulated by the organic acid succinate33179.267.335
Thus alterations to the microbiota in after FMT may be sensed by IL-33 producing cells,
possibly via TLR signaling®?, or metabolite sensing'’®*3*, to increase IL-33 expression in

the intestine.

Like IL-33, IL-25 can protect the gut barrier during C. difficile colitis indicating a shared
role of barrier defense between these two epithelial-derived cytokines, possibly through
ILC2s™®3, While IL-25 expression by tuft cells is regulated by intestinal succinate, it is
unknown whether microbial-derived metabolites can also regulate IL-33 expression. After
murine FMT we see an expansion in Firmicutes within the large intestine in addition to
increased microbial diversity. Furthermore, our human spore cocktail was enriched in
members of the Firmicutes phylum including the families Clostridiaceae,
Erysipelotrichaeceae, Eubacteriaceae, Lachnospiraceae, and Ruminococcaceae. The
majority of these families are members of the Clostridiales order which has associated
with CDI resistance through direct and indirect bacterial competition and metabolic
alterations including secondary bile acid productioni®®112337-341  Thys in addition to
bacterial competition, these microbial communities may also alter host immunity during

CDil via regulation of IL-33.

Here our murine studies were validated in humans where we showed that high
serum levels of the soluble IL-33 decoy receptor, SST2, were associated with more severe

C. difficile colitis (defined by white blood cell count® ”°) and mortality. Previous findings
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have identified sST2 as a biomarker for mortality during human sepsis and interestingly
murine sepsis and bacteremia models have identified a protective role for IL-33 via anti-
microbial neutrophil chemotaxis and type-2 associated ILC2s247275277:342 A common
theme may be that a robust inflammatory anti-microbial response is essential to control
infection yet this response must be tightly regulated by tissue-regulatory pathways to

prevent tissue damage to the host.

Furthermore, the infecting C. difficile strain dictates human clinical disease
severity?®343344 hased on toxin status®**3% and also changes to the host immune
response?26:301.346.347 = \We previously demonstrated a detrimental role for CDT toxin
expressed by NAP1/027 strains via its ability to kill eosinophils during infection®. Based
on these previous findings and given IL-33’s role in eosinophil survival, we evaluated
whether sST2 is a predictor of C. difficile severity only in CDT expressing infection.
Interestingly, we saw that sST2 was a risk factor for mortality in patients independent of
CDT status. This aligns with our previous mouse work demonstrating that IL-33 signaling
can protect from both CDT+ NAP1/027 infection and non-CDT expressing classical
infection. Thus, IL-33 is general mechanism of gut protection independent of CDT status.
This finding broadens the impact of IL-33 as a potential therapy to treat CDI, as only 15-
20% of clinical isolates express CDT toxin. Whether IL-33 can rescue CDT-mediated
killing of eosinophils is an important question. Further assessment stratifying patient risk
with CDT status, IL-33 expression, and eosinophil counts during human C. difficile

infection will be important in future clinical studies.

This work highlights that IL-33 is an important potential therapeutic target in human
CDI. The ability to manipulate colonic IL-33 with spore-forming commensals may allow
for more targeted approaches for treatment of at-risk patients with rationally designed

next-generation microbial therapy. This work advances our fundamental understanding of
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the interplay between FMT therapy and the immune system and also identifies a novel

therapeutic pathway of IL-33 signaling in human CDI patients.
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Chapter 4: Perspectives

A recent point-prevalence survey conducted by the Emerging Infections Program
demonstrated that the overall incidence of hospital acquired infections in the US has
declined from 4% of hospitalized patients in 2011 to 3.2 % of hospitalized patients in 2015.
In contrast, there was no reduction in the prevalence of C. difficile infections. C. difficile
remained the most common gastrointestinal infection with an incidence of 0.54 percent of
hospitalized patients34. Thus, reducing C. difficile infection remains a high priority. While
C. difficile disease is driven by toxin mediated disruption of the epithelial barrier, we how
have a better understanding of other factors that contribute to the severity of infection
including the type of host immune response. Recent studies have demonstrated that an
overly robust type-17 inflammatory response (e.g. the IL-23 signaling axis) can drive
increased tissue pathology and higher mortality while type-2 associated immune
pathways, such as IL-25 elicited eosinophils, can drive survival®74133136.156  Toxin
expression by the infecting strain can also drive more severe disease through alterations
to the host immune response. For example, TcdA and TcdB increase type-17 immunity
via induction of IL-1B, IL-6, and IL-23 expression while CDT toxin kills protective type-2
associated eosinophils®’214:301 - Gjven the importance of host immunity in dictating disease
severity, manipulation of the immune response may be a promising therapeutic strategy
for severe or relapsing C. difficile infection.

In this thesis we asked the broad question of how the host immune system changes
in response to hypervirulent, CDT expressing strains of C. difficile. Specifically, we were
searching for new immune candidates dysregulated during hypervirulent CDI with the goal
of targeting these pathways with follow-up interventional studies. Thus, we conducted a
transcriptomics array on murine caecal tissue infected with either the hypervirulent CDT
expressing strain, R20291, or an attenuated, isogenic mutant R20291_cdtb, lacking CDT

expression.
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Our transcriptomics array revealed many tissue-repair pathways were enriched
during severe CDT+ infection including IL-10, IL-4 and IL-13 signaling. Additionally, the
cytokine, IL-33, which is a known upstream regulator of mucosal barrier repair during
nematode infection and colitis models was also upregulated. Thus, we hypothesized that
IL-33 may have protective barrier function during hypervirulent CDT+ C. difficile infection.
To elucidate the role of IL-33 during CDI, we treated mice with IL-33, increasing gut IL-33
levels by 5-fold prior to infection. This IL-33 treatment regimen reduced mortality, weight-
loss, and clinical disease over the course of infection and also reduced toxin-mediated
epithelial disruption and gut leakiness. IL-33 treated mice had a dominant type-2
associated cytokine milieu with increased numbers of ILC2s and eosinophils during to
infection. Furthermore, IL-33 treated mice had reductions in canonical type-17 associated
immunity such as reduced neutrophils, ILC3s, and IL-23 during infection. Importantly, IL-
33 mediated protection required the action of ST2+ ILC2s, an immune cell not previously
known to be involved in recovery from CDI. Adoptive transfer of ILC2s was sufficient to
prevent mortality, weight-loss and increase downstream eosinophilia in highly susceptible
immunocompromised Rag2”yc” mice. Importantly, IL-33 mediated protection was
independent of microbial factors as protected IL-33 treated mice had equivalent C. difficile
burdens, toxins TcdA/B and CDT levels, and translocating commensals during infection.
While many studies have described important anti-microbial immune pathways that aid in
C. difficile clearance, here we describe a new pathway of barrier protection that instead,
acts in a tissue-regulatory manner via ILC2s.

In addition to the protection elicited by IL-33 treatment, we also describe an
important role for endogenous IL-33 during CDI. As such, ST2” mice are highly
susceptible to CDI-associated mortality and weight-loss relative to wildtype controls.
Susceptible ST27 mice lack activated ILC2s in the colon lamina propria, having reduced

numbers of IL-13+ ILC2s and diminished eosinophil numbers during infection. Thus, IL-
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33 signaling to ILC2s is an important mechanism of endogenous host protection and
eosinophil maintenance during CDI. Likely, I1L-33 signaling to ILC2s is a mechanism to
limit an overly robust type-17 immune response during infection and promote recovery via
tissue-repair. How ILC2s protect from C. difficile-associated mortality requires further
investigation which we will outline in greater detail during this discussion.

Our studies also reveal an important role for IL-33 signaling during human C.
difficile colitis. We demonstrate that IL-33 is upregulated in colon biopsies from human C.
difficile patients. Furthermore, the soluble decoy receptor for IL-33, sST2, is expressed at
high levels in human serum and predicts mortality risk. Interestingly, the microbiota
influences the expression of IL-33 in the intestine as antibiotic therapy depletes colonic IL-
33 levels. Treatment of antibiotic-depleted mice with a murine FMT or a purified human
spore prep, rescued antibiotic-mediated depletion of IL-33. This data indicates that I1L-33
signaling is a protective immune pathway during human CDI that may be targetable with
next-generation purified bacteriotherapy.

Importantly, while we identified IL-33 as a candidate immune target by screening
genes altered in response to CDT + infection, we demonstrate that IL-33 mediated
protection is not restricted to CDT expressing isolates of C. difficile. In our murine model
of infection, endogenous and exogenous IL-33 can protect from the non-CDT expressing
strains, classical VPI or the isogenic mutant strain R20291_cdtb. Furthermore, the soluble
decoy receptor, sST2, is associated with increased mortality and severe CDI, independent
of CDT status in human patients. Thus, protection from IL-33 signaling has broad
applicability to both CDT and non-CDT expressing C. difficile infection.

