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Within the human gastrointestinal tract, there are trillions of resident microbes collectively known as the
gut microbiota. These organisms have a profound impact on host physiology, particularly the immune
system. Upon birth, the gut microbiota begins to take shape with input from various influences including
genetics and environmental factors such as dietary habits, antibiotic use, and stress. While the gut
microbiota has been shown to be necessary for proper development and immunity, it has also been
implicated in the development of several environment linked diseases including non-alcoholic fatty liver
disease (NAFLD), inflammatory bowel disease (IBD) and colorectal cancer (CRC). The consequences of
the changing microbiota in these disease states and how the microbiota can be used therapeutically has
yet to be fully explored. In this body of research, alterations to the microbiota due to diet (Chapter 2) and
host genetics (Chapter 5 and_6) in the context of disease are analyzed. Environmental factors that

influence the gut microbiota are also explored in the context of individual species (Chapter 3 and 4).

One of the key players in shaping the gut microbiota is diet. To study how dietary fats could alter host
microbiota and liver pathology, various diets were used in a model of NAFLD. A NAFLD-inducing diet
high in cholesterol and sucrose was used to induced steatosis and liver inflammation while two

intervention diets of either low fat and low fiber or a high fish oil diet were developed. While switching

from the NAFLD-inducing diet to either of the intervention diets drastically reduced the steatosis and



improved liver pathology, the corresponding microbiotas from the intervention diets were not sufficient to

resolve hepatic steatosis and may even exacerbate the liver inflammation in the absence of dietary

change (Chapter 2).

To study the effects of dietary factors directly on the microbes, dietary fatty acids were applied directly to
the enteric pathogen, Yersinia enterocolitica. Arachidonic acid is an omega-6 fatty acid that is found in
high concentrations in the Western diet and has been associated with inflammation. Therefore, this study
analyzed how arachidonic acid altered the protein signature using a technique of matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Chapter 3) and virulence
through both in vitro and in vivo assays. Following exposure to physiological levels of arachidonic acid, Y.

enterocolitica became highly virulent with increased invasion into colonic epithelial cells and rapid

systemic infection of mice (Chapter 4).

Another factor influencing the gut microbiota and, therefore the host immune response, is genetics.
Development of the human immune system depends on various receptors capable of recognizing and
responding to pathogens and commensals. These receptors include toll-like receptors (TLRs) found on
macrophages, dendritic cells, and intestinal epithelial cells. Using TLR1 and TLR6 knockout mice, these
studies aim to understand how disruption in host recognition of the microbiota can exacerbate disease. In
Chapter 5, aberrant TLR1 signaling led to increased mucosal-adherent microbes and defective mucosal
immunity. These changes consequently exacerbated the host response to a model of colonic injury and
recovery. On the other hand, defective TLR6 signaling worsens the host susceptibility to inflammation
associated colorectal cancer (Chapter 6). Within the same study, analyze of the microbiota revealed a

potential therapeutic by restoring microbial ecology.

By investigating the various influences on the microbiota and the host in the context of nutrition and
disease we can begin to understand the complexity of the microbiome and develop therapeutics. The
diverse studies in this body of research ultimately reveal how environmental stimuli and disrupted sensing

of the microbiota can have prolonged immunological impact.
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Chapter 1. Introduction

1.1 Nutrition

The U.S. and the rest of the world that has imported our dietary habits is eating itself into disease. Diet is
the leading risk factor for mortality in the U.S with over 500,000 diet-related deaths, considerably surpassing
mortality by tobacco use, high blood pressure and high BMI1. Globally, 11 million deaths, or 1 in 5 deaths,
are associated with dietary risk factorszs. These top deaths include cardiovascular disease, cancer, and
type Il diabetes from consuming too little whole grains and fruits with too much sodiumz. Jared Diamond

said it best with his 1987 article calling agriculture “the worst mistake in the history of the human race”s.

According to Diamond’s infamous article, when the world began to domesticate plants and animals, our
agricultural revolution scarified a varied, quality diet for cheap calories and quantitys. This idea has since
bloomed as researchers note the marked rise of chronic diseases, so called “diseases of civilization”s or
"Western diseases"s,7. According to the evolutionary discordance hypothesis, these diseases stem from the
rapid change from the Paleolithic diets and lifestyles to the modern ones. Given the recent statistics of diet-

related diseases, it is hard to argue with Diamond’s statement.

1.1.A Thedietary trends and diseases of hunter-gatherers

Information regarding pre-agricultural diet compositions of hunter-gatherers relies on archeological
evaluations of human remains through carbon isotype compositions and studies of the environmental
resources. Diet is also studied through analysis of modern hunter-gatherers and foragers including the
BaAkas, Yanomamis, and Hadzazio,11. While diet composition is often reflective of the environment and can
drastically alter macronutrient levels, the average macronutrients of hunter gatherer societies is 19-35%
protein, 22-40% carbohydrates and 28-47% fatsi2,13. Despite relatively high fat, hunter-gatherers were free
of cardiovascular diseases and had low levels of cholesterolis; this could be attributed to consumption of

the more “good fats” such as monounsaturated and polyunsaturated fatty acids 13,14.



1.1.B The dietary trends and diseases of Western Civilization

Not only did the Agricultural Revolution limit the variety of foods and increase the availability of grains and
dairy products, the Industrial Revolution introduced refined grains, refined vegetable oils, refined sugars
(sucrose), high-fructose corn syrup and the “fast food” erais,i6. The overall macronutrient composition of
the average U.S. diet is 15.4% protein, 51.8% carbohydrates and 32.8% fatsis. The nutrient trends of the
Western diet include high glycemic load carbohydrates, increased sodium-potassium ratio, high saturated
fats from animal products and refined seed oils, high omega-6 to omega-3 fatty acids, and low fiber intake.
Diseases attributed to these dietary patterns include obesityi7, cardiovascular diseaseisi9, type I
diabetesz0,21, cancerioz22, diverticulitiszs24, non-alcoholic fatty liver diseasezsz2s, inflammatory bowel
diseasez7.2s, and irritable bowel syndromezsso. In conjunction to the epidemiological evidence of
westernized diets leading to disease, the correlation between diet and disease has also been validated in
mouse models of the same diseases s1-35. To better understand how dietary trends can affect the health of
the individual, nutritional status must be studied in the context of the multifaceted mucosal immune system

and the commensal microbiota.

1.2 Mucosal Immunology

The gastrointestinal (Gl) tract is one of the most complex organs in the human body. As the Gl tract is
constantly exposed to foreign antigens, it has a multitude of protective features to fight off infections and
coexist with the millions of resident microbes known as the microbiota. With specialized epithelial cells, a
physical barrier of mucus, gut-specific immunoglobulins and a pool of mixed immune cells in the lamina
propria, intestinal homeostasis can be maintained through a concert of innate and adaptive responses
(Diagram 1.1). The gut immune system has become well adapted to the relentless encounters with food

antigens and potentially pathogenic microorganisms.
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Diagram 1.1: Protective factors in the intestines
Within the intestines, the intestinal epithelial cells and mucosal barrier separate the external stimuli in the

lumen from the various immune cells of the lamina propria. The specialized epithelial cells include (1)
regenerative stem cells, (2) mucus-producing goblet cells, (3) hormone-releasing enteroendocrine cells, (4)
absorptive enterocyte cells, (5) chemosensory tuft cells, (6) antigen-sampling “microfold” M cells and (7)
antimicrobial peptide secreting Paneth cells. The mucosal layers provide physical and chemical barriers
through the constant renewal and movement of mucus and trapping of antimicrobial peptides and secretory
IgAs. Residing in the lumen on top of the mucus is the commensal microbiota. Within the lamina propria are
T-cells, antibody producing B-cells, dendritic cells and macrophages.




1.2.A Specialized Intestinal epithelial cells

The Gl tract starts at the mouth and ends with the anus. Throughout this open-ended tube, a single layer
of epithelial cells separate the external environment from access to the host’'s immune cells. In addition to
digesting foods, absorbing nutrients and expelling waste, the intestinal epithelium is populated with
specialized cells that produce antimicrobial peptides, mucus and enteric hormones. Structurally, the small
intestine is a tube of finger-like projections in the lumen called villi and the deep troughs between are the
crypts. At the base of the crypts are a cluster of undifferentiated stem cells that regenerate and differentiate
into the various cell types including absorptive enterocytes, enteroendocrine cells, goblet cells, M cells and
Paneth cells. Comparatively, the large intestines (colon) lacks the long, projecting villi and Paneth cells but

have more goblet cells.

Paneth cells are secretory cells that synthesize and secrete antimicrobial peptides (AMPs)ss. Located
between the small intestinal stem cells at the base of the crypt, these cells provide both grooming of the
gut microbiota and protection from pathogens. Several in vivo studies altering the genes Paneth cell
highlight its role in protection against pathogenssz-ss, prevention of bacterial translocationss and

maintenance of the microbiotaao.

Another type of specialized secretory cells are goblet cells. Rather than produce targeted molecules, goblet
cells produce mucins and have largely been underappreciated as an immune cell until the last decadesi,42.
While present along the whole intestines, goblet cells secrete MUC2 mucins in the small intestines upon
stimulation while mucin is continuously secreted in the colon. Layers of mucins blanket the intestinal
epithelial cells, providing a buffer zone or a “demilitarized zone” that is devoid of microorganismsas.
Disruption in the mucus layers can lead to increased bacterial translocationass, intestinal permeabilityss and

chemical damage from dextran sodium sulfateas,4s.

1.2.B  Mucosal barrier
The intestinal mucus barrier acts as both a physical and chemical barrier. The physical layers of mucus
vary location with one thick layer in the small intestines and an additional second loose layer in the colon.

In the small intestines where there is nutrient absorption, the mucosal layer is loose and unattachedsz with



rapid mucus renewal by villi-associated goblet cellsss. The rapid flow of mucus prevents bacterial
adhesionss. Additionally, antimicrobial peptides secreted by the crypt-residing Paneth cells provide an

additional protectionss,so,s1.

Further down, the colon has a two-layered system with an attached inner layer and a loose outer layer. In
addition to fast mucosal turn over s253, the mucosal layer acts as a filter and prevents penetration of
molecules greater than 0.5 umaa. While the colon does not have Paneth cells, AMPs can be readily found
in the humansass and murine colonic mucosasss?. The colon is also home to the microbiota which is not
only necessary for proper mucus production and developmentss,ss,se, but different microbiota compositions

can alter the penetrability of the mucosal layerso,61 and bacterial colonizationsz.

1.2.C Secretory Immunoglobulins

In addition to the various anti-microbial molecules, the mucus is also home to secretory antibodies. The
most abundant antibody in the intestines and other mucosal secretions is secretory IgA (slgA), a dimeric
antibody secreted by plasma cells and trancytosed into the lumen by intestinal epithelial cells after binding
to the polymeric immunoglobulin receptor. Nested in the mucus, sIgA bind both commensal and pathogenic
microbes. SIgA functions to regulate the host response to commensal microbeses, carry pathogenic

antigens to lymphoid cells 64,65 and neutralize microbeses-67 and toxinses,so.