This work expands our fundamental understanding of how the host immune
system can alter C. difficile severity and highlights a new immune pathway of IL-33
signaling to ILC2s that influences disease pathogenesis. Our study introduces a

mechanism by which microbiota regulated IL-33 implements tissue-repair and type-2
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immunity via ILC2s to promote recovery from C. difficile colitis. This work opens up
additional questions and areas of research. 1) First and foremost, it is important to
understand the connection between the microbiota and IL-33 in the intestine. While we
demonstrate that IL-33 is regulated by the microbiota, further studies are essential to
understand which cells sense the presence of the microbiota in the colon, and which
commensal species or commensal derived signal triggers IL-33 expression. 2) In addition
to understanding the upstream mechanisms of how IL-33 is regulated, our work opens up
further exploration regarding the downstream mechanism of IL-33 protection via ILC2s.
Specifically, what are the pathways ILC2s activate to promote recovery? 3) Finally, it is
important for future studies to explore the therapeutic relevance of IL-33 mediated
protection, the pathogenic soluble decoy receptor, and the potential to target these
proteins for human treatment.

4.1 How is IL-33 requlated by the microbiota?

Previous studies have demonstrated that IL-33, is constitutively expressed at
homeostasis, and is transcriptionally increased by pathogen derived PAMPS and
inflammatory cytokines during the context of inflammation321:331332 However, our work
indicates that constitutive expression of IL-33 may in fact be dependent on the presence
of a diverse commensal flora. Whether commensal derived PAMPS or metabolic products
contribute to baseline IL-33 expression is a question opened up by our studies.

4.1.1 What cell types are producing IL-33 in response to FMT?

Our immunohistochemistry staining of 1L-33 within human and murine colon
sections demonstrates pronounced subepithelial IL-33 staining beneath colon crypts.
These IL-33+ cells are localized to the area where pericryptal myofibroblasts have
previously been identified to express IL-33, at the base of the crypt beneath LGR5+ stem
cells*®, Additionally, we see IL-33+ staining in the lamina propria of tissue sections,

localized to cells surrounding the perimeter of blood vessels, suggestive of IL-33+
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endothelial cells or adventitial stromal cells (ASCs) as described by others?37:238:327 " Thijs
microscopy data is in alignment with seminal work describing IL-33 as a cytokine
expressed by barrier, radioresistant cells®!!. During stress and inflammation,
macrophages and monocytes can also upregulate IL-33 expression. Thus, it is possible
that during C. difficile colitis, infiltrating myeloid cells may also be cellular sources of IL-
33321349 As such, we see abundant IL-33 expression within the lamina propria of colon
sections after antibiotics and FMT therapy, indicating it is also possible that myeloid cells
express IL-33 after commensal sensing. It is important for future studies to determine the
exact cellular source of IL-33 in the context of antibiotics, FMT therapy, and C. difficile
infection.

Recently, we acquired IL-33-GFP reporter mice which will enable us to study the
co-localization of IL-33 with other cell specific markers after FMT and during C. difficile
infection. Using these reporter mice, we can measure co-localization of IL-33-GFP with
epithelial, endothelial, adventitial stromal cell, fibroblast and myeloid cell markers. For
example, immunohistochemistry staining of myofibroblasts using the marker a-smooth
muscle actin (a-SMA); epithelial cells using the marker epithelial Cell Adhesion Molecule
(Ep-CAM); endothelial cells using the marker VE-cadherin; adventitial stromal cells using
the marker platelet-derived growth factor receptor (PDGFR) and myeloid cells using the
leukocyte adhesion marker CD11b will allow us to quantify which cells co-localized with
IL-33-GFP expression. We can use this immunohistochemistry staining protocol to
measure IL-33 colocalization after antibiotics, after FMT therapy, and after C. difficile
infection relative to untreated controls. Thus, IL-33-GFP reporter mice will be a useful tool
to begin to understanding the cellular source of IL-33 in response to C. difficile colitis and
in response to colonization with commensals. It is possible that there are multiple cellular
sources of IL-33 in the context of homeostasis vs. colitis. For example, C. difficile infection

may increase the IL-33 expression from immune cells due to their influx after toxin-
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mediated damage. This may differ in the context of FMT therapy when the epithelial
barrier is intact and myeloid cells are limited. After conducting immunohistochemistry to
identify candidate cellular populations that express IL-33 in the context of FMT therapy or
C. difficile infection, we can go on to more specifically define these populations using flow
cytometry and cell sorting. Thus, we can measure the ability of these cellular populations
to increase IL-33 with FMT or CDI by quantifying the abundance of IL-33+ cells via flow or
guantifying IL-33 transcript abundance of the sorted subset.

4.1.2 How is the microbiotainducing IL-33 expression?

We demonstrate that there is an interaction between the microbiota and IL-33
expression within the colon. Antibiotic-depletion of the microbiota leads to a corresponding
significant decrease in IL-33 levels. Furthermore, IL-33 can be rescued by replenishment
of the microbiota using FMT therapy. These findings open up additional questions and
areas of further research. It is important to conduct additional experimentation to
understand: 1) which commensals are capable of inducing IL-33, and 2) what commensal-
derived signals are sensed by the host to regulate 1L-33 expression.
4.1.2.1 What members of the microbiota induce IL-33?

Our research points to an immunomodulatory microbe which upon colonization
can influence IL-33 expression. 48 hours and up to 10 days after antibiotics, IL-33
expression is reduced in the murine colon. Additionally, 48 hrs and 10 days post FMT
therapy, IL-33 levels can be restored by recolonization with commensals. Our 16S V4
sequencing data revealed that FMT recipients had increased commensal diversity 48 hrs
after FMT and additionally had commensal communities more similar to FMT donors.
More specifically, murine FMT therapy caused an expansion in the relative abundance of
commensal families Lachnospiraceae, Lactobacillaceae, Muribaculaceae,
Ruminococcaceae and reductions in the relative abundance of Akkermansiaceae,

Bacteroidaceae, and Enterococcaceae. Some of these families are also enriched in our
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human spore prep (HSP) which, similar to the crude murine FMT, also increased colonic
IL-33 after oral gavage. The HSP innoculum was enriched in the families, Clostridiaceae,
Erysipelotrichaeceae, Eubacteriaceae, Lachnospiraceae, and Ruminococcaceae. Both
Lachnospiraceae, and Ruminococcaceae are two bacteria families conserved between
the protective HSP inoculum and engrafted murine FMT, both of which induced IL-33
expression.  Thus, bacteria from the Clostridiales order and more specifically
Lachnospiraceae, and Ruminococcaceae may be promising candidates for inducing 1L-33
in the colon and thus aiding in immune protection during CDI. In line with this thinking,
pre-colonization of germ-free mice with Lachnospiraceae protects from C. difficile
associated mortality®®,  Additionally, a study of human recipients of allogeneic
hematopoietic stem cell transplantation who are at major risk of C. difficile infection,
demonstrated that the presence of Lachnospiraceae, Ruminococcaceae and
Bacteroidetes, was associated with a 60% lower risk for acquiring C. difficile®®. Thus,
Lachnospiraceae and Ruminococcaceae are already associated with protection from CDI
in humans and mice, however whether this protection also involves induction of IL-33 is
an exciting area of future study.

Future studies are required that more specifically define commensals capable of
upregulating IL-33 in the intestine. Specifically, we can colonize germ-free or antibiotic-
treated mice with commensal candidates that were enriched after FMT engraftment, such
as family members Lachnospiraceae and Ruminococcaceae. If Lachnospiraceae and
Ruminococcaceae are sufficient to rescue IL-33, mice colonized with these defined
microbial cocktails will have significantly elevated IL-33 levels relative to germ-free or
antibiotic only controls.

To more specifically define IL-33 inducing commensals at the species levels, we
can conduct deep-sequencing of caecal contents from mice pre and post FMT treatment

and correlate OTUs with IL-33 levels using a random-forest analysis. This analysis may
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aid in defining a specific bacterial species that predicts high IL-33 levels. Follow-up
validation studies could then be conducted through mono-colonization of germ-free mice,
demonstrating a predicted bacterial species is sufficient to increase IL-33 expression in
the colon. Likely, multiple species are capable of increasing IL-33 as microbial-derived
signals tend to be conserved between commensals and sensed by the host immune
system.

4.1.2.2 What signals are being received by the microbiota to regulate IL-33?

Given that that IL-33 is regulated by the microbiota, it is important to decipher which
microbiota-derived signals are sensed by the host to subsequently increase intestinal IL-
33. One possibility is that microbiota-derived PAMPS are directly sensed by pattern-
recognition receptors (PRRS) to induce IL-33 expression. Another possibility is that upon
colonization, microbiota-derived changes to the metabolome, such as the production of
short chain-fatty acids, lead to increased IL-33 expression within the intestine. Both of
these possibilities are discussed below.
4.1.2.2.1 PAMP signals

IL-33 can be transcriptionally regulated during pathogen infection by sensing of
PAMPSs via pattern recognition receptors. LPS administration and sepsis in vivo increases
IL-33 expression on intestinal pericryptal myofibroblasts®®. Additionally, in vitro, LPS
sensing by TLR4 increases IL-33 mMRNA expression by macrophages®*. Within murine
mucosal-associated dendritic cells and additionally human corneal epithelial cells,
stimulation of TLR5 with microbial derived flagellin also induced expression of IL-33
MRNA13%2 - Another immune sensor, NOD1, which recognizes small peptides derived
from peptidoglycan (PGN), is necessary for upregulation of IL-33 mMRNA expression by
gastric epithelial cells during Helicobacter pylori (H. pylori) infection®!3%3, Thus, IL-33

expression is transcriptionally regulated by PRR sensing of microbial-derived PAMPS.
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The expression of PRRs such as TLRs and NOD receptors and their subsequent
sensing of microbial-derived patterns is not restricted to pathogen encounter. In contrast,
PRRs are expressed in the intestinal epithelium at steady-state and are thus uniquely
positioned to sense and interact with the luminal intestinal microbiota®**. In fact, the
interaction between PRRs and commensal-derived signals is essential for maintaining
intestinal symbiosis®*®3¢,  For example, sensing of commensal-derived signals by
intestinal TLR-MyD88 signaling, protects mice from colitis®*%¢, Given that TLR4, TLR5
and NOD-1 can sense commensal associated molecular patterns in addition to their ability
to regulate IL-33 transcription, future studies should test the necessity of these PRRs to
stimulate IL-33 after FMT.3%5-3%8, |nterestingly, TLR4, TLR5, and NOD-1 signaling have alll
been associated with protection from C. difficile colitis; however, whether a lack of
intestinal IL-33 expression contributes to these phenotypes requires further
investigation?17:304.3%9.360  Gjyen that all TLRs, except TLR3, require MyD88 to signal,
MyD88” mice can be used to broadly ask whether TLR signaling is required for rescue of
IL-33 after FMT engraftment®?. Lack of IL-33 upregulation in MyD88” mice after FMT
therapy indicates that TLR signaling is required for commensal-derived IL-33 expression.
If MYD88 is not required for FMT-mediated induction of IL-33, then additional PRR
knockout mice can be used, such as Nod-1 and Nod-2 null mice, to decipher the
involvement of other PRRs. These in vivo studies can be informed by additional in vitro
screens of the ability of various PAMPS to induce IL-33 expression after co-culture with
intestinal organoids. These future studies will aid in our fundamental understanding of
how intestinal IL-33 levels are rescued after FMT therapy and which receptors and
PAMPS are required for homeostatic IL-33 expression.
4.1.2.2.2 Metabolite signals

The microbiota can also alter the expression of host cytokines through the production

of metabolites. For example the intestinal pool of short chain fatty-acids (SCFAS) is largely
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dependent on commensal fermentation of carbohydrates®?. SCFAs such as butyrate,
propionate, and acetate are sensed by epithelial cells and immune cells via G-protein
coupled receptors, GPR41 and GPR43; maintaining the transcription of many cytokine
and chemokines within the intestine33, Within this thesis, we show that a human spore
preparation derived of spore-forming Firmicute commensals such as family members,
Clostridiaceae, Erysipelotrichaeceae, Eubacteriaceae, Lachnospiraceae, and
Ruminococcaceae is suffient to rescue IL-33 levels after antibiotics. Interestingly, many of
these Firmicute strains, such as Lachnospiraceae, and Ruminococcaceae, are major
butyrate producers and are very abundant members of the commensal flora®.
Additionally, these commensals and the SCFA derived from their fermentation are
associated with protection from C. difficile!!819:365  \Whether SCFAs also regulate
protective IL-33 expression in the intestine is a new question opened up by this thesis. To
answer this question, we can more broadly screen metabolites present in the caecal
contents of antibiotic treated and FMT treated mice using metabolomics. For these same
mice we can quantifying the corresponding amount of intestinal IL-33 and associate
certain metabolites or metabolic signatures with high IL-33 expression. This screening
technique will help us generate a metabolic profile that correlates with IL-33 expression
which can then be validated using both in vitro and in vivo systems.

Alternatively, we can take a more candidate-driven approach, directly testing the role
of SCFA’s in activating IL-33 signaling, given their strong association with CDI protection
and their ability to regulate other gut cytokines. Using this method, we can add SCFAs to
the drinking water of antibiotic treated mice or alternatively orally gavage mice with
SCFAs'817 and measure intestinal IL-33 expression relative to vehicle controls. An
upregulation of IL-33 in SCFA treated mice would indicate these metabolites are involved

in regulating gut IL-33 expression.
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4.2 What protective immunological processes are downstream of IL-33 and ILC2s

during CDI?

In this thesis, we establish a new role for ILC2s in recovery from C. difficile colitis. We
demonstrate that IL-33 elicited ILC2s are sufficient to protect from mortality and weight-
loss during C. difficile colitis. Lack of ILCs completely abrogates IL-33 mediated
protection. Adoptive transfer of IL-33 activated ILC2s is also sufficient to increase colonic
eosinophilia, demonstrating ILC2s have an important role in maintaining protective
eosinophils during C. difficile colitis. IL-33 elicited eosinophils are partially required for
protection as depletion of eosinophils only partially abrogated IL-33 mediated protection.
Thus, in addition to eosinophils, other protective mechanisms downstream of ILC2s must
exist. Here we discuss how IL-33 signaling to ILC2s may promote recovery from C. difficile
colitis via several mechanisms which are discussed in detail below. These mechanisms
include 1) induction of eosinophils via IL-5 expression; 2) protection of the epithelium by
amphiregulin expression; 3) increased mucin barrier via IL-13 expression; 4) increased
tissue repair via IL-4 signaling to alternatively activated macrophages and; 5) inhibition of
pathogenic type-17 immunity. In this section, we explore each of these downstream
pathways and suggest future experiments to test their involvement in IL-33/ILC2-mediated
protection.

4.2.1 IL-33 mediated protection via IL-5 and eosinophils and its relevance during
CDT(+) vs. CDT(-) isolate infection.

Our findings demonstrate that I1L-33 requires ILC2s and eosinophils to protect, and
additionally that IL-33 elicited ILC2s are important for colonic eosinophil accumulation
during CDI. The cytokine IL-5 may have a role in ILC2-mediated maintenance of
eosinophils as previous studies have demonstrated that at steady-state ILC2s from the
intestine constitutively express IL-5 and are essential for eosinophil homeostasis!’>-6,

Eosinophil accumulation in the intestine is independent of the microbiota and is also
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regulated by the chemokine, eotaxin®¢’. IL-13 and IL-5 expression by ILC2s contribute to
the constitutive expression of eotaxin, maintaining eosinophil abundance in the
guts18:366.368 || 5 js particularly important for eosinophil differentiation and trafficking to the
intestine in addition to their responsiveness to eotaxin®° As such, IL-5 and IL-5R
knockout mice are deficient in eosinophils37°372,

In these studies, we demonstrate that eosinophils are in part, necessary for IL-33
mediated protection and that IL-33 is important for IL-5 expression and eosinophil
accumulation during C. difficile infection. Whether IL-5 is the intermediate between IL-33,
ILC2s and eosinophil accumulation during C. difficile colitis requires further investigation.
To begin to understand this, we can neutralize IL-5 during our IL-33 treatment model of
infection. If IL-5 is necessary for IL-33 mediated protection and eosinophil accumulation,
IL-5 neutralized mice should have reduced survival and eosinophilia after IL-33 treatment
relative to IL-5 sufficient controls. It is also important to understand the source of IL-5
during C. difficile infection and whether it is ILC2s as we predict from previous literature®.
To do this, we can quantify IL-5+ ILC2s using intracellular cytokine staining and flow
cytometry of gut ILC2s during infection. Furthermore, we can compare the number and
frequency of IL-5+ ILC2s in ST27 vs. Wildtype mice. If IL-33 contributes to IL-5 expression
in ILC2s during CDI, then ST2" mice will possess significantly less IL-5+ ILC2s during C.
difficile colitis. Furthermore, adoptive transfer of IL-5+ ILC2s should protect ST27 mice
from mortality relative to mice receiving IL-5(-) ILC2s. High IL-5 and eosinophils have
been previously associated with less severe C. difficile associated disease in human
patients, however these future studies will aid in our understanding of whether IL-33
mediates eosinophilic protection via the action of IL-5 + [LC2s135:136,
4.2.1.1 Does IL-33 signaling protect from CDT mediated killing of eosinophils?