1.2.D Immune cells of the mucosal associated lymphoid tissue

Underneath all the layers of the mucus and intestinal epithelial cells lies the lamina propria consisting of
loose connective tissue harboring a pool of immune cells. At the crux of proper recognition and response
are the pattern recognition receptors (TLRs, NLRs). The intestinal tract is a complex environment populated
with gut commensal microbes and constant flow of external molecules in which the mucosal immune cells

must constantly differentiate self from non-self and pathogenic from non-pathogenic antigens.

Pattern Recognition Receptors
Pattern recognition receptors (PRRs) are germline-encoded sensors heralding the first response to

infections. By recognizing common structures of pathogens and commensal microbes, PPRs enable a quick
5



and broad response by macrophages and dendritic cells. PRRs recognize pathogen-associated molecular
patterns (PAMPs) and can be grouped into 3 categories: Toll-like receptors (TLRs), NOD-like receptors

(NLRs), and RIG-I-like receptors.

Toll-like receptors — There are 10 and 13 TLRs in human and mice, respectively. TLRs are
composed of a large extracellular domain responsible for recognition, a short transmembrane
region, and a short intracellular domain responsible for homo- or heterodimeric interactions and
downstream signaling. They are expressed either on the cell surface (i.e. TLR1, TLR2, TLR4,
TLR5, andTLR6), internally on endosomal membranes (TLR3, TLR7, TLR8, and TLR9). The
location of TLRs enable their recognition of specific ligands. The extracellular TLRs recognize outer
structural components of microorganism such as peptidoglycans by TLR1/2, tri- and di-acylated
lipoproteins by TLR1/2 and TLR2/6, LPS and lipoteichoic acids by TLR4 and flagellin by TLR5.
Endosomal-bound TLRs recognize internal viral and bacterial components such as double- and
single-stranded RNA by TLR3 and TLR7, G-rich oligonucleotides by TLR8 and unmethylated CpG
DNA by TLR9. While TLRs are expressed on phagocytic cells and lymphocytes, TLRs are also

expressed on intestinal epithelial cells.

NOD-like receptors — Unlike the TLRs, NLRs are exclusively in the cytosol and sense intracellular
molecules. The 23 NLRs found in humans are divided into the five subfamilies depending on
effector domains. Of the NLR families, NLRC and NLRP families have important immune
regulations within the intestinal mucosa. NLRC receptors contain a caspase recruitment domain
(CARD) and include NOD1 and NOD2 that recognize bacteria peptidoglycan structures and motifs.

NLRP have a pyrin domain and activate the inflammasomes following PAMP recognition.

RIG-like receptors — RLRs recognize viral pathogens through ligands of poly-uridine rich RNA

motifs and long double-stranded RNAs.

The innate TLRs and NLRs preserve mucosal homeostasis through broad recognition of pathogens with a
rapid response to eliminate pathogens. While we are still learning how these PRRs are regulated, studies
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have shown that they are necessary for intestinal cell regulation. Signaling through PRRs are linked to
expression of tight junction proteinsro,71, regulation of host metabolic genesrz-74, disruption of mucus layerrs,
intestinal angiogenesisze and even intestinal hormone levels7z,7s. Defects in TLR and NLR signaling are
also linked to chronic inflammatory diseases such as asthmare-si1, IBDs2-ss and colorectal cancers7-92. In
addition to the role of innate sensors, the functional roles of PRRs need to be better studied especially in
the context of shifting dietary trends and related microbiotas. There is undoubtedly an influence of TLRs
and NLRs on the resident and passing microorganisms in the gut. However, it remains controversial if TLR
or NLR signals are linked to specific microbiota compositions as there are several contradicting studies

(Table 1.1)7,



Table 1.1: Studies of PRR impact on microbiota

TLRs Effect Finding Housing
Vijay-Kumar TLR5 Yes TLR5KO mice and WT littermates had similar levels of Firmicutes Samples were
et al, 201094 and Bacteroidetes but differed at the species-composition level. obtained post-
TLR5KO microbiota also conferred metabolic syndrome in GF weaning of multiple
mice. litters housed
separately
Ubeda et al, TLR2, TLRA4, No No microbiota changes were observed in individually housed mice.  Various litters were
201298 TLR5, TLR9 Microbiota compositions were largely determined by maternal used and mice were
lineage. housed separately
Antibiotic treatment also did not differ between TLR-KOs.
Chassaing et TLR5, Yes IEC-TLR5KO microbiota was altered following 6 and 12 weeks Single and cohousing
al, 201495 IEC specific single-housed by genotype but not at weaning. KO mice had
increased Firmicutes/Bacteroidetes ratios.
Cohousing led to less distinction between microbiotas.
Chassaing et TLRS, No No effect on microbiota composition even with single-housing. Single and cohousing
al, 201495 DC specific
Zhang et al, TLR5 No TLR5KO mice and WT did not vary in microbiota composition. Single and cohousing
201699 These mice had equally high levels of Firmicutes. Compositional
changes were compared to Vijay-Kumar 2010 results.
Lu et al, TLRA4, Yes IEC-TLR4KO led to decreased alpha-diversity with marked Single and cohousing
201872 IEC specific decreases in Clostridiales, Turicibacter, and increases of affects observed but
Bacteroides, Deffibacteraceae, Odoribacteraceae, and Prevotella.  only single-housing
Antibiotics and cohousing reduced TLR4KO-associated metabolic ~ microbiota analyzed
syndrome phenotypes in KO mice.
Kamdar et al, TLR1 No TLR1KO mice and WT did not vary in microbiota composition or Single and cohousing
201897 diversity.



Table 1.1 (continued): Studies of PPR impact on microbiota

TLRs Effect Finding Housing
Xiao et al, TLRA4, Yes TLR4KO mice had decreased Bacteroides and Alloprevotella; Unsure if littermate
201996 compositional changes were exasperated during Vitamin-A controls were used
deficiency and if there was
cohousing
Kim et al, TLR6 Yes Single-housed TLR6KO mice had increased Lactobacillus Single and cohousing
2019 TLR6KO associated microbiota conferred protection against
AOM/DSS induced colitis-associated CRC through cohousing
NLRs Effect Finding Housing
Wen et al, NOD Myd88 Yes NOD-MyD88 deficiency decreased ratio of firmicutes/bacteroidetes  Unsure if littermate
2008105 and high levels of sequences belonging to Porphyromonadaceae controls were used
Microbiota clustering was influenced by maternal lineage and if there was
cohousing
Petnicki- Nod2 Yes Nod2-/- mice had increased bacterial load and abundance of Unsure if littermate
Ocwieja et Bacteroidetes in the ileum. controls were used
al, 2009101 and if there was
cohousing
Elinav et al, NLRP6 Yes Single-housed NLRP6-/- mice had increased Bacteroidetes and Single and cohousing
2011102 TM7 bacteria with reduced Lactobacilus
NLRP6-/- associated microbiota conferred susceptibility to DSS
colitis in cohoused WT mice.
Couturier- Nod2 Yes Single-housed Nod2-/- mice had increased Bacteroidetes Single and cohousing
Maillard et al, Nod2-/- associated microbiota also conferred susceptibility to DSS
2013100 colitis in cohoused WT mice and FMT with GF mice
Hu et al, NLRP6 Yes NLRP6-/- associated microbiota conferred susceptibility to Single and cohousing
2013103 AOM/DSS induced colitis-associated CRC model through but microbiota not

cohousing

sequenced




Table 1.1 (continued): Studies of PPR impact on microbiota

NLRs Effect Finding Housing
Robertson et Nod1 and No Nod1-/-, Nod2-/-, and WT mice had similar microbiotas Single and cohousing
al, 2013 107 Nod?2
Levy et al, NLRP6 Yes NLRP6-/- and WT GF mice developed divergent microbiotas Single and cohousing
2015104 following spontaneous conventionalization.
Lemire et al, NLRP6 No NLRP6-/- and WT mice have similar microbiotas and susceptibility =~ Single and cohousing
2017106 to DSS colitis
Ringel-Scaia NLRP1b Yes Single-housed NLRP1b-/- mice had increased Proteobacteria. Single and cohousing
et al, 2019108 Cohousing effects of maternal influences dominated genotype
differences
Both Effect Finding Housing
Larsson et MyD88 Yes MyD88-deficienct mice had increasingly altered communities from  Unsure if littermate
al, 20129 the duodenum to the colon. These mice had marked increased controls were used
segmented filamentous bacteria and if there was
cohousing
Ubeda et al, MyD88 No No microbiota changes were observed in individually housed mice.  Various litters were
201298 Microbiota compositions were largely determined by maternal used and mice were

lineage.
Antibiotic treatment also did not differ between TLR-KOs

housed separately
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1.3 Microbiome
Adapted from:
Chac and DePaolo. 2016. The dynamic microbial landscape of the intestine and the impact of probiotic

therapy. Journal of Probiotics & Health 4:137.

A diverse, symbiotic ecosystem of microbes resides in our gut, contributing to the complexity of human
health. As the most microbe-rich area of the human body, the gut microbiota provides a number of important
physiological functions including metabolism, immunity, and protection from pathogens. Environmental
factors, especially nutrition and dietary-components, can influence or even completely alter the microbial
landscape and its functions. Currently, it is thought that under certain, but unknown, genetic and
environmental contexts these changes can cause or exacerbate chronic inflammatory diseases. While
using probiotics to treat disease seems like an easy solution, both basic and clinical data have
demonstrated mixed results. Thus, it is imperative to re-examine probiotics in the complex context of both

a healthy and diseased microbiome along with associated factors such as diet.

1.3.A The Dynamic Microbial Landscape of the Intestine

The human body is home to trillions of microorganisms, each with functions affecting the microenvironment
of our bodies. From the different areas of the skin, to the start and finish of gastrointestinal (Gl) tract, robust
and vastly diverse communities of microbes thrive. While the human skin alone harbors microbes from 19
out of 100 different bacterial phylaios,110, the human gut contains only 7111, yet is home to 100 trillion
microbes collectively referred to as our microbiotai12. With these microbes, our Gl tract represents a
complex, multi- functional organ that is not only associated with digestion, but also with immunity,
metabolism and resistance to pathogenic infection. The intestine contains multiple and unique physical,
chemical, and structural features that define its anatomical landscape. These dramatically different, yet
adjacent, geographies allow the colonization of microbes expressing certain genetic or virulence traits that
allow them to survive. For those microbes not already expressing the necessary genes for colonization they
will not survive or they will mutate and adapt to the microenvironment. Thus, the 9 million genes expressed
by our microbiotai1s play important roles in helping to define the microbial diversity of our Gl tract as well

as contributing an enormous amount of to our own genetic
11



Early Microbiota

The gut microbiota interacting with the human host is a unified super-organism with stable yet evolving
features. In utero we begin life as a sterile entity. Microbial colonization begins during birth, with one
profound initial colonization event occurring during delivery (Figure 1). Studies have compared the microbial
environments resulting from vaginal births to those resulting from Cesarean births, finding that infants via a
vaginal birth acquire a microbial phenotype dominated by probiotic Lactobacillus species but have less
overall diversity, or fewer bacterial typesi14. In contrast infants born via Cesarean section have a greater
overall diversity as their intestinal colonization much more resembles the skin microbiome which also often
has lower levels of Lactobacilliiia. These early colonization events from a direct transfer of microbiota from

the mother has important consequences for the overall health of the childiis.