We have demonstrated in this thesis that CDT toxin expression at the day of CDI

diagnosis is a predictor of mortality in human patients. Our previous studies have
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demonstrated that CDT toxin increases virulence by Kkilling protective eosinophils in a
TLR2 dependent manner®. Specifically, mice infected with a CDT expressing strain have
reduced numbers of colonic eosinophils during infection and increased apoptotic
eosinophils in their peripheral circulation during infection®. Interestingly, CDT expression
does not reduce eotaxin, or IL-5 levels during infection and furthermore co-culture of
eosinophils with CDT does not directly induce eosinophil death®. Thus, the mechanism of
CDT-mediated eosinophil apoptosis is not currently known. Our findings show that IL-33
increases eosinophils during CDT + hypervirulent CDI. This brings up the interesting
guestion regarding whether IL-33 mediated protection is more effective during CDT+
infection by rescuing CDT-mediated eosinophil loss. While we know endogenous and
exogenous IL-33 can protect from non-CDT expressing infection, it is still unknow whether
IL-33 reduces the CDT-mediated eosinophil deficiency by preventing eosinophil
apoptosis. To test this idea, we can quantify the number of apoptotic eosinophils in the
periphery of IL-33 treated mice vs. vehicle controls, infected with CDT expressing R20291
or the isogenic mutant R20291 cdtb. If IL-33 prevents CDT-mediated eosinophil
apoptosis, then R20291 infected mice treated with IL-33 will have diminished circulating
apoptotic eosinophils, comparable levels to R20291 cdtb infected mice.

Our human data indicates that IL-33 signaling is protective independent of CDT
status of the infecting strain. Specifically, sST2 is pathogenic in non-CDT expressing
human infection and, after correcting for CDT status, sST2 is an independent predictor of
mortality. However, the relationship between circulating eosinophils, sST2, and CDT
requires further investigation in human patients. Specifically, whether patients infected
with a CDT expressing strain have less eosinophils or more sST2 still needs to be
determined. Furthermore, whether patients with high sST2 have reductions in peripheral

eosinophil counts also requires further investigation. These studies will aid in our
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understanding of IL-33 signaling in human CDI and its relationship to the CDT status of
the infecting isolate.
4.2.2 Amphiregulin-mediated protection of epithelial barrier

The majority of IL-33 activated ILC2s in the colon express the epidermal like
growth factor (EGF)-like molecule, amphiregulin, in addition to canonical type-2 cytokines
IL-5, IL13, and IL-41"®. Amphiregulin expression by ILC2s is an important mechanism of
epithelial restoration after damage that protects mice from colitis associated tissue
pathology and weight-loss'’>. Given our findings that IL-33 treated mice have reduced
epithelial disruption and gut permeability during CDI, this makes amphiregulin expression
by IL-33 activated ILC2s a potential mechanism of improved intestinal integrity during CDI.
To test this idea, we can determine if the capacity of IL-33 to increase survival during CDI
is blocked by a neutralizing antibody against amphiregulin®? or blocked in amphiregulin
knockout mice®”3. If amphiregulin is downstream of IL-33, mice lacking amphiregulin will
have significantly reduced survival and increased epithelial disruption after IL-33 treatment
relative to amphiregulin sufficient controls. To determine whether amphiregulin
expression specifically by ILC2s is sufficient to protect, adoptive transfer studies must be
conducted. If AREG+ILC2s are sufficient to protect, adoptive transfer of AREG(+) ILC2s
should have increased survival, weight-loss, and/or less epithelial disruption relative
AREG(-) ILC2 recipients. If AREG depletion does not reduce IL-33 mediated protection
or AREG+ ILC2s recipients are not protected relative to AREG(-) ILC2 recipients, this
would indicate that amphiregulin is not downstream of IL-33-ILC2 recovery during C.
difficile. Given that IL-33 activated ILC2s have multiple effector functions in the gut, this
data would indicate that another ILC2 derived cytokine contributes to tissue protection

such as IL-4 or IL-13 discussed in greater detail below.
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4.2.3 Mucin responses viaIL-13

Our findings point to a potential role of the cytokine IL-13 in protection from C.
difficile-associated disease. IL-13 is TH-2 family cytokine that can induce goblet cell
hyperplasia and mucus hypersecretion in the epithelium of mucosal tissuel’3249374.375,
ILC2s express IL-13 in response to epithelial derived polarizing signals, IL-25, IL-33, and
TSLP73175376377 1. C2 expression of IL-13 is necessary for helminth expulsion through
the activation of mucin responses and tissue-repair?°378, In our studies, we demonstrate
that IL-33 treated mice have increased IL-13+ ILC2s during CDI in addition to enhanced
goblet cells responses. Furthermore, susceptible ST27 mice completely lack IL-13
expressing ILC2s indicating 1L-33 activation of ILC2s is necessary for their expression of
IL-13 during C. difficile colitis.

Whether IL-13 is necessary for 1L-33 mediated protection requires additional
investigation and is an important future question from this thesis. In order to answer this
guestion, additionally studies can be performed neutralizing IL-13 with an anti-IL-13
antibody during our IL-33 treatment model of C. difficile colitis®’®38°, If IL-33 mediated
protection is abrogated in anti-IL-13 treated mice, then IL-13 is downstream of protective
IL-33 signaling. Additionally, goblet cell numbers should be quantified in these studies to
determine of IL-33 elicited goblet cell hyperplasia requires IL-13 expression during CDI.
A reduction in goblet cells numbers in IL-33 treated mice that lack IL-13 signaling would
indicate that IL-13 is downstream of IL-33 and aids in goblet cell barrier defenses during
CDI. Furthermore, additional studies are required to understand whether the defect in IL-
13 expression by ILC2s in ST2" mice contributes to their enhanced disease severity.
Adoptive transfer studies of IL-13+ ILC2s into ST2" mice will be required to address this
point. If adoptive transfer of IL-13+ ILC2s into ST2"- mice rescues their survival or weight-
loss relative to IL-13(-) ILC2s, this would indicate that IL-13 expression by ILC2s is

sufficient to rescue IL-33 deficient mice.
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The additional studies we have outlined are of great importance to increase our
understanding of the role of IL-33 elicited I1L-13 during CDI. Interestingly, C. difficile
reduces goblet cell numbers and MUC2 expression during infection however little is known
about the mechanism by which goblet cell depletion occurs®®3381, |t is possible that C.
difficile either indirectly alters goblet cell differentiation or directly kills goblet cells via toxin
production. Regardless of the mechanism of depletion, enhancement of IL-13+ ILC2s by
IL-33 may be an important mechanism to combat C. difficile- mediated mucin barrier loss
and an exciting future area of study.

4.2.4 Alternatively-activated macrophage activation via IL-4Ra

IL-13 shares 25% sequence homology with the structurally related cytokine, 1L-4.
IL-13 and IL-4 both signal through a shared receptor comprised of IL-4 receptor alpha (IL-
4Ra) and IL-13 receptor alpha 1 (IL-13Ra1)%2383  |L-4 and IL-13 are transcriptionally
coordinated in their expression via the transcription factors STAT6 and GATA3384-386
Many studies have demonstrated that IL-13 and IL-4 signaling via their shared IL-4R
induces alternative activation of macrophages (AAMs)230:387-389  AAMs are characterized
by arginase-1 (Arg-1), chitinase-like-3 (YM-1), and matrix metallopeptidase expression
and are important in tissue repair, remodeling, and dampening of inflammation3%0:3%1,
During, lung infection with the nematode, Litomosoides sigmodontis, signaling through the
IL-33 receptor was required for IL-4Ra activation of alternatively activated
macrophages®®2. Importantly, IL-33 activated AAMs inhibit the severity of colitis upon
adoptive transfer?*63%,  As |L-33 protects the gut barrier during C. difficile colitis, the
possibility that AAMs are downstream of IL-33 should be tested. Future studies can
guantify and characterize the macrophage population during C. difficile colitis as little is
known about the relative abundance of classical macrophages vs. AAMs during infection.
Flow cytometry can be used to measure changes in tissue resident AAMs within the

infected colon using the AAM markers, CD206 and F4/80. If AAMs are increased in
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protected IL-33 treated mice, or alternatively, if they are depleted in susceptible ST2"
mice, this data will point towards a possible role for these cells in IL-33 mediated recovery
from CDI. Adoptive transfer studies of IL-33 activated AAMs will be required to
conclusively demonstrate that these cells can prevent clinical features of C. difficile
disease. Furthermore, the contribution of ILC2s in AAM macrophage development should
also be assessed. As IL-33 activated ILC2s produce IL-417, it is possible that IL-4+ ILC2s
are essential for AAM development during C. difficile colitis. We can quantify AAM
abundance after adoptive transfer or depletion of ILC2s and thus assess whether ILC2s
contribute to AAM development. Furthermore, we can assess the requirement of IL-4 in
IL-33 mediated protection through antibody-mediated depletion of IL-4 during CDI. A
significant reduction IL-33 elicited survival or weight-loss would indicate IL-4 is at least in

part necessary for IL-33 mediated protection.

4.2.5 Does the reduction type-17 inflammation contribute to IL-33 mediated
protection?

We have discussed in detail many possible mechanisms by which IL-33 activated
ILC2s can protect through expression of type-2 cytokines, IL-4, IL-5, and IL-13. However,
our studies also point to a possible protective anti-inflammatory role of IL-33 during
infection. In addition to increased type-2 cytokines, IL-33 treated mice also have elevated
levels of the anti-inflammatory cytokine, IL-10. Additionally, these protected mice have
reduced Type-17 associated neutrophils, inflammatory monocytes, ILC3s, and cytokines
within their lamina propria during infection. Type-17 immunity has been demonstrated in
multiple studies to cause more severe disease during CDI. For example, IL-23 knockout
mice have increased survival, reduced neutrophil influx, and reduced tissue
pathology*"?2, Furthermore adoptive transfer of TH-17 cells is sufficient to enhance

mortality and TH-17 polarizing cytokines, IL-6 and IL-23 are associated with more severe
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disease in human patients!®’. Given that Type-17 immune responses are associated with
more severe CDI, this data bodes the question of whether IL-33 mediated protection is
also acting through inhibition of type-17 immunity. Specifically, does suppression of
pathogenic IL-23 signaling or TH-17 cells by IL-33 or IL-33 activated ILC2s also contribute
to protection?

To test whether a reduction in type-17 immunity is downstream of I1L-33, we can first
characterize type-17 immune responses in highly susceptible ST2” mice. While ST2"
mice have reductions in protective activated ILC2s, we currently do not know if they have
amplified Type-17 associated immunity. If IL-33 signaling inhibits pathogenic type-17
immunity, we expect that ST2” mice would have amplified type-17 immune responses
during infection. Thus, future studies will be required to measure IL-23, IL-6, ILC3s, TH-
17 cells and neutrophils in ST27 mice infected with C. difficile. Increased numbers of
ILC3s, TH-17 cells, neutrophils, or IL-23 levels in ST2” mice relative to wildtype controls
opens up the possibility that IL-33 also protects by dampening of type-17 immunity. To
further assess this point, we can block IL-23 signaling (IL-23 KO or anti-IL-23 neutralized)
in ST2” mice. If amplification of type-17 immunity is contributing to the increased disease
severity of ST2 mice, we expect that IL-23 deficiency will prevent the increased mortality
of ST2 mice. Recent studies from our lab have demonstrated that adoptive transfer of
activated TH-17 cells can increase mortality during CDI*. Interestingly, it was recently
demonstrated that TH-17 cells in the small intestine express the ST2 receptor and in
response to IL-33, these cells acquire an anti-inflammatory properties such as IL-10
expressiont’t, Thus, the connection between IL-33 and TH-17 cells should be further
assessed during CDI. Specifically, whether TH-17 cells express the IL-33 receptor in the
colon during CDI and additionally whether IL-33 treatment inhibits the activation of CDI-

activated TH-17 cells or converts them to a more immunosuppressive phenotype.
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These additional characterizations of the mechanisms downstream of IL-33 and ILC2s
will greatly aid in our understanding of the signals required for barrier defense and survival
during C. difficile infection. From the work we have demonstrated in this thesis, we now
know that IL-33 elicited ILC2s are sufficient to protect and increase eosinophils in the gut.
Additionally, IL-33 mediated protection is in part due to eosinophil induction. However,
given that depletion of eosinophils only partially inhibits IL-33 mediated survival, additional
mechanisms downstream of I1L-33 signaling to ILC2s must exist. Given the increase in
epithelial repair and goblet cell numbers, IL-33 may additionally protect via tissue-
regulatory pathways such as amphiregulin-mediated epithelial repair, IL-4Ra-dependent
AAM polarization, or IL-13 mediated goblet cell regeneration. Additionally, given the
reduction in type-17 immunity, IL-33 may also act by inhibiting detrimental inflammation
during CDI. The studies we have outlined in this section address additional experiments
that can be conducted to test each of these possibilities. It is possible that not one sole
pathway is contributing to 1L-33 mediated protection, but a combination of enhancing
tissue-repair and eosinophils while suppressing detrimental inflammation are
simultaneously required to restore homeostasis.

4.3 Whatis the therapeutic relevance of IL-33 signaling to ILC2s during human CDI?

Given that IL-33 activated ILC2s can transfer protection from mortality and weight-loss
in our murine model of C. difficile colitis and additionally that IL-33 is abundantly expressed
in human CDI biopsies, this opens up the question of whether ILC2s are also relevant to
human CDI. Here we will summarize findings from other studies about the localization,
function, and abundance of human ILC2s and propose ways to characterize these cells in
human C. difficile infection.

4.3.1 Are human ILC2s localized in the gut and can they sense IL-33?
A recent study used mass cytometry to characterize the abundance of human ILC

subsets within mucosal and non-mucosal tissue at homeostasis®®*. In contrast to our
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murine studies whereby ILC2s are the dominant ILC population found within the colon, in
humans, ILC2s comprise only 3.2% of the colon resident ILCs. 37% of colonic ILCs are
ILC3s and 60% are NK or ILC1-like cells®*. Thus, at steady-state, human ILC2s are a
minority subset of the total tissue-resident ILCs. In contrast to this human study, our ILC
guantification was conducted only after murine antibiotic treatment. Given that several
studies have demonstrated that ILC3s are dependent on the microbiotal®395:3%  the
skewing towards an ILC2 dominant population in our murine studies may be a
consequence of antibiotic-mediated depletion of ILC3s. Thus, it is possible that in the
context of antibiotics, or C. difficile infection, human ILC2s constitute a more dominant
subset. Additionally, ILC2s may expand in the context of human CDI, similar to our murine
studies whereby infection caused a 3-fold expansion of ILC2 numbers in the colon. Along
these same lines, IL-33 which can activate and expand ILC2s is highly expressed in
human CDI biopsies and is increased relative to CDI (-) patients. Human ILC2s, respond
to IL-33 treatment and become activated by expressing the cytokines IL-4, IL-5, IL-9, and
IL-13%%*, Thus, IL-33 may be a key signal for ILC2 activation and expansion during human
CDI and further studies should quantify ILC2s in human CDI biopsies and also circulating
levels in the periphery.

Our work opens up many questions about the importance of ILC2s in human CDI.
Are ILC2s present within CDI infected gut tissue and do they expand after infection? Are
these ILC2s activated? Do they colocalize with IL-33? To begin to assess these
guestions, we will need to use flow cytometry to quantify human ILC2s and their activation
state in the periphery and gut tissue of patients with C. difficile infection.
4.3.2 How can you target IL-33 as a treatment for human patients?

Our findings demonstrate that 1L-33 signaling is a relevant therapeutic target to
treat human C. difficile infection. Thus, increasing IL-33 signaling in human patients may

be of value in the clinic. Here we discuss three potential avenues that could be used to
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bolster IL-33 signaling during human C. difficile colitis. These proposed strategies to
bolster IL-33 include: 1) Increasing endogenous intestinal IL-33 using defined cocktails of
commensal bacteria; 2) Administration of purified recombinant IL-33; and 3) Inhibition of
the soluble decoy receptor, sST2. Future studies in both murine models and humans will
be required to further explore these possible treatment avenues.

4.3.2.1 Bacteriotherapy

FMT therapy has emerged as a very successful treatment for recurrent C. difficile
infection'4®,  Recently, randomized controlled trials are increasingly reported and
demonstrate high FMT success rates, approximately 70-90% cure rates!40-397-400,
Additionally, recent advancements have been made to improve the accessibility of FMT.
Firstly, a randomized controlled study demonstrated that frozen FMT material was non-
inferior to fresh FMT material®*®®. Freezing of FMT material enables many advances such
as pre-screening, banking, and re-testing of donor stool in addition to the possibility of
delivery to other hospitals. An additional advance in making FMT therapy more accessible
is the demonstration that oral FMT capsules are an effective way to administer donor
material relative to other procedures such as enemas*®14%2, These studies advance our
refinement of the approach and application of FMT therapy in the clinic.

The ideal, gold-standard FMT treatment would be the identification of a defined,
purified, microbial cocktail that is sufficient to transfer FMT protection. Defining a purified
microbial therapeutic has proven to be more challenging. The feces-derived spore
preparation, SER-109, initially demonstrated success in the treatment of recurrent CDI in
30 patients®*® however the subsequent phase Il clinical trial demonstrated no prevention
of recurrent infection relative to the placebo*®. Phase Il results may however be
confounded by overdiagnosis of C. difficile through the usage of highly sensitive PCR to
detect cytotoxin genes rather than testing for toxin protein expression. Thus, more studies

are required to test the ability of defined cocktails of stool-derived microbes in the
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treatment of recurrent infection in humans. We demonstrate that oral administration of a
crude murine FMT and a spore-prep from a normal human donor elevate IL-33 levels in
the intestine. This FMT rescued IL-33 levels that were depleted by the antibiotic treatment
necessary for C. difficile susceptibility. This indicates that certain spore-forming microbes
can be orally administered, colonize the intestine, and subsequently increase intestinal IL-
33 expression. Thus, in defining a consortium of microbes that protect during CDI, the
ability to increase IL-33 should be assessed. High throughput screening of a microbe’s
ability to induce IL-33 may be conducted with in vitro co-culture with fibroblasts or colonic
epithelial cells.