Complicating these studies is the nutritional status of the infant and whether they received a formula-fed
diet or were nursed on their mothers’ breast milk. In the latter case, passive transfer of secretory
immunoglobulin A (slgA) not only helps to protect an infant from potentially infectious organisms, since the
development of its own immune system takes many months, but slgA also controls the interaction of the
infants’ cells with its newly acquired microorganismsiis. Additionally, human breast milk contains essential
ingredients for a healthy gut microbiota including carbohydrates, short chain fatty acids (SCFAs), and
lactoferrini17. Breast milk may also contain viable microbes capable of influencing the colonization of the
infant gut microbiome. In a study comparing the microbiota of 20 vaginally delivered infants and the
composition of their mothers’ breast milk, Solis et al.11s report viable Lactobacilli and Bifidobacteria species
capable of vertical transfer to the infant gut microbiota. A longitudinal study by Fallani et al.119 further
highlights the influences of infant feeding patterns on the intestinal microbiota. Breast-fed infants have a
Bifidobacteria dominated microbiota while formula-fed infants have a more diverse microbiota including
lower counts of Bifidobacterium and higher counts of Bacteroides and Clostridium 119. Likewise, in a review
by Thum et al. 120 the benefits and possibility of modifying infant microbiota and overall health through

maternal diet are discussed.

While these studies demonstrate the influences of maternal probiotic bacteria and immunity on the infant
microbiota, there remains a lack of understanding of the interplay between these factors in the short- and
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long-term health of infants. For instance, comparing the evolution of the infant microbiota with the interaction
of delivery mode with feeding conditions have not been well described as most studies compare only mode
of birth or feeding practice with vaginally-delivered infants. By analyzing the changes in the microbiota of a
child delivered vaginally and formula-fed to a child born by Cesarean fed breast milk could provide critically
important data regarding the influence of the microbiota by environmental factors. Perhaps breast- feeding
has a stronger influence on the microbiota, leading to a convergence of microbiota patterns despite mode
of birth. Or maybe the initial mode of birth results in a lasting variation of the microbiota that may later
influence the immune responses. Thus, it is important to consider how environmental factors including
nutritional conditions and initial exposure to skin or vaginal microbiota communicate to develop the infant

microbiota.

Adult Microbiota

During early colonization, the unigue microbial composition of each child converges into the core
microbiome of an adultiz1. Once established the microbial community is stable, but not fixed, influenced by
environmental and genetic factors (Figure 1) 121. These influences provide a variety of phylum proportions
throughout the human body and variability among humansizz. Similar to the influence of nutrition on an
infants’ microbiome, diet and antibiotic consumption are essential in shaping the adult microbiome. For
example, mouse models with high fat diets and fecal microbiota transplants show clear evidence of the gut
microbiota being indicative and causal of a physical phenotype such as obesity and leannessizs-126. Among
humans, one controlled-feeding study showed a strong microbiota profile, or enterotype, associated with
long-term dietsi2e,127. Mouse models clearly demonstrate that genetically obese individuals develop a
unique gut microbiotaizs. In a pioneer study by Ley et al. 123 in which obese mice were shown to have a
microbiota highly dominant in bacteria of the Firmicutes phylum, a more balanced ratio between Firmicutes
and Bacteroidetes was observed in lean miceizs. At the genus level, Bacteroidetes species have been
positively associated with lean individuals,12e while Lactobacillus has been negatively associated with lean
individualsizs. Even species-specific benefits have been shown to influence obesity. In a study analyzing
Lactobacillus and Bifidobacterium species in obese individuals, Million et al.129 identified an association of

B. animalis, L. paracasei and L. plantarum with normal weight and L. reuteri with obesity. These studies
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clearly outline a definitive microbiota in obese individuals capable of altering phenotypic, and possibly

health, condition.

In addition to the environmental factors constantly contributing to shifts of the microbiome, the human host
affects the microbiome through one’s own genetic background. Genetic studies of both human twin subjects
and mouse models reveal genes associated with specific bacterial abundances and composition. Goodrich
et al.130 establishes this connection using 416 twin-pairs and over 1,000 fecal samples; monozygotic twins
had greater microbiota similarities than dizygotic twins. In another study, Davenport et al.131 incorporates
genome-wide association studies with microbiota sequencing using a founder population to limit variation
in environmental exposure. Despite a small sample size, at least 8 bacterial taxa were significantly related
to human genetic variationis1. The mechanism of host- genetic modification of the microbiome remains
unclearis2, however proposed models include alterations in levels of hormone production, energy
availability, and immune system interactionisi. Studying the genetic predisposition is crucial for
understanding the evolving microbiota. While studies using adult twins or related family members provide
a human model, these studies cannot control the variable environmental factors. Therefore, genetic
influences are easily confounded by environmental influences. The use of genetically engineered mouse
models manipulated under controlled environmental conditions can help us begin to understand the
interplay between environment and genetics, but the translatability of these studies to humans still remains

an issue.

1.3.B Microbiota: Initiator of disease and target of treatment

Most notably, changes within the gut microbiota have been associated with a number of chronic
inflammatory diseases. These changes can occur in the composition, location, and/or function of the
microbiota and are referred to as dysbiosisizs. With over 60% of immune cells residing in the intestinal
mucosa, the Gl system and the microbiome is one of the leading influences on the immune systemaiss. As
the initial colonization of an infant’s Gl tract begins, so does the development of the immune systemass.
Furthermore, the gut microbiota is in constant contact with the human host and will continue to influence
the immune system throughout life. Due to an association between microbiota shifts and diseases, the gut

microbiota is connected to a range of conditions such as obesity, cardiovascular disease, and inflammatory
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bowel diseaseiz1. In animal studies, the gut microbiota is shown to have important effects on metabolic
diseases with causal effects being reported on glucose and lipid metabolism, adipose development, and

insulin signaling109,136.

The dynamic nature of the microbiome makes it a desirable target for potential therapies to prevent or treat
disease. An obvious choice for such development is the administration of probiotics. Probiotics, as defined
by the FAO and WHO, are “live microorganisms which when administered in adequate amounts confer a
health benefit on the host”137. As the body is already populated with several millions of microbes, the idea
of probiotic therapy would be to supplement the existing microbiota with “beneficial” bacteria. The health
benefits of these bacteria would interact directly with the microbiota via the competition with potential
opportunistic commensals (“pathobionts”) or infectious microorganisms for nutrients and/or anatomical
niches. In fact, studies of the physicochemical and adhesive properties of Bifidobacterium and Lactobacillus
species have been instrumental in revealing possible strains for probiotic use due to their ability to inhibit

adherence of enteric pathogens such as Shigella, Staphylococcus, Salmonella, and Listeriaiss,iso.

Probiotic bacteria may also modulate the microbiota indirectly through inhibiting commensal translocation
by decreasing intestinal permeability1za or promoting anti-inflammatory activity of the immune systemziss.
For example, Yan and Polki4o observed decreased apoptosis and increased survival of colonic cells
cultured with L. rhamnosus GG. L. rhamnosus GG produces two soluble proteins capable of regulating
apoptosis and proliferation in intestinal epithelial cellsi40. The latter is accomplished through the production
of SCFAs141 and anti-inflammatory cytokines such as IL-10 and TGF-B142. In addition, dietary constituents
influence whether the microenvironment of the Gl tract is permissive for the establishment of pathobionts
or the promotion of probiotic bacteria. For example, diets high in fiber have been shown to increase bacterial
production of acetate and butyrateiss which is beneficial for the host because butyrate produced through
the fermentation by probiotic bacteria induces colonic regulatory T cell differentiation and enhances
immune-suppression and tolerancei4s. On the other hand, diets high in fat create low grade inflammationi4
that promotes the expansion of pathobionts, reduces probiotic speciesi44, and has been suggested to affect
commensal translocationiss. While the presence of probiotic bacteria may inhibit the adherence of
pathogenic bacteria, studies examining the relationship between nutritional status, pathogenic infection,
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and probiotics have not been well studied. These results demonstrate the ability of probiotic species of the
microbiota and their byproducts to directly and indirectly affect the intestinal microenvironment but currently

lack mechanistic studies and translation to human disease.

Probiotic interventions

The interaction between nutritional status and probiotics is highlighted in research of metabolic diseases
and associated syndromes. Several studies focusing on metabolic diseases have positive outcomes using
probiotic therapy. One mouse study using high fat diet-induced diabetes found probiotic treatment highly
effective in improving glucose tolerance, restoring insulin sensitivity, and reducing inflammatory cytokines
in adipose tissueiss. These results demonstrate clear evidence that a probiotic, capable of preventing
bacterial adherence and translocation, can reverse a diet- induced intestinal disturbance and adipose
inflammationiss. In a double-blind human study of males with type 2 diabetes, use of a probiotic improved
insulin sensitivity while baseline inflammatory markers remained the samezi4s. Probiotic therapy has also
shown success in a number of studies when used to treat chronic inflammatory diseases. For instance,
clinical trials using B. infantis either mixed with a malted milk drink or in an encapsulated form both had
promising results in relieving irritable bowel syndrome (IBS) symptoms, including decreased
pain/discomfort, bloating, and bowel movement difficultyi47,14s. Molecularly, Pathmakanthan et al.149
identified increases in IL-10 production and increases in the numbers of T cells and macrophage from the
blood of healthy patients and colonic mucosa of active ulcerative colitis patients treated with L. plantarum.
Another in vitro study using human monocyte-derived dendritic cells found that L. rhamnosus inhibits
proliferation of T-cells and decreases IL-2, IL-4, and IL-10 productioniso, results that were replicated in
human subjects with Crohn’s disease, indicating a potential L. rhamnosus derived treatmentisi. Probiotic
therapy has also been used to improve both infectious disease and behavioral issues, indicating the

potential breadth and therapeutic potential of probiotics.

On the other hand, the potential claims of probiotics in treating disease have been called into question by
a number of reviews, citing the lack of evidence or controversial resultsizs. Two clinical reviews found
insufficient evidence supporting probiotic use for treating IBS, Crohn’s disease, and necrotizing enterocolitis
and sepsis in preterm infantsiss,151. Furthermore, studies have shown adverse effects when using probiotics
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in humans or effects in animal models that do not translate well in humanized trialsis2,153. There is also a
lack of scientific evidence supporting the widely-advertised functional foods containing probioticsisa.
Companies with products like yogurt widely advertise to the general public using attractive claims such as
improving digestion or strengthening the body’s natural defenses but cite questionable studiesisa. In a
systematic review analyzing significance of studies containing L. casei and B. lactis, several of the studies
were found linked to companies selling products containing those species through funding, company-

supplied products, or a company-associated authorisa.

Future of Probiotic Design

Given the new technological advances, cost effectiveness, and scale of the data generated by next-
generation sequencing, we can analyze the relationship between the microbiome and probiotic-derived
therapies. It is likely that given the proper knowledge of each individual’s microbiome, diet, and lifestyle,
accurate prescription of probiotics can be designed. In a human study of obese individuals, Korpela et al.155
demonstrated that the microbiome, rather than weight status, can help determine the efficacy of treatments.
Using fecal microbiota analysis at baseline and after dietary interventions, they were able to predict
responsiveness of the host microbiota using microbial biomarkersiss. Another human study profiling
geriatric individuals revealed potential microbial biomarkers between probiotic respondents and non-
respondentsiss. It was previously suggested that level of response depended on change in cholesterol;
instead, the fecal microbiota provided a more clinically useful biomarkeriss. It is also important to note that
the geriatric study identified a microbiota shift in non-respondentsiss; thus, it is pertinent to distinguish

individuals that respond or do not respond to dietary interventions such as probiotics.