Towards the goal of refining FMT therapy, and defining a consortium of
commensals that can be produced under good-manufacturing practice, multiple factors
should be taken into consideration: limited antibiotic-resistance; durability in passing
through the gastrointestinal tract; engraftment stability, and anti-C. difficile competition
(e.g. secondary bile acid production). While reducing C. difficile growth via competition is
of key importance, the work outlined in this thesis indicates that the additional ability of
microbes to enhance IL-33 should also be considered. Thus, work to identify microbes
that increase IL-33 signaling within the intestine will add an important layer of host-
protection into next-generation bacteriotherapy in the face of C. difficile colitis.
4.3.2.2 IL-33 treatment

Another possible avenue of treatment is the use of purified recombinant IL-33 in
patients with severe CDI. In our studies we use IL-33 prophylactically which may be
relevant for high risk patients such as immunocompromised individuals on antibiotics or
patients with low peripheral eosinophil counts at hospital admission*3%, The use of IL-
33 after the onset of disease requires further investigation. Specifically, we need to
conduct additional experiments that assess the effectiveness of IL-33 treatment at several

doses and several timepoints after infection and after the onset of disease. As time-
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dependent differences in IL-33 mediated protection during colitis models (e.g. during
recovery vs. disease onset) have been proposed®, it is important to determine if IL-33 is
also therapeutic when administered post C. difficile infection.

Recombinant cytokines have been used as treatments for other diseases. For
example, Avonex and Rebif are recombinant forms of IFNB and are initial treatments for
recurrent multiple sclerosis (MS), a neurological disease driven by overly robust
inflammation and neurodegeneration. IFN treatment is well-tolerated and can be self-
administered by subcutaneous injections every other day that decrease the severity and
frequency of MS attacks*®4%, Thus, precedent has been set for the therapeutic use of
recombinant cytokine to treat human patients and further investigation is required into the
use of recombinant IL-33 for C. difficile colitis.

Interestingly, a fusion cytokine of IL-33 to the lymphocyte growth factor, IL-2, has
been generated that ameliorates renal injury and termed 1L233%%7,  Treatment with this
novel fusion cytokine, containing the activity of IL-33 and IL-2 in one molecule, has
superior protection from renal ischemia-reperfusion injury (IRI) than using IL-2 and IL-33
as a mixture. Furthermore, IL233 was superior at increasing circulating and kidney-
resident ILC2s and T-regs and similar to our C. difficile model of colitis, adoptive transfer
of IL233 activated ILC2s protected from IRI“°’. This data indicates that an IL-2/IL-33 fusion
protein may have superior therapeutic action during C. difficile colitis than IL-33 alone.
Thus, future studies testing the dosage, timing, and route of exogenous IL-33 as a
therapeutic for CDI should also include treatment with the 1L233 fusion protein.
4.3.2.3 Inhibitors of sST2

Within our human studies, we found that the soluble decoy receptor, sST2 is highly
abundant within the serum of human patients with CDI. Patients with high white blood
cells counts have higher levels of circulating soluble ST2 in their serum, indicating that

sST2 expression may be a consequence of inflammation during infection. sST2 predicted
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C. difficile severity and mortality within our cohort after correcting for age, race, gender,
comorbidities, and CDT status. Furthermore, treatment with sST2 exacerbates weight-
loss and clinical severity in our murine model. This data indicates that blocking of sST2
may be a novel therapeutic strategy in the treatment of CDI. However, how sST2
expression is regulated and which cells are the dominant source of sST2 during CDI
requires further investigation.
4.3.2.3.1 How is sST2 expression regulated?

The ST2 subunit of the IL-33 signaling receptor is encoded by the ILIRL1 gene.
Two major transcriptional variants of ILLRL1 have been reported: 1) A full length form of
ST2 and 2) A soluble form lacking the transmembrane domain?32242404.408  Ey]|-length
ST2 (STL) is membrane bound form and requires association the accessory subunit, IL-
1RACP to induce MyD88-dependent signaling in cells*®®. In contrast, in soluble form, sST2
binds to free IL-33, acting as a natural decoy receptor and inhibiting IL-33’s biological
activity. Sequestration of IL-33 by sST2 attenuates type-2 immune responses leading to
less severe disease during airway inflammation however in our model of C. difficile colitis,
this attenuation of type-2 immunity is pathogenic*%.

sST2 expression can be enhanced by pro-inflammatory cytokines such as IL-1f3
and TNF-a in vitro by human lung epithelial cells and cardiac myocytes*'#12, Interestingly,
regulation of sST2 expression is also genetically mediated. High circulating sST2 is a
marker of worse prognosis in patients with heart failure*!3. A genome-wide association
study of participants in the Framingham cardiovascular cohort, demonstrated that SNPs
within ILLRL1 were associated with high systemic sST2 levels*'4. Additionally, this study
demonstrated that approximately 40% of the variability in sST2 concentrations between
individuals was attributed to genetic factors. Interestingly, 5 of the IL1IRL1 missense
variants associated with elevated sST2 were located within the TIR signaling domain

membrane-bound ST2. Upon in vitro expression, these missense variants increased
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soluble sST2 expression by enhancing IL-33/ST2L signaling via MyD88 and NFkB*'4. This
data indicates that IL-33 signaling through the membrane bound ST2 receptor enhances
the transcription of its own natural decoy receptor, likely a negative feedback loop to limit
overly robust IL-33 signaling. Furthermore, these studies demonstrate that sST2
expression is regulated by both pro-inflammatory signals and also genetic factors. Given
our findings that high sST2 is associated with increased mortality during CDI, future
studies are required to assess if genetic variants within the IL1RL1 locus are associated
with increased risk for C. difficile colitis.

Soluble sST2 can be secreted by many different cell types depending on the cell
stimuli including barrier cell types, such as epithelial and fibroblast cells and also immune
cell types, such as Th-1 CD4* and CD8" T cells and mast cells**>-418, Interestingly, during
a murine model of graft versus host disease (GVHD), intestinal stromal cells and TH-17
cells were major sources of sST24%, The cellular source of sST2 during C. difficile
infection requires further investigation. However, it is possible that intestinal epithelial cells
and mononuclear cells of the lamina propria which are major sources of sST2 in colitis
models, can release sST2 upon C. difficile toxin-induced cell death'’223%  Very
interestingly, our lab has recently identified a pathogenic role for TH-17 cells in enhancing
mortality during C. difficile colitis. Whether TH-17 cells are a major source of sST2 during
C. difficile colitis and whether they exacerbate disease through sST2 production is an
exciting topic of future studies.
4.3.2.3.2 How can sST2 be targeted therapeutically during CDI?

Blocking sST2 is a possible therapeutic strategy to ameliorate disease during C.
difficile colitis. As IL-33 is sequestered by the soluble form of ST2, releasing IL-33 from
sST2 may augment IL-33 signaling through membrane bound ST2 and subsequently
enhance the activation of ILC2s to treat C. difficile disease. Like C. difficile, IL-33 is also

protective during GVHD and similar to our studies, high sST2 is a risk factor for
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GVHD*5419-421 " Recent advancements have been made in the treatment of GVHD with
IL-33 in murine models and a similar strategy of neutralizing sST2 has been proposed.
Blockade of sST2 with a monoclonal antibody led to reductions sST2 producing cells while
maintaining protective membrane bound signaling*®. sST2 blockade caused increased
levels of free IL-33 in the serum, reduced TH-17 associated inflammation, and increased
survival during a murine model of GVHD. Additionally, small molecular inhibitors of sST2
have been discovered and are also effective at promoting IL-33 signaling. Treatment with
inhibitors caused reductions in plasma levels of sST2, improved survival, reductions in
TH-17 cells, and maintenance of protective TH-1 and T-reg immunity during GVHD murine
models*'>41%, An additional study also discovered small molecule inhibitors of sST2 that
can decrease plasma levels of sST2 and enhance T-regs to protect from mortality during
GVHD*,

These studies propose that small molecule inhibition of soluble ST2 is effective by
preventing decoy receptor binding to IL-33 or releasing IL-33 from sST2. Investigations
studying the efficacy of these small molecular inhibitors of sST2 during C. difficile colitis
will be required with additional evaluation of protective ILC2s and eosinophils and
pathogenic TH-17 cells after treatment. As small molecule inhibitors of sST2 are also
capable of inhibiting membrane bound ST2 signaling, there is a potential for these
compounds to also be pathogenic during CDI. Drug delivery methods that target highly
abundant sST2 in the serum, while limiting mucosal tissue delivery, may be useful to
promote systemic IL-33 release from sST2 while preventing small-molecule inhibition of
protective ST2 signaling in the intestine. In summary, inhibition of highly abundant and
pathogenic sST2 may be a novel therapeutic avenue for reducing the severity of C. difficile
colitis. Thus, additional studies should assess the efficacy of sSST2 inhibitors during animal
models of C. difficile colitis with the goal of releasing IL-33 from sST2 while preserving

protective IL-33 signaling on ST2+ ILC2s.



137

4.4 Closing Statements

Clostridium difficile is the leading cause of hospital acquired antibiotic-associated
diarrhea with worldwide distribution. The increased prevalence and severity of circulating
hypervirulent strains of C. difficile poses a significant health threat to health-care facilities.
In addition to the two primary virulence factors, toxins TcdA and TcdB, hypervirulent
epidemic strains of C. difficile, referred to as NAP1/027, express an additional toxin, binary
toxin (CDT). NAP1/027 strains are associated with mortality rates three times higher than
those of less virulent ribotypes®®. While the genetics of the infecting strain dictates C.
difficile clinical severity, the type of intestinal immune response generated also contributes

to disease pathogenesis®*225,

We conducted a transcriptome analysis of host genes altered by NAP1/027 infection
and identified interleukin-33 (IL-33) as a gene upregulated in response to CDT expressing,
hypervirulent infection. In chapter 2, using a murine model, we show that both
endogenous IL-33 and exogenous IL-33 treatment protect from the mortality, weight-loss
and tissue pathology during infection with both hypervirulent and classical strains of C.
difficile. 1L-33 mediated protection required type-2 innate lymphoid cells (ILC2s) and
adoptive transfer of purified ILC2s was sufficient to mitigate CDI- associated mortality and
weight-loss and increase eosinophilia. In chapter 3 we demonstrate the clinical relevance
of IL-33 signaling in human C. difficile colitis. Specifically, dysregulated IL-33 signaling
via the soluble IL-33 decoy receptor (sST2) predicted disease severity and mortality in
human patients. The protective relevance of IL-33 was broad, predicting disease severity
in patients infected with epidemic, CDT expressing strains or non-CDT expressing strains.
Lastly, we show that colonic IL-33 expression is regulated by the microbiota as antibiotic-
associated depletion of IL-33 was rescued with mouse fecal microbiota transplant (FMT)

or a human fecal spore preparation (HSP). Thus, IL-33 signaling is a novel therapeutic
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pathway for severe CDI which can potentially be targeted with rationally designed

microbial therapies.

In summary, within this thesis we have identified a novel mechanism of intestinal
barrier defense during C. difficile colitis through the activation of ILC2s by IL-33. This
pathway is important during human C. difficile infection and can possibly be therapeutically
upregulated to treat C. difficile with bacteriotherapy, inhibitors of sST2, and/or recombinant
IL-33 treatment. Further studies investigating the mechanisms by which ILC2s protect,
their relevance to human CDI and the microbial signals regulating intestinal I1L-33 are
required. This work illustrates a novel pathway of IL-33 activation of ILC2s that protects
the intestinal barrier during CDI. Furthermore, this work expands our knowledge regarding
how microbial communities strengthen host immunity and may provide protection against

C. difficile via regulation of I1L-33.
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Chapter 5: Material and Methods

5.1 Mice and Clostridium difficile infection

Experiments were carried out using sex matched 8—12 week old C57BL6, ST2", Rag2-
- and Rag2’yc’ mice. C57BL6 were purchased from Jackson Laboratory and ST2"
mice*?? were obtained from Dr. Andrew McKenzie (Laboratory of Molecular Biology,
Cambridge University, Cambridge, United Kingdom). Rag2” and Rag2”’yc’ mice were
purchased from Taconic Biosciences with an excluded flora. All animals were housed
under specific pathogen free conditions at the University of Virginia’s animal facility and
procedures were approved by the Institutional Animal Care and Use Committee at the
University of Virginia (IACUC). Bedding exchange every two days between ST27~ and
C57BL6 mice, or Rag2” and Rag2’yc’” mice, for a minimum of three weeks was
conducted to equilibrate microbiota between strains. Mice were infected using a previously
published murine model for CDI®!33137 3 days prior to infection, mice were given an
antibiotic cocktail in drinking water consisting of 45 mg/L Vancomycin (Mylan), 35 mg/L
Colistin (Sigma), 35 mg/L Gentamicin (Sigma), 215 mg/L Metronidazole (Hospira). Mice
were then switched to regular drinking water and given a single IP injection (0.016 mg/qg)
of Clindamycin (Hospira) on Day -1. On Day 0, mice were orally gavaged with 1x108
CFU/ml of C. difficile. Mice were monitored twice daily over the course of infection and
evaluated according to clinical scoring parameters*?3, Scores were based on weight loss,
coat condition, activity level, diarrhea, posture and eye condition for a cumulative clinical
score between 1 and 20. Weight loss and activity levels were scored between 0-4 with 4
being greater than or equal to 25% loss in weight. Coat condition, diarrhea, posture and
eye condition were scored between 0-3. Diarrhea scores were: 1 for soft or yellow stool,
2 for wet tail, and 3 for liquid or no stool. Mice were euthanized if severe illness developed

based on a clinical score 214.
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5.2 Bacterial Strains and Culture

Isogenic C. difficile strain R20291_CdtB was generated using the ClosTron system of
insertional mutagenesis and inactivation CDTb was confirmed by Western blot by us and
others®283, To prepare the C. difficile, strains were plated onto BHI agar from frozen stocks
and incubated at 37°C overnight in an anaerobic work station (Shel Labs). A single colony
was inoculated into BHI medium and grown anaerobically overnight at 37°C. The next day,
cultures were spun for 1 minute at 6,000 x g and washed twice in anaerobic PBS and the
optical density was measured. For the strain VPI110643 (ATCC 43244), 100ul of overnight
culture was subcultured for 5 hrs prior to optical density measurement. The culture density
was adjusted in anaerobic PBS to 1x108 CFU/mL (R20291 strains) and 1 x 10° CFU/ml
(VPI strain) and loaded into syringes. Each mouse received 100 pl (1x107 CFU for R20291
and 1x10* CFU for VPI) of inoculum by oral gavage. C. difficile burden was quantified from
caecal contents at Day 2 of infection. Briefly, caecal contents were resuspended by weight
in anaerobic PBS. Serial dilutions of caecal contents were plated on BHI Agar
supplemented with 1% Sodium Taurocholate, 1 mg/mL D-cycloserine and 0.032 mg/mL
cefoxitin (Sigma) and anaerobically incubated at 37°C overnight followed by colony counts
in triplicate. Toxins TcdA/B and CDT were quantified using the ELISA C. difficile TOX A/B
Il kit from Techlab and CDT ELISA (CDTb subunit detected) generously gifted from
TechLab according to the manufacturer’s instructions and normalized to stool weight.

5.3 FITC Dextran Gut Permeability Assay:

Mice were gavaged with 44mg/100g body weight of Fluorescein isothiocyanate
(FITC)- dextran solution (Sigma). 4 hours after gavage, mice were sacrificed, and serum
was collected. FITC dextran within the serum was detected on a spectrophotometer at
485/530 nm.

5.4 Transcriptome Microarray
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Mice were infected with R20291 (CDT+) or R20291 cdtb (CDT-) and whole-caecal
tissue transcriptomic analysis was performed on Day 3 post infection. R20291 and
R20291 Cdtb RNA samples were processed by the Affymetrix Gene Chip® WT PLUS
Reagent Kit and hybridized to the Affymetrix Mouse Gene 2.0 ST GeneChip®. The
Affymetrix Mouse Transcriptome .CEL files were analyzed by the UVA Bioinformatics
core. All preprocessing and analysis was done using R. Expression intensities were
summarized, normalized, and transformed using Robust Multiarray Average algorithm*24,
Probesets not mapping to an Entrez gene were excluded. For examining differential gene
expression, a linear model was fit with empirical-Bayes moderated standard errors using
the limma package in R. The microarray analysis datasets are included in Table S1
comparing R20291 vs. R20291 Cdtb. Enriched pathways of the top upregulated
transcripts (log FC > 0.5; p<0.05) were created using the ConsensusPathDP database?®°.
Enriched pathways of the top upregulated transcripts (log FC > 0.5) were also created
using the Ingenuity Database?®®,

5.5 Tissue protein and transcript analysis

IL-33, IL-4, IL-10, IL-1B, IL-6, and IL-23 were detected in caecal tissue lysates
using the Mouse Duoset Sandwich ELISA kits (R & D) according to manufacturer’s
instructions. Total caecal lysate was generated by removing the ceca and rinsing gently
with 1x PBS. Tissue was bead beaten for 1 minute and resuspended in 400 pl of Lysis
Buffer I: 1x HALT Protease Inhibitor (Pierce), 5 mM HEPES. Following mechanical tissue
disruption, 400 pl of Lysis Buffer Il was added: 1x HALT Protease Inhibitor (Pierce), 5 mM
HEPES, 2% Triton X-100. Tissue samples were incubated on ice for 30 minutes after
gently mixing. Lysed samples were pelleted to remove tissue debris in a 5 minute spin at
13,000 x g at 4°C. Supernatant was collected and total protein concentration was
measured by BCA assay according to manufacturer’s instructions (Pierce). Cytokine

concentration was normalized to total protein concentration. For IL-33 mRNA transcript
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analysis, caecal tissue was flushed with sterile PBS and immediately stored in RNA-later
at -80° C. Tissue was later processed using the RNeasy mini kit (Qiagen) + DNAse
digestion. RNA was reverse transcribed with Tetro cDNA synthesis kit (Bioline) and 1L-33
was amplified using the commercially available Tagman IL-33 primer/probe set (Applied
Biosciences: MmM00505403_m1). Gene expression was normalized to HPRT and GAPDH
housekeeping genes.
5.6 Flow Cytometry