Due to the diverse results of probiotic studies, gut microbiota profiling could help tailor probiotic therapies
per individual. With conditions highly dependent on glucose or insulin metabolism, personalized nutritional
treatments have the greatest prospects. For example, probiotic therapy may be especially useful in cases
where the identification of a “pre-diseased” microbiome is compared to a profile during disease or flare and
specific probiotic bacterial species once lost are restored. This targeted microbiota therapy (TMT) would
then be restoring species that have already been able to previously colonize and survive in an individual’s
particular intestinal landscape (Diagram 1.2). However, this therapy relies on understanding the various
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healthy pre- diseased and diseased microbiome and, while the advent of stool banks and sequencing of
the microbiome makes this information accessible to the general population, this knowledge will still be a
limiting factor in such designs. A second and more intriguing notion is the idea of probiotic sensitization in
which the intestinal microenvironment is somehow manipulated through drugs, prebiotics, or antibiotics in
an effort to alter the topography of the intestine, making it more permissive for colonization and

establishment of the specific probiotic.

The anatomical, immunological, and microbiological complexity of the Gl tract has likely contributed to the
variable results seen in clinical trials and human studies regarding probiotic therapy. Utilizing the
technological and intellectual advances regarding the microbiome, we need to have a plan for the design
and execution of a new generation of probiotics using TMT. We must spend more time and effort
understanding traits that underlie the probiotic function. We need to identify the genes responsible for this
given function through mutagenesis studies that will help to derive mutants, isolate genes, and/or identify
proteins responsible for the probiotic function. Once identified, we will need to either design genetically
modified microorganisms (GMM) or synthesize and test the probiotic-derived protein to establish a
treatment not requiring the delivery of a live bacteria. Lastly, we must establish more standardized
treatments and standardized strains in order to compare efficacy across clinical trials. Only when we start
rigorous, cross-disciplinary, and holistic studies that consider the analysis of the microbiome, dietary, and
lifestyle choices both pre- and post-probiotic treatment will we be able to create significant therapies utilizing

probiotics or microbiome-derived products.

Humans are known for their diversity and complexity as a species and the identification of the microbiome,
with its associated 9 million genes, have further increased our diversity and individuality. Here we discussed
the numerous ways the uniquely tailored microbiome is formed, shaped, and altered throughout the human
lifespan by genetic and environmental factors. As our knowledge of the microbiome continues to expand,
the need to include microbiota analysis in conjunction with disease and treatment studies is crucial as the
microbiome could confound our understanding of host and disease. Our current lack of understanding,
especially in regards to probiotics, could be the cause of the contradicting results at the research and clinical
trial level with probiotic treatments. Before proposing probiotic and nutritional interventions that induce
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microbiome changes, we first need to acknowledge and incorporate our findings of the microbiota
landscape. Only through the comprehensive approach of integrating our microbial ecosystem with

nutritional and medical knowledge will we be able to advance the field of probiotics.
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Diagram 1.2: Navigating the complex landscape of the microbiome
Throughout human development, several factors impact the composition, diversity and health of the gut

microbiota. These factors include both environmental and genetic components continually interacting in
a dynamic ecosystem of human and microbes. While the adult microbiota is considered stable and
resilient, multiple elements can create a microbial imbalance known as dysbiosis. Our ability to treat the
dysbiosis is limited due to lack of understand and consideration of the holistic nature of the microbiome.
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1.4 Dynamics concerning host, nutrition and microbes

The interactions between host, nutrients and microbes are complex and intricate. When one component
falters, the consequences on the others are vast. There is a lot to be learned of these interlacing factors so
we can better understand diseases and develop therapeutics. This is especially true with environmentally
linked diseases such as non-alcoholic fatty disease, spontaneous cases of CRC and general inflammation
and susceptibility to infections. Therefore, this piece of work aims to holistically investigate the various

relationships among nutrition, host and microbe.

Chapter 2 explores the interactions between host and nutrition using a model of diet-induced non-alcoholic
fatty liver disease (NALFD) and comparing treatments of dietary intervention and microbiota transplants.
Whereas dietary intervention completely reverses hepatic steatosis, microbiota transplants fail to resolve
the fatty liver. This chapter highlights the dietary influences on the microbiota in both a disease and recovery

model.

Chapter 3 evaluates the technique of matrix-assisted laser desorption/ionization — time of flight (MALDI-
TOF) mass spectrometry (MS) with multiple environmental stressors. The MALDI-TOF MS is capable of
reliably picking up physiological changes related to metabolic states. This chapter expands on the current

MALDI-TOF MS uses to include metabolic and phenotypic screening within bacterial species and strains.

Chapter 4 studies the effects of polyunsaturated fatty acids on Yersinia enterocolitica. Pro-inflammatory
omega-6 fatty acid — arachidonic acid (AA) — induces virulence proteins and alters metabolic signatures.
Exposure to AA also increases pathogenicity within the host, leading to rapid systemic infection. This

chapter investigates how nutrition can directly impact enteric pathogens.

Chapter 5 explores the role of TLR1 in intestinal barrier integrity during homeostasis and injury. Aberrant
TLR1 signaling increases mucus-associated bacteria, produces a defective mucus layer and deregulates
intestinal stem cell proliferation. These defects led to chronic inflammation following a model of intestinal
injury and repair. This chapter focuses on understanding the complex, knit relationship between host and
microbe.
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Chapter 6 studies the role of TLR6 in a model of inflammation-associated colorectal cancer. TLR6
deficiency increased Lactobacillus retention during disease and conferred protection to wildtype hosts.
Targeted treatment with Lactobacillus reduced disease burden and suppressed inflammation. This chapter
investigates the role of host innate receptors in regulating microbiota composition and effectiveness of

targeted microbiota treatments to restore microbial diversity.
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Chapter 2. Modifying Macronutrients is Superior to Microbial Transplants in Reversing the

Progression of Non-Alcoholic Fatty Liver Disease

Adapted from:
Mitsinikos, F. T., Chac, D., Shillingford, N. and R. William DePaolo. Modifying macronutrients is superior

to microbial transplants in reversing the progression of non-alcoholic fatty liver disease.

2.1 Abstract

Non-alcoholic fatty liver disease (NAFLD) is the leading cause of chronic liver injury and one of the leading
causes for liver transplantation in Western countries. The pathogenesis of NAFLD include overnutrition-
associated metabolic syndrome or the improper consumption of dietary macro- and micro-nutrients that
either support or prevent disease development. This altered nutrient landscape has been linked to shifts
within the gut microbiota which can exacerbate liver pathology and the progression of NAFLD. Treatment
goals for NAFLD target lifestyle changes and dietary modifications that restrict calories and adjust
macronutrient content. It is not well understood how different macronutrients alter the microbiota and
whether these diet-educated microbiota contribute to the resolution of liver pathology and inflammation.
Using dietary interventions and microbiota transplantation, we found that despite very different
compositional changes in the microbiota, intervention diets either high in polyunsaturated fat and fiber or
low in fats and fiber but high in carbohydrates reversed the progression of NAFLD and dampened
inflammation. In contrast, transplantation of cecal contents from the intervention diet-fed mice to mice on a
NAFLD-inducing diet was unable to prevent disease progression and, in some cases, worsened disease.
These data underscore the importance of dietary changes to treat NAFLD and caution against the use of

fecal microbiota transplantation in the absence of dietary and lifestyle modifications.
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2.2 Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of liver disease in the Western world
affecting 80-100 million adults and children in the United States and an estimated 1 billion people
worldwide1. NAFLD refers to a spectrum of liver diseases that range from bland steatosis to nonalcoholic
steatohepatitis (NASH). NASH is the progressive form of NAFLD and, if left untreated, can lead to cirrhosis
and hepatocellular carcinoma. NAFLD typically occurs in the context of obesity or metabolic dysregulation.
The pathophysiology of NAFLD is not entirely understood; however, it is thought to be the result of multiple

factors including diet, environment, genetics and, more recently, the gut microbiomez,s.

In the last few years, a significant role of intestinal microbiota in obesity and NAFLD development has been
proposed. This is underscored by the findings that germ-free (GF) mice are resistant to diet-induced
obesitys and colonization of GF mice with the microbiota from conventional raised donors leads to an
increase in body fat and development of insulin resistances. The current paradigm suggests that the
increased consumption of foods enriched in fat and fructose may alter the gut microbiota. Production of
potentially harmful molecules by this altered microbiota can be absorbed in the intestine and carried to the
liver through the portal vein, causing a chronic low-grade inflammatory state and promote the progression
of NAFLDs. However, the molecular mechanisms contributing to NAFLD by the gut microbiota is likely
complex and multifactorial and may include the regulation of energy homeostasiss7, fermentation of
carbohydrates to short chain fatty acids (SCFAs), synthesis of triglyceridess,, lipoprotein synthesis and
hepatic lipid exportio, bile acid homeostasisii,12, the generation of endogenous ethanoliz and bacterial-

derived toxins and virulence factors.

Currently, the most effective treatment to reverse NAFLD consists of modifying dietary intake of fat and
sugar and increasing physical activity. Diet and dietary patterns also have a strong influence on the
composition and function of the microbiotais-17 and can modify the gut microbiota very rapidlyis. While
caloric restriction can reduce weight, it is generally acknowledged that the macro- and micro-nutrients of a
given diet are crucial to treat NAFLD19. According to international guidelines limiting the intake of calories,
fats (saturated fatty acids, trans fatty acids), and fructose, while increasing the intake of lean protein, fibers,
and omega -3 (n-3) polyunsaturated fatty acid (PUFA) are the dietary modifications necessary to treat
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NAFLD2o0. Altering the macronutrient composition (protein and fat content), the carbohydrate load or the
presence of specific bioactive compounds (omega-3 fatty acids, fibers) have been shown to influence the
diversity of the intestinal microbiota2: and have important effects on gut microbiota structure, function and

secretion of metabolites22.

Using diets high in mono- and polyunsaturated fats and fiber, low in carbohydrates or low in fat and fiber,
we evaluated their impact on the progression of NAFLD to NASH and the effects of these interventions on
the microbiota. Further, we sought to dissociate the effects of the diet-educated microbiota from the dietary
intervention using microbiota transfers (MT). Our results indicate that both intervention diets were able to
prevent the progression of NAFLD, reverse steatosis and this was accompanied by distinct changes in the
microbiota. However, the microbiota was unable to transfer this phenotype and actually accelerated fibrosis
when given to mice receiving food high in cholesterol and fructose. These data suggest that diets modified
in types of fats and fibers can be efficacious at reversing the progression of NAFLD, but cautions that
manipulating the microbiota of patients with NAFLD or NASH may not be effective without continued dietary

changes.

2.3 Results

Non-alcoholic fatty liver disease (NAFLD)-inducing diet in rodent model can mimic liver pathology
There are a number of animal models that recapitulate the various hallmarks of NAFLD using deficient diets
such as the methionine- and choline-deficient diet and the high fructose dietzs. These diets, however, have
additional changes not related to the human counterpart including altered metabolic profile24 and disparate
fat accumulation in the liverzs. In this study we developed a NAFLD-inducing diet (NAF) consisting of high

fat, cholesterol and fructose.

To establish the modified diet’s ability to induce steatosis and non-alcoholic steatohepatitis (NASH), C57bl/6
mice were fed either a control normal-chow diet (NC) or NAF for 12 weeks (Figure 2.1A). Mice on NAF
gained significantly more weight than NC mice at week 9 through to week 12 (Figure 2.1B) and this
correlated with an increase in daily consumption of kilocalories (Figure 2.1C). After 12 weeks, NAF mice

had significantly heavier livers and white adipose tissue than NC mice (Figure 2.1D). Development of
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NAFLD was evaluated through liver histology. As expected, NAF mice had a high NAFLD Activity Score
(NAS) with high scores for steatosis, lobular inflammation and presence of hepatocellular ballooning (Figure
2.1E). NAF mice also had significant levels of steatosis with 80% fatty liver accumulation. Staining NAF
livers revealed both micro- and macrovesicular fat accumulation with greater steatosis and mild fibrosis

(Figure 2.1F).

One hallmark of NAFLD progression to NASH is the presence of necroinflammatory foci and other
inflammatory associated markersze. To assess inflammation, liver enzymes aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were measured in serum and cytokines were measured in liver
homogenates. Despite elevated levels of AST and ALT in NAF mice, they did not reach statistical
significance (Figure 2.1G). NAF mice also had statistically elevated levels of liver TNF-a and near significant
levels of IL-6 while there was no difference in IL-12p40 or IL-10 (Figure 2.1H). Taken together, these data
indicate that the NAF diet could induce a disease similar to human NAFLD with increased steatosis, liver

inflammation, AST and ALT levels.

Figure 2.1: Liver inflammation and steatosis induced by a diet high in fructose, cholesterol and low
in fiber

C57bl/6 wildtype mice were treated with a non-alcoholic fatty liver disease diet (NAF) or normal control diet
(NC) for 12 weeks ad libitum. (A) macronutrient breakdown of diets. (B) Percent weight change during diet.
(C) Daily consumption of diet by kilocalories (kcal) per mouse per diet. (D) Liver and white adipose tissue
weights by percent body weight at the end of the 12 weeks. (E) NAFLD-activity score (NAS) and percent
steatosis of mice scored in a blinded fashion by a pediatric liver pathologist. (F) Representative images of
hematoxylin & eosin (H&E) and trichrome stained liver sections. (G) Aspartate transaminase (AST) and
alanine transaminase (ALT) levels measured in serum by ELISA. (H) Levels of TNF-a, IL-6, IL-12p40, and
IL-10 cytokine in 50 mg homogenized liver tissue. Data is the mean = SEM of 2 independent experiments,
n=5 — 8 mice per group. Statistics for (B) is 2-way ANOVA, Sidak’s multiple comparisons; (C-E, G-H) is
Student’s unpaired t-test. *, p<0.05; **, p<0.01; and ****, p<0.001.
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Dietary intervention suppresses weight gain and reverses fat accumulation in the liver

The most optimal treatment for NAFLD is currently managing a healthy lifestyle through dietary modification
which allow NAFLD patients are able to reduce weight, improve blood pressure and cholesterol levels, and
potentially reduce liver steatosis27. In this study, we assessed the potential of preventing NAFLD using two
different intervention diets. We developed these diets based on current NAFLD management
recommendationszs: one diet with high polyunsaturated and saturated fats and high fiber (HFF) and another

with high carbohydrates with low fats and low fiber (LFF) (Figure 2.2A; Supplemental Table 2.1).

Mice were placed on the NAF diet for 6 weeks (NAF6) and then switched to one of the intervention diets or
maintained on the NAF diet for an additional 6 weeks (Figure 2.2B). To investigate whether the intervention
diets could reverse or halt NAFLD progression, mice on the dietary interventions were compared to mice
on NAF for 6 weeks (NAF6). During the 6 weeks of intervention diet, mice on HFF and LFF gained
significantly less weight than mice on NAF (Figure 2.2C). While both dietary interventions reduced the
weight of the liver and adipose tissue (Figure 2.2D), the HFF diet had a more significant impact on liver
weight, while the LFF diet promoted loss of white adipose tissue (Figure 2.2D). Following dietary
intervention, NAFLD activity score (NAS) was assessed on liver pathology. Mice receiving intervention diets
had NAS scores of less than 2 whereas NAF6 mice had an average cumulative score of 4.67 (Figure 2.2E).
Mice receiving either the HFF or LFF diets had a significant reduction in lobular inflammation compared to
the NAF6 mice. However, mice receiving the LFF-diet had a complete reversal of steatosis and hepatocyte
ballooning, while HFF mice had hepatocyte ballooning, and some steatosis, albeit still significantly less than
NAF mice at 6 weeks (NAF6) (Figure 2.2E). The presence of fibrosis was assessed with Masson trichrome
staining and demonstrated only rare cases of stage |, focal subcapsular areas of steatosis, and instances
of perisinusoidal fibrosis in both HFF and LFF groups (Figure 2.2F). Taken together, these data

demonstrate that both intervention diets were able to improve liver histology and reverse steatosis.
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Figure 2.2: Both a high fat/high fiber and a low fat/low fiber diet can reverse the progression of
NAFLD.

C57bl/6 wildtype mice were treated with NAF for 6 weeks ad libitum and then introduced to a dietary
intervention of either a high-fat/high-fiber diet (HFF) or a low-fat/low-fiber diet (LFF) for 8 additional weeks.
(A) Macronutrient breakdown of diets and (B) model of dietary intervention. (C) Percent weight change
during dietary intervention using NAF at 6 weeks (NAF6) as a baseline. (D) Liver and white adipose tissue
weights by percent body weight. (E) NAS and percent steatosis of mice scored by a pediatric liver
pathologist blinded to the samples. (F) Representative image of H&E and trichrome stained liver section.
(G) AST and ALT levels measured in serum by ELISA. (H) Levels of TNF-a, IL-6, IL-12p40, and IL-10
cytokine measurements in 50 mg homogenized liver tissue. Data is the mean + SEM of 2 independent
experiments, n=5-8mice/group. Statistics for (C) is 2way ANOVA, Dunnett’'s multiple comparisons; (C-E,
G-H) is one-way ANOVA, Dunnett's multiple comparisons; *, p<0.05; **, p<0.01; ***, p<0.005; and ****,
p<0.001.

Dietary intervention improves liver enzymes and cytokine levels

Inflammation levels were assessed in mice receiving dietary interventions using serum levels of ALT and
AST which we had already seen elevated in NAF6 mice (Figure 2.2G). The HFF diet significantly reduced
levels of ALT but had no significant impact on AST levels. In contrast, the LFF diet was able to significantly
lower levels of both ALT and AST (Figure 2.2G). Analysis of cytokine levels using liver homogenates also
revealed differences between the two intervention diets. Compared to NAF6 mice, mice receiving the LFF
diet had significantly lower levels of TNF-a and IL-6 (Figure 2.2H). In contrast, the HFF diet had little impact
on liver levels of TNF-a or IL-6, but caused significantly higher levels of proinflammatory cytokine, IL-
12p40. Interestingly, levels of anti-inflammatory IL-10 trended higher in mice given either the LFF or HFF
diet compared to mice receiving NAF diet for 6 weeks, but these levels did not reach statistical significance
(Figure 2.2H). These data align with the histological improvements and suggest that implementing a dietary

intervention can reverse hepatic steatosis and reduce inflammation in the liver.

Fecal microbial communities from dietary interventions shift to more organized and central
microbiotas
Diet has a major influence in shaping the gut microbiome, therefore, it is not surprising that changes in the

composition of the microbiota have been associated with NAFLD. Underscoring this association is the
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finding that high-fat fed germ-free mice are resistant to obesity and steatosiszo. In order to assess shifts in
the microbiota accompanying the resolution of steatosis in mice fed the intervention diets we performed
16s rRNAsequencing on ileal and fecal samples. After being on NAF for 6 weeks, there was a shift from a
Bacteroidetes-dominant to a Firmicutes-dominant microbiome, as seen in other studies using high-fat
dietsia (Figure 2.3A; Supplemental Figure 2.1). Mice on NAF maintained the Firmicutes-dominant
microbiota composition through to week 12. Despite resolving steatosis and improving pathology, HFF-fed
mice had a comparable phylum-level microbiota to mice maintained on the NAF diet. In contrast, mice
receiving the LFF diet had a shift from the Firmicutes-dominant microbiota towards a more diverse
community with significant increases in Actinobacteria and Bacteroidetes (Figure 2.3A). The change in
microbiota community was also reflected in the ileum. Mice receiving the LFF diet had high levels of

Bifidobacteriaceae present in the ileum as well as the fecal pellets (Supplemental Figure 2.2).

When comparing diversity using Inverse Simpson at the genus level, we found that the HFF-, LFF- and
NAF-fed mice had more diversity than the NAF6 mice (Figure 2.3B). Despite a similar phylum-level
composition, the HFF-fed mice also had an increase in diversity compared to the NAF6 mice, suggesting
differences at the genus level within Firmicutes. This was confirmed using principal coordinate of analysis
(PCoA) which showed an overlap in bacterial communities between the NAF6 and NAF that is significantly
distinct from both HFF and LFF microbiotas via AMOVA analysis (Figure 2.3C)so. Whereas the HFF
community had a wide spread on the PCoA, the LFF microbiota are tightly clustered with little overlap with
NAF6 or NAF mice with statistical significance via HOMOVA analysis (Figure 2.3C). To identify the
differences in the microbiota communities we visualized microbial families having greater than 1%
abundance using a heatmap. Both NAF groups had high levels of Erysipelotrichaceae and
Verrucomicrobiaceae, which made up over half of the microbiota composition (Figure 2.3D). mice receiving
the HFF diet had comparable phylum-level abundance of Firmicutes to the NAF compositions also had high
abundance of Erysipelotrichaceae (10.4%) but also had increases in the abundance of Firmicutes families
Peptostreptococcaceae (10.3%), Staphylococcaceae (16.8%) and Lactobacillaceae (17.9%) and a
decrease in Verrucomicrobiaceae. Erysipelotrichaceae (11.6%) was also abundant in the LFF-fed mice but
was accompanied by increases in Porphyromonadaceae (12.7%), Bifidobacteriaceae (25.6%), and
Verrucomicrobiaceae (50%). Interestingly, our data shows that the abundance of Erysipelotrichaceae and
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Verrucomicrobiaceae have an inverse relationship (Figure 2.3E), which is especially significant when

comparing the NAF6 and NAF slopes (Supplemental Table 2.2). Erysipelotrichaceae also had a significant

positive correlation with weight gain regardless of diet, while Verrucomicrobia trended with less weight gain

(Figure 2.3F). While the relationship with Erysipelotrichaceae did not depend on diet, there was a significant

difference between slopes depending on diet with weight change and Verrucomicrobiaceae.

Bifidobacteriaceae, on the other hand, had a significant negative relationship with weight change regardless

of diet (Figure 2.3F, Supplemental Table 2.3). These data demonstrate a shift in the microbial composition

of NAF6 mice fed either of the intervention diets and that resolution of steatosis occurred in the presence

of these very different microbial compositions.
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Figure 2.3: HFF and LFF diets cause distinct shifts in the composition of the microbiota following
dietary intervention
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Figure 2.3. HFF and LFF diets cause distinct shifts in the composition of the microbiota following
dietary intervention

Microbiota sampling of fecal contents of mice in treatment groups NAF6, NAF, HFF and LFF. (A) Phylum-
level abundance and (B) diversity measured using Inverse Simpson Index. (C) Principal Coordinate of
Analysis (PCoA) of microbiota composition at the genus level. (D) Heatmap representation of family level
abundance with families >1% abundance. (E) Relative abundance of Erysipelotrichaceae and
Verrucomicrobiaceae by scatter plot. (F) Correlation between weight change and abundance of
Erysipelotrichaceae, Verrucomicrobiaceae and Bifidobacteriaceae. Data is the mean + SEM of 2
independent experiments, n=5-8mice/group. Statistics in (C) is analysis of molecular variance (AMOVA)
and homogeneity of molecular variance (HOMOVA). (E-F) is Pearson Correlation Coefficient of all data

points.

Microbiota transplantation fails to relieve NAFLD symptoms and liver inflammation

To understand whether the intervention diet-educated microbiota could reverse steatosis or inflammation
independent of the intervention diet itself, we performed microbiota reconstitution experiments. Mice fed
NAF for 6 weeks were placed on a cocktail of antibiotics in their drinking water for 10 days. At the end of
this period the recipient mice were administered the cecal contents from mice that had previously
undergone one of the dietary interventions or stayed on NAF. Post-reconstitution, the mice were maintained
on NAF diet for an additional week. During microbiota depletion, there was little weight loss observed in
any of the groups, in fact, none of the mice lost more than 10% of their weight (Figure 2.4A). After the
microbiota was reconstituted by oral gavage, mice receiving the microbiota from either HFF (HFF MT) or
LFF (LFF MT) donors had less weight gain compared to mice receiving the microbiota from NAF donors
(NAF MT) or untreated NAF mice (Figure 2.4A). Liver (Figure 2.4B) and adipose tissue (Supplemental

Figure 2.3) weights were measured and no significant changes were observed.

Assessment of the liver pathology from NAF-MT mice displayed histological characteristics of late stage
NAFLD/early NASH (Figure 2.4C). In addition to the presence of both macro- and microsteatosis,
necroinflammatory foci and fibrosis were revealed by trichrome staining (Figure 2.4D). Despite the decrease
in weight observed in mice receiving cecal contents from either of the intervention diets, there were no
histological improvements. Mice receiving cecal contents from either diet had histological lesions that
resembled the pathology of the NAF-MT and NAF-fed mice with similar overall NAS scores and a similar

percentage of steatosis (Figure 2.4C-D).
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As expected from the amount of injury observed in the liver, AST and ALT levels in the serum of mice
receiving cecal contents from mice fed either of the intervention diets was as high as mice receiving the
NAF diet for 12 weeks (Figure 2.4E). In addition to the elevated AST and ALT, mice reconstituted with either
intervention-diet educated microbiota also had TNF-a, IL-6 and IL-12p40 levels in the liver equal to the
NAF-MT mice (Figure 2.4F). Interestingly, IL-10 was not detected in the livers of the LFF-MT or HFF-MT
mice but was present in the NAF-MT mice (Figure 2.4F). These data suggest that the microbiota from mice
receiving dietary interventions, and who showed complete reversal of NAFLD, was unable to resolve
disease in the absence of the dietary factors that shaped the microbiota. To determine if the transferred gut
microbiota was maintained following reconstitution and 1 week of NAF feeding 16S sequencing was
performed on representative donor cecum samples and fecal samples post microbiota transplant. At the
phylum level, no significant differences were found. Both HFF- MT and LFF-MT groups had similar levels
of Firmicutes and Bacteroidetes compared to NAF and NAF MT mice (Figure 2.4G, Supplemental Figure
2.4). Whereas the LFF cecum contents contained 10% of Actinobacteria, no Actinobacteria was recovered
in the fecal pellets of LFF-MT mice. Analysis at the family level revealed no significant changes between
MT groups (Supplemental Figure 2.3). To further understand why the microbiota of the intervention diets
was unable to transfer protection from NAFLD, we compared the predicted metabolic functions of dietary
intervention and MT mice using Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt)s1. Overall, there are significant differences in PICRUSt metabolic functions
among mice on NAF for 6 weeks, the two dietary interventions and the MTs (Figure 2.4H). To analyze
specific changes between groups, each experimental group was compared to NAF6. While both LFF and
the LFF FMT group had significant differences compared to NAF6, some of the metabolic features were

significant in one but not the other (Figure 2.4H-I).

All in all, we show that administering a microbiota transplant during a disease course without altering the
diet does not improve NAFLD and is far less superior than dietary intervention. Whereas the dietary
intervention significantly altered the microbiota, the NAFLD-inducing diet prevents changes in the

microbiota despite MT and these changes are separate from predicted metabolic functions.
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Figure 2.4: HFF or LFF diet-educated microbiota alone is not sufficient to reverse NAFLD.
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Figure 2.4;: HFF or LFF diet-educated microbiota alone is not sufficient to reverse NAFLD.

Mice on NAF for 6 weeks were given a cocktail of antibiotics (see Materials & Method) in their drinking
water for 1-1.5 weeks and then given microbiota transplants (MT) using donor cecal contents from mice at
the end of the diet intervention model. The recipient mice were maintained on the NAFLD diet for 2 weeks.
(A) Percent weight change during MT using NAF at 6 weeks as baseline. (B) Liver weight as percent body
weight. (C) NAS and percent steatosis of liver. (D) H&E and trichrome staining of liver histology. (E) AST
and ALT measured in serum by ELISA. (F) TNF-a, IL-6, IL-12p40, and IL-10 cytokine measurements of
homogenized liver tissue. (G) Phylum-level abundance of donor cecal and treated fecal microbiota. (H)
Principal component analysis and (I) heatmap of fold change of Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States (PICRUSt) analysis. Data is the mean £ SEM of 2 independent

experiments, n=3-9mice/group.

2.4 Discussion

In this study we demonstrate that altering specific macronutrients can be highly effective at reversing the
progression of NAFLD in mice previously receiving a diet high in cholesterol, carbohydrates and fructose
for 6 weeks. Nutritional interventions shifted the types of fat, altered the amount of carbohydrates and/or
increased digestible and non-digestible fibers. These data demonstrate a reduction in steatosis,
inflammation and liver enzyme levels following either of the dietary interventions. However, it is important
to note that each diet had distinct effects on clinical characteristics and the microbiome. In contrast,
microbiota transplants using cecal material from mice fed either of the intervention diets showed no clinical
improvements and had liver pathology with inflammation and fibrosis. These results highlight the
importance of diet in the treatment of NAFLD and further suggest that the use of microbiota transplants to

treat NAFLD may not be efficacious in the absence of dietary and lifestyle changes.

It is widely accepted that diet exerts a strong influence on the microbiome and that high fat and Western-
style diets are associated with a shift in the ratio of Bacteroidetes towards Firmicutesi4. Using a modern
Western diet, which is low in fiber and high in cholesterol and fructose with a carbohydrate to fat ratio at 1-
1.5, we sought to determine whether diets with specific nutritional modifications in fats, fiber and
carbohydrates could halt the progression of NAFLD. Both of the dietary interventions were able to reduce
steatosis, lower AST and ALT and dampen inflammation, but differed in the extent of these reductions.
While the LFF diet completely reversed steatosis and significantly decreased both AST and ALT, the HFF

diet only partially resolved steatosis and only lowered AST.
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We observed that mice on a diet supplemented with cholesterol and fructose for 6 weeks had a reduction
in Bacteroidetes and an increase in Firmicutes, similar to reports in the literature using other high fat or
Western-style dietss2. We also observed an increase in Verrucomicrobia which correlated with the length
of time the mice received the NAF diet and with less weight gain. The observed increase in Verrucomicrobia
between the 6 week and 12 week NAF mice was also observed in mice fed the LFF diet and, to a lesser
extent, mice fed the HFF diet. Verrucomicrobia, specifically Akkermansia mucinaphilia, has recently been
shown to be decreased in mice fed high fat diets and has an inverse correlation with body weight in both
mice and humanszs. In this present study the increases in Verrucomicrobia do not correlate with loss of
body weight of dietary intervention mice, nor does it seem to impact liver histology since mice fed NAF for
12 weeks had the second highest abundance of this phyla. These data may indicate that the abundance of
a single species is not enough to reverse weight gain, but rather, it may be a combination of microbes that
together produce a metabolic signature that can help reduce steatosis and reverse obesity. In addition to
Verrucomicrobia, mice fed the LFF diet also had an increase in Actinobacteria, specifically
Bifidobacteriaceae. Reports in the literature have shown that probiotic administration of Bifidobacteria
increases the abundance of Akkermansiasa. Therefore, it is possible that the dramatic effects in weight loss
and the reversal of liver pathology in the LFF mice may be due to a symbiotic relationship between
Akkermansia, Bifidobacteria, and the host. This may also explain why the LFF MT failed to provide
protection because, despite finding an equal abundance of Verrucomicrobia, there was very low abundance
of Actinobacteria in the mice that received the LFF MT. Overall these data suggest Verrucomicrobia alone
is not enough to reverse or halt the progression of NAFLD, but may act in concert with other commensals

to truly impact disease.

Switching mice to the HFF diet had little impact on the relative abundance at the phyla level, though we
did observe shifts at the family level within Firmicutes. Prior to receiving either intervention diets at 6 weeks,
the NAF mice were dominated by Erysipelotrichaceae. Mice that received an intervention with the HFF diet
had increases in Peptostreptococcaceae, Staphylococcaceae and other families within the Bacilli class,
while Erysipelotrichaceae was reduced. Unlike its HFF-fed counterparts, mice switched to the LFF diet had
significant increases in Actinobacteria, Bacteroidetes and Verrucomicrobia with a significant decrease in
Firmicutes. However, this also corresponded with a reduction in Erysipelotrichaceae. Taken together our
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data associates steatosis with the presence of Erysipelotrichaceae, an observation also seen in patients
with NAFLDss. Indeed, there is mounting evidence implicating a role for Erysipelotrichaceae in metabolic
disorders and correlations between the levels of Erysipelotrichaceae and host cholesterol metabolitesss.
The relationship between Erysipelotrichaceae and cholesterol is intriguing, especially as cholesterol was
supplemented in our NAFLD-inducing diet and low in both the HFF and LFF diets which had less

Erysipelotrichaceae.

The fatty acid composition between the three diets was very different. Our NAFLD-inducing diet had an
equal ratio of saturated fatty acid (SFA) and monounsaturated fatty acids (MUFA) but had a third less
polyunsaturated fatty acids (PUFA) despite nearly 20 times more omega-6 than omega-3. The HFF diet
had nearly 2.5 times more SFA than MUFA, however the sources of the saturated fats used for the diets
were different (i.e. beef tallow and coconut oil versus anhydrous milkfat, lard and vegetable shortening).
Unlike the NAFLD-inducing saturated fats that are comprised mostly of palmitic and stearic acid, the
saturated fats in the HFF diet was enriched for lauric acid. Lauric acid has been shown to raise total
cholesterol levels, but this is due to specifically raising high density lipoproteins (HDL) which has been
shown to have health benefitssz. The finding that our HFF diet. which is high in SFAs, was able to reverse
steatosis and progression of NAFLD is not surprising in light of recent studies showing that diets high in
fats, such as the Mediterranean dietss, confer health benefits. Further, the high amount of lauric acid, which
is a medium chain fatty acid (MCFA), has been shown to reduce steatosis and hepatic injury by upregulating
fatty acid liver oxidationse,4o. While it has been demonstrated that MCFAs can impact the composition of the
gut microbiota by significantly decreasing the ratio of Firmicutes to Bacteroidetes leading to a reduction in
steatosis, we did not observe any reduction in the abundance of Firmicutes or an expansion of
Bacteroidetes in the HFF -fed mice. However, we did observe shifts in the OTUs within the Firmicutes
phyla, though we cannot say whether those changes are due to the lauric acid and MCFAs found in the
HFF diet. In contrast, the LFF diet had over 4 times less fat than both the NAFLD-inducing and the HFF
diets and the fat present was mainly enriched in omega-3 PUFASs, approximately 2 times more than omega-
6. Arecent randomised clinical trial administering omega-3 to individuals saw increases in bifidobacteriumai

similar to what we observed in our mice fed the LFF diet.
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Dietary modifications impact both the physiology of the host and the microbiota. In order to understand how
dietary shifts in microbial composition impacted the progression of NAFLD we performed microbiota
transplants. Instead of receiving a dietary intervention after 6 weeks on the NAF diet, mice were
administered cecal contents from mice fed either of the intervention diets or from those that remained on
the NAF diet throughout the experiment. Unlike the mice receiving either of the intervention diets, microbiota
transplantation showed no improvement in steatosis, AST or ALT levels, or liver cytokines compared to
mice receiving the NAF diet for 12 weeks. In fact, mice receiving microbiota from LFF mice had extensive
pericellular fibrosis and necroinflammatory foci. Our data is in contrast to recent studies that have shown
slight beneficial effect of FMT in treating metabolic disease in human and animal studies42-44. While several
clinical reviews propose microbiota transplants, to our knowledge only one has tried FMTs in a NAFLD-
induced diet mouse study. In this study by Zhou and colleagues, mice on a high-fat diet received FMT from
healthy, untreated mice every day for 8 weeks. The mice receiving FMTs had marked improvements in the
degree of hepatic steatosis, lobular inflammation and hepatocyte ballooning, as well as a reduction in body
weight, epididymal fat and serum levels of ALT44 (Zhou). In contrast, our study found FMTs for diet-induced
NAFLD was not as effective. Obviously the frequency and the diets of the donor mice differ greatly between
the two studies, our study only gave the mice 3 microbiota transplants over the course of 6 days and
terminated the experiment 7 days following the last transplant. Additionally, our study did not evaluate the
impact of microbiota transplants derived from donors on standard mouse chow. Instead, our study aimed
to identify clinically relevant diets and their components that exacerbated or ameliorated NAFLD. Our
results using diets with specific nutrient profiles that had positive outcomes exacerbated disease post
microbiota transplant. While the study by Zhou and colleagues demonstrates the importance of restoring a
‘physiological’ gut microbiome, our current study shows that microbiota transplants may not be as
advantageous as dietary modifications. These contrasting results highlight the critical need for clinical

validation of FMTs.

Altogether, these data demonstrate that altering the diet composition at the macronutrient level can prevent
steatosis and reverse NAFLD. Specifically, we found that a diet high in saturated fats derived from products
that have high medium chain fatty acids, high in fiber and high in omega-3 PUFAs or a diet low in fats but
high in omega-3 PUFA were both able to reverse the progression of NAFLD. However, microbiota
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transplantation using cecal contents from mice fed these diets was unable to confer protection from NAFLD
and, in some instances, lead to a more severe pathology. Our data suggests that microbial transplants to
treat NAFLD may not be useful in the absence of continued dietary modifications and that more work must
be done to understand the interaction between diet and the microbiome in the context of a given disease

before they can be used to treat NAFLD.

25 Materials and Methods

Experimental Animals

Male C57BL/6 mice 5-6 weeks of age were purchased from Jackson Laboratory (Bar Harbor, Maine USA)
and maintained at the University of Southern California (USC; Los Angeles, CA) animal facility under
specific pathogen-free conditions. Mice were randomly separated into experimental and control groups.
Mice were fed indicated diets for 6 weeks or 12-14 weeks and maintained on sterile, distilled non-
chlorinated and non-acidified water ad libitums. All animal experiments were performed following
experimental review and approval by the Institutional Biosafety Committee and the Institutional Animal Care

and Use Committee.

Rodent diets

Experimental mice were fed a NAFLD-inducing (NAF) diet that contains 50% of kcal from fat, 20% sucrose,
10% fructose, and 1.25% cholesterol (TD. 150235, Teklad Diet, Envigo, Madison, Wisconsin USA
www.enviga.com). After 6 weeks, some mice were examined for liver pathology, steatosis and fibrosis, one
group was switched to a dietary intervention, and an additional group was treated with antibiotic-water and
given a fecal microbiota transplant. Mice undergoing dietary intervention were immediately switched to a
high-fat, high fiber (HFF) diet containing 66% of kcal from fat (primarily beef tallow and coconut oil) and
increased non-digestible fibers or a low-fat, low-fiber (LFF) diet containing 20% of kcal from fat (primarily

beef tallow and coconut oil) for 8 weeks. Control mice were fed the NAF diet for a total of 12-14 weeks.

Microbiota transplant
Prior to microbiota transplant (MT), mice on the NAF diet for 6 weeks were placed on antibiotic water
containing a cocktail of 1g/L ampicillin (Alfa Aesar), 1g/L gentamicin (Amresco), 1g/L neomycin (Sigma
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Aldrich), 1g/L metronidazole (MP Biomedicals) and 0.5g/L vancomycin (Alfa Aesar) for 1.5 weeks. After
switching to regular water, mice received three oral gavages every other day of cecal contents that were
collected from mice that were on NAF for 6 weeks and subsequently placed on LFF or HFF or continued
on NAF for 6-8 weeks. Cecal contents were resuspended in 1ml sterile PBS and mice were gavaged with
100uL of resuspended contents. Mice were maintained on NAF diet and euthanized 2 weeks following the

first MT gavage.

Tissue collection

Stool was collected prior to dietary intervention (6 weeks on the NAF diet), and then 2 and 6 weeks following
dietary intervention and at the end of the FMT. Samples were stored at -80°C. At the time of euthanization,
tissue samples were collected. Blood was obtained via terminal cardiac puncture. Subcutaneous white
adipose tissue from the right hind limb and the right sided epididymal white adipose tissue were obtained
and weighed. All samples were flash frozen in liquid nitrogen and stored at -80°C. The liver was isolated
from its vascular attachments and gallbladder, weighed, and divided into 4% paraformaldehyde for histology

or frozen in liquid nitrogen and stored at -80° C.

Liver histology

Liver tissue fixed in 4% paraformaldehyde was transferred into 95% ethanol and processed at AML
laboratories (Baltimore, Maryland). Formalin-fixed paraffin-embedded histologic sections were stained with
hematoxylin and eosin (H&E) and Masson trichrome stains to assess and grade non-alcoholic fatty liver

disease (NAFLD) and to determine the degree of fibrosis.

NAFLD activity score (NAS) and fibrosis

For each subject multiple H&E stained slides were evaluated for the percentage of hepatic steatosis, portal
inflammation, lobular inflammation and hepatocyte ballooning. These slides were also assessed for the
presence or absence of Mallory-Denk bodies, megamitochondria, lipogranuloma and glycogenated nuclei.
The non-alcoholic fatty liver disease activity score (NAS) was derived using the extent of fatty change,
degree of lobular activity and the presence or absence of ballooned hepatocytesas.4s. The extent of steatosis
was given a score between “0” and “3”, where a score of “0” was assigned to those liver sections in which
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less than 5% of the surface area was involved by steatosis; a score of “1” for those with 5-33% involvement
by steatosis, “2” for those with 33-66% and a score of “3” for those with more than 66% involvement by
steatosis. Lobular activity was also scored between “0” and “3”. Those sections with no evidence of lobular
necroinflammatory infiltrates were given a score of “0”; those with less than 2 foci of lobular
necroinflammatory infiltrates per 200X field (20X objective) were given a score of “1”; those with 2-4 foci a
score of “2” and those with more than 4 foci were assigned a score of “3”. The third component of the
scoring system is hepatocyte ballooning. Where hepatocyte ballooning was absent a score of “0” was given.
Sections in which ballooning was present but only occasionally were given a score of “1” and if many
ballooned hepatocytes were present a score of “2” was issued. The score for these three components
(steatosis, lobular activity and hepatocyte ballooning) were tallied to give the final NAS. The maximum
attainable score is “8”. To assess the degree of fibrosis, histologic sections were stained with Masson
trichrome stain. Fibrosis was scored from “0” to “4”. A score of “0” meant that there was no fibrosis to report.
A score of “1” was given to biopsies with either perisinusoidal or periportal fibrosis. When perisinusoidal
and portal/periportal fibrosis was present a score of “2” was assigned. If bridging fibrosis was detected a

score of “3” would be assigned and frank cirrhosis would generate a fibrosis score of “4”.

Liver cytokine enzyme-linked immunosorbent assay (ELISA)

Liver tissue samples that were previously frozen at -80°C were thawed and homogenized using the Omni
International Bead Ruptor 12. Briefly, approximately 100 mg of liver were placed into bead-beating tubes
with 50 uL garnet beads and 1mL of phosphate-buffered saline supplemented with protease and
phosphatase inhibitors (Pierce, Thermo Scientific). Samples were bead-beat at 1500 rpm for 15 seconds.
Homogenized liver tissue was then analyzed for the following cytokines: tumor necrosis factor (TNF)-a,
interleukin (IL)-10, IL-12p40, and IL-6 (BD Biosciences). TMB substrate (Dako, Carpinteria, CA) was used

for detection and absorbance was read at optical density (OD) 450nm with 570nm correction.

Microbiota sequencing, sequence curation and analysis
Microbiota samples were processed and sequenced at Research and Testing Laboratory (RTL; Lubbock,
TX) based upon RTL protocols using MiSeq lllumina platform. Universal bacterial primers 515F
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‘GTGCCAGCMGCCGCGGTAA’' and 806R ‘GGACTACHVGGGTWTCTAAT were used to amplify the
variable regions V3-V4 of the 16S rRNA genes. 16s rRNA gene sequences were curated using mothur
v.1.36.147, following the MISEQ SOP. Briefly, sequences were denoised using a flowgram denoising
algorithmas, aligned to Silva 16s rRNA sequence databasess and pre-clustered to allow up to a 2-bp
difference between sequencesso. Chimeras were detected using UCHIMEs: and were culled along with
chloroplast and mitochondrial sequences. Sequences were then classified using the Ribosomal Database
Project version 14 with a confidence score greater than 80%s2 and phylotyped to the family level. Prior to
any further data analysis, the number of sequences were normalized to 2000 reads per sample. Beta
diversity was calculated using the Theta YC distance metric with the family-level data and visualized using

principal coordinates analysis (PCoA).

Statistical analysis

Data are shown as the mean + standard error of the mean (SEM). Student T-tests, one-way ANOVAs and
two-way ANOVAs with post-hoc tests were used to determine statistical significance between the dietary
treatments as indicated in each figure. Pearson Correlation Coefficient was used to analyze the correlation
between weight and certain bacterial families. Graphpad Prism (San Diego, CA) was used for graphical
and statistical analysis and p < 0.05 was considered statistically significant. 16S sequencing data was
evaluated for statistical significance using analysis of molecular variance (AMOVA) and homogeneity of

molecular variance (HOMOVA) tests of PCoAs on mothur v.1.36.130,47.
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2.6 Supplemental Tables and Figures

Supplemental Table 2.1: Nutrient Breakdown of NAFLD and intervention Diets

g/kg NAF HFF LFF
TD.150235 TD.150587 TD.150588

Casein 160 130 130
L-Cystine 15 3 3
Mineral Mix, AIN-93M-MX 45 45 35
Vitamin Mix, AIN-93-VX 20 20 10
DL-Methionine, FG (99%) - 2 2
Egg White Solids, spray-dried - 36 36
Egg Yolk Powder - 10 10
Fish Meal, menhaden - 5 5
High Amylose Corn Starch - 50 482
Sucrose 200 116.936 168.482
Fructose 100 - -
Corn Starch 44.96 - -
Maltodextrin 100 - -
Anhydrous Milkfat 94 - -
Vegetable Shortening, hydrogenated 105 - -
Palm Oil 74 - -
Caconut Oil - 122 2
Beef Tallow - 89 2
Fish Oll - 32 25
Lard - 10 2
Flaxseed Oil - 33 33
Cholesterol 12.5 - -
Cellulose - 290 50
Choline Bitartrate 2 2 2
Biotin - 0.004 0.004
TBHQ, antioxidate 0.04 0.06 0.14
Potassium Phosphate, dibasic - 4 25
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Supplemental Table 2.2: Relationship between Erysipelotrichaceae and Verrucomicrobiaceae

% Erysipelotrichaceae vs % Verrucomicrobiaceae

Pearsonr

Pearson r
r

95% ClI

R squared

P value

P (two-tailed)

P value summary
Significant?
(alpha = 0.05)

Number of XY
Pairs

p-value

X vs. NAF6

-0.9499
-0.9911 to -0.7418
0.9024

0.0003

*%k%

Yes

0.0008

Xvs. NAF

-0.961
-0.9975 to -0.5177
0.9236

0.0092

*%

Yes

56

*kk

Xvs. HFF

0.8451
-0.1463 to 0.9895
0.7141

0.0715
ns

No

Xvs. LFF

-0.7803
-0.9658 to -0.06604
0.6089

0.0385

Yes



Supplemental Table 2.3: Relationship among bacterial families and weight change

% Erysipelotrichaceae vs weight change

Pearsonr p-value 0.0035 **
X vs. NAF X vs. HFF Xvs. LFF
r -0.7709 0.6661 0.4061
95% confidence interval -0.9839 10 0.3482 -0.5242 10 0.9752 -0.4998 t0 0.8877
R squared 0.5943 0.4437 0.165
P value
P (two-tailed) 0.127 0.2196 0.3659
P value summary ns ns ns
% Verrucomicrobiaceae vs weight change
Pearsonr p-value 0.2494 ns
Xvs. NAF X vs. HFF Xvs. LFF
r -0.839 0.8183 -0.1127
95% confidence interval -0.9891 to 0.1666 -0.2302 to 0.9876 -0.7980 to 0.6997
R squared 0.7039 0.6695 0.01271
P value
P (two-tailed) 0.0757 0.0904 0.8098
P value summary ns ns ns
% Bifidobactereaceae vs weight change
Pearsonr p-value 0.0271 *
X vs. NAF X vs. HFF Xvs. LFF
r 0.6264 0.6993 -0.1754
95% confidence interval -0.5719t0 0.9717 -0.4777 t0 0.9781 -0.8201 to 0.6656
R squared 0.3924 0.489 0.03077
P value
P (two-tailed) 0.2582 0.1888 0.7068
P value summary ns ns ns
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Supplemental Figure 2.1: Phylum abundance of NAFLD and intervention diet microbiota

Microbiota sampling of fecal contents of mice in treatment groups NAF6, NAF, HFF and LFF. Relative
abundance of major phylum-level commensals. Data is the mean + SEM of 2 independent experiments,
n=5-9mice/group. One-way ANOVA, Dunnett's multiple comparisons; **, p<0.01; ***, p<0.005; and ****,
p<0.001.
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Supplemental Figure 2.2: Heat map of family abundance of ileal microbiota of NAFLD and
intervention diet mice

Microbiota sampling of ileal contents of mice in treatment groups NAF6, NAF, HFF and LFF. (A) Phylum-level
abundance and Heatmap of family-level abundance with families >1% abundance. Data is the mean + SEM of
2 independent experiments, n=4-8mice/group.
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Supplemental Figure 2.3: Adipose tissue weight of mice following microbiota transplant

Weight of white adipose tissue as percentage of body weight of mice following microbiota transplant using
cecal contents of donors previously on intervention diets. Data is the mean + SEM of 2 independent
experiments, n=3-9mice/group.
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Supplemental Figure 2.4: Heat map of family abundance of fecal microbiota of microbiota
transplant mice

Fecal microbiota of mice post microbiota transplant was sampled. Heatmap of family-level abundance with
families >1% abundance. Data is from 2 independent experiments, n=3-9mice/group.
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Chapter 3. Detection of Physiological Changes from Environmental Conditions through
Matrix-Assisted Laser Desorption/lonization — Time of Flight (MALDI-TOF) Mass

Spectrometry

Adapted from:
Denise Chac*, Melissa Kordahi*, Leandra Brettner, Arushi Verma, Paul McCleary, Cara Yee, and R.
William DePaolo. Detection of Physiological Changes from Environmental Conditions through Matrix-

Assisted Laser Desorption/lonization — Time of Flight (MALDI-TOF) Mass Spectrometry.

3.1 Abstract

In the past decade, matrix-assisted laser desorption/ionization time-of-fight (MALDI-TOF) mass
spectrometry (MS) has become a timely and cost-effective alternative to bacterial identification. The MALDI-
TOF MS technique analyzes the total protein of culturable microorganisms at the species level and
produces a mass spectra based on peptides which is compared to a database of identified profiles.
Consequently, unique signatures of each microorganism is produced allowing species and strain level
identification. Our present study proposes that the MALDI-TOF MS can be further used to screen functional
and metabolic differences. While other studies applied the MALDI-TOF technique to identify subgroups
within species, we investigated how various environmental factors could alter the unique bacterial
signatures. We found that genetic and phenotypic differences between microorganisms belonging to the
same species can be reflected in peptide-mass fingerprints generated by MALDI-TOF MS. These results

suggest that MALDI-TOF MS can screen intra-species phenotypic differences of several microorganisms.
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3.2 Introduction

The MALDI-TOF (matrix-assisted desorption/ionization time-of-flight) mass spectrometry (MS) technology
offers a time- and cost-effective method of identifying microorganisms. Compared to previous time-
consuming and expensive methods to identify microorganisms based on 16s rRNA or whole genome
sequencing, the MALDI-TOF MS provides rapid, accurate and inexpensive identification within minutes via
proteotyping:. While the MALDI-TOF is limited to culturable microorganisms and public databases, it has
been quickly incorporated in the clinical setting and used for diagnosis. Studies have shown that MALDI-
TOF MS can equally or even better identify sources of systemic infectionsz3, urinary tract infectionsa-s,
respiratory tract infectionsz and intestinal infectionsss. The MALDI-TOF MS technology allows for
identification down to the strain level and has been shown to discriminate between strains of methicillin-
resistant Staphylococcus aureusio-13, shiga-toxigenic Escherichia colii4, clinically relevant strains of

Aspergillus species 1sand many othersa.

Although many existing methods allow rapid identification of microorganisms to the species level,
identification to the more specific “strain” taxon tends to be more challenging, as strains within a single
microbial species are often very genotypically and phenotypically similar, despite having different functions.
Higher resolution approaches such as molecular genetics are thus commonly employed to identify and
characterize strains within a microbial species 16. These include pulsed field gel electrophoresis (PFGE)17,
multilocus sequence typingis (MLST), repetitive extragenic palindromic PCR1s (rep-PCR), housekeeping
gene (e.g., PheS) sequence analysiszo, and whole genome sequencing21,22. Each of these approaches has
been shown to have adequately high resolution to distinguish microbial strains from one another; however,
these approaches are labor- and time-intensive as well as costly techniques that might lack the required
rapid high-throughput nature of MALDI TOF. A big advantage of the MALDI TOF MS strain typing
application would be epidemiologic investigations that require rapid identification of a single strain within a
single species to determine the origin and spread of an outbreak in order to mitigate risks to public safety

posed by microbial food and water contamination or potential acts of bioterrorism 16,2s.

The MALDI-TOF MS is an ionization process that became commercially available in the early 1990s. The
ionization process involves the mixture of an analyte with a “matrix” solution and the co-crystallization of
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both matrix and analyte (Diagram 3.1A-B). During ionization, a laser of a determined UV nm wavelength is
fired at the mixture and causes its desorption into a gaseous phase. MALDI ion sources are combined with
time of flight (ToF) tubes for ion separationis. A peptide mass fingerprint (PMF) is generated per sample
and compared to a data base of known bacterial species PMFs (Diagram 3.1C). MALDI-TOF looks at whole
cell differences as opposed to a methods that target a handful of molecules such as qPCR, protein blots,
etc. which allows identification of species and strain differences that these would miss. While the technique
lacks discriminatory power with some species such as Enterococucs faecium and Staphylococcus aureusz2a,

the MALDI-TOF MS can robustly identify bacterial species in various culturing conditionszs 2s.

In contrast to studies that only look at the MALDI-TOF MS ability to identify bacterial species regardless of
environmental conditions, we propose that the variation of MALDI-TOF MS-produced peaks due to culturing
can detect environmental imprints. By comparing PMF peaks and observing the differences in dendrogram
and principle component of analysis (PCA) format (Diagram 3.1D and E), we report that the MALDI-TOF
can reliably differentiate between various conditions including oxygen presence, nutrient availability and
temperature stress. The MALDI-TOF MS is also able to detect previous environmental conditions after
culturing out of the initial environment. Our study shows that the MALDI-TOF can be applied to screening
isolates from various environmental conditions to see potential functional differences within the same

microorganism.
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Diagram 3.1: MALDI-TOF MS methodology

A) Schematic of MALDI-TOF MS technology and B) methods of processing as described by manufacturer
Bruker. Analysis of peptide-mass fingerprinting by C) spectra, D) dendrogram and E) principle

component analysis (PCA).

3.3 Results & Discussion

Peptide mass fingerprints distinguish genetic differences within microbial species

MALDI TOF based bacterial profiling at the genus and species levels has provided results that are superior
to and less expensive and time consuming than those obtained from more conventional approaches such
as 16S rRNA sequencing. Such successes can be found across diverse areas of research and across many
disciplines such as clinical microbiology, biodefense, food safety and environmental health. Although many
studies have reported strain-specific peaks generated by MALDI TOF MS, identification of reliable peaks
as strain-specific biomarkers has been hindered by poor profile reproducibility. Further, it appears that the

limits of the taxonomic