Colons were dissected longitudinally and rinsed in HBSS supplemented with 25mM
HEPES and 5% FBS. Epithelial cells were separated from the lamina propria via a 40 min
incubation with gentle agitation in dissociation buffer (HBSS with 15 mM HEPES, 5 mM
EDTA, 10% FBS and 1 mM DTT) at 37°C. Next, the lamina propria tissue was manually
diced using scissors and further digested in RPMI 1640 containing 0.17 mg/mL Liberase
TL (Roche) and 30 pg/mL DNase (Sigma). Samples were digested for 40 minutes at 37°C
with gentle shaking. Single cell suspensions were generated by passaging samples
through a 100 uM cell strainer followed by a 40 uM cell strainer (both Fisher Scientific).
For intracellular cytokine staining, 1x10° cells/ sample were incubated in complete media
with Golgi block (RPMI Meida 1640, 629 10% FBS, 2mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, 5mM 2-3-630 mercaptoethanol, BD GolgiPlug containing
Brefeldin A) for 4 hours prior to surface staining procedure. For surface staining, 1x10°
cells/ sample were Fc-blocked with TruStain fcX (anti-mouse CD16/32 antibody,
BioLegend) for ten minutes at room temperature followed by LIVE/DEAD Fixable Aqua
(Life Technologies) for 30 minutes at 4°C. Cells were washed twice in FACS buffer (PBS+
2% FBS) and stained with fluorochrome conjugated antibodies for 30 minutes at 4°C.
Cells were washed and resuspended in Foxp3 Fix/Perm Working Solution (Ebiosciences)
and incubated overnight at 4°C. Cells were washed twice with Permeabilization buffer

and stained for GATA3, RORyT, T-bet, and/or IL-13 and IFN-y for 45 minutes at room
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temperature. Cells were washed twice and resuspended in FACs buffer. Flow cytometry
was performed on an LSR Fortessa cytometer (BD Biosciences) and all data analysis
performed via FlowJo (Tree Star Inc.).
5.7 IL-33 Treatment and ILC2 Adoptive Transfer Studies

For IL-33 treatment, mice were intraperitoneally injected for 5 days prior to infection
with 7.5ug/ml (100pul dose) of carrier-free, recombinant mouse IL-33 (Biolegend; Catalog
#: 580504). For sST2 studies, mice were injected with 5pg/mouse of recombinant ST2-FC
fusion or FC control (R&D systems, Catalog # 1004-MR-050). For ILC2 adoptive transfer
studies, the colons, mesenteric lymph nodes, and spleens of CD90.1+ IL-33 treated mice
were harvested into single cell suspension as described above. Bulk ILCs were isolated
by magnetic bead purification of lineage + cells (Miltenyi Lineage Cell Depletion Kit: 130-
110-470). Cells were surface stained and sorted on the Influx Cell Sorter (BD Biosciences)
based on Lin- ST2+ CD25+ CD127+ CD45+ CD90.1+ expression. Sorted cells were
immediately injected intraperitoneally into recipient CD90.2+ mice. For ILC2 expansion in
vitro, ILCs purified from MLN and colon of IL-33 treated mice were cultured in complete
medium (RPMI - 1640 + 10% FBS +2 mM glutamine, 100 U/ml penicillin, streptomycin
100 pg/ml) in the presence of IL-33 (50 ng/ml), IL-2 and IL-7 (10ng/ml) for 4 days and sort
purified by Lin- CD25+ CD127+ CD45+ CD90+ ST2+expression.
5.8 FMT Treatment

Fecal pellets 10 age and sex matched C57BL6 mice were collected and immediately
homogenized by vortexing in 1.5mls of sterile anaerobic PBS*%. 100 pl of the supernatant
was orally gavaged 24 hours and 48 hours post clindamycin injection. Human Spore Prep
(HSP) is a research-grade product produced and provided by Seres Therapeutics and is
comprised of Firmicutes spores fractionated from a stool specimen obtained from a

healthy donor*®. Spore content was determined by measuring spore colony forming units
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per mL (sCFU/mL). 200ul of the human spore prep or vehicle control was administered
24 hours post clindamycin IP into mice by oral gastric gavage.
5.9 DNA extraction and 16S rRNA gene sequencing of murine FMT

Generation of 16S rRNA gene amplicons from mouse cecal content was performed
as previously described*?®. Briefly, DNA from cecal content was extracted using the
Qiagen MagAttract PowerMicrobiome kit with the Eppedorf EpMotion liquid handling
system. The V4 region of the 16S rRNA gene was amplified from each sample using a
dual indexing sequencing strategy*?®®. Samples were sequenced on the lllumina MiSeq
platform using the MiSeq Reagent Kit V2 500 cycles (lllumina cat# MS102-2003)
according to manufacture instructions with modifications found in the Schloss Wet Lab

SOP (https://github.com/SchlossLab/MiSeq WetLab SOP).

5.10 16S Sequence curation and analysis

Raw sequence files have been deposited in the Sequence Read Archive database
under the project PRINA521980. All analysis was performed using R version 3.5.1.
Sequences were analyzed using the R package DADAZ2 version 1.10.1, following the
DADA?2 pipeline v1.8 tutorial*?’. Taxonomy was assigned to amplicon sequence variants
(ASVs) using the SLIVA rRNA database project, release 12842, The package phyloseq
v1.26.1 was used to calculate both alpha and beta diversity as well as generate the NMDS
plots*?®. The package vegan was used to calculate the permutational multivariate analysis
of variance (PERMANOVA)*,
5.11 Human Spore Prep Sequencing and Characterization

Human Spore Prep was characterized by using 16S rRNA sequencing, sequenced to
a depth of 22 500 operational taxonomic units (OTUSs), at which point the rarefaction
curves begin to plateau. The following families were detected by 16S sequencing:
Clostridiaceae, Erysipelotrichaeceae, Eubacteriaceae, Lachnospiraceae, and

Ruminococcaceae.


https://github.com/SchlossLab/MiSeq_WetLab_SOP
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5.12 Mouse and Human Histology and Immunohistochemistry

Mouse caecal tissue sections were fixed in Bouin’s solution and transferred to 70%
ethanol after 24 hours. Sections were embedded in paraffin and stained with either
haematoxylin and eosin (H & E) or Periodic Acid Schiff (PAS) by the University of Virginia
Research Histology Core. Scoring was conducted by two blinded observers. H&E tissue
pathology scoring was conducted using a scale from 0-3 for multiple parameters: epithelial
disruption, submucosal edema, inflammatory infiltrate, mucosal thickening and luminal
exudates**!. PAS+ goblet cells were counted and normalized to the number of crypts. For
human anti-IL-33 staining, CDI positivity was assessed based on the presence of C.
difficile toxins TcdA/B in patient stool by ELISA. The University of Virginia Biorepository
Core stained the human colon biopsy sections using a primary antibody directed against
IL-33 (R & D). For human colon biopsies 5 representative images were taken blindly of
each tissue biopsy and IL-33 positive cells were counted using the Image-J software
particle analysis function.
5.13 Detection of Human sST2 in Serum

Serum samples were collected at the time of C. difficile diagnosis from 167 patients at
the University of Virginia. Serum samples were stored at -80°C until the time of use.
Samples were thawed on ice and sST2 was quantified using R & D System Human
ST2(IL-33R) Quantikine ELISA (Cat # DST200). The study was approved by the
University of Virginia Institutional Review Board for Health Sciences Research.
5.14 Statistical Analysis

For murine work, survival curves were estimated using Kaplan-Meier method and the
survival difference between groups were tested for statistical significance using Log-rank
test. Comparisons between two groups were conducted using a 2-tailed T test or a Mann-
Whitney test when data were not normally distributed. For CDI human patient,

comparisons between two groups were conducted using the two-sample t-test or Mann-
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Whitney test as appropriate for continuous patient characteristics and using Chi-square
test for categorical variables. 7 observations with invalid time, censoring, or strata values
were excluded from survival and cox-regression. Based on the distribution of sST2,
patients were classified into low and high 50 percentiles of sST2 or tertiles of sST2.
Survival differences between sST2 groups were assessed using Log-rank test, and further
evaluated in Cox regression adjusting for age, gender, race, Charlson comorbidity
index. All statistical analyses were performed using GraphPad Prism software

(GraphPad Software Inc., La Jolla, CA) and SAS 9.4 (SAS Institute, Cary, NC).
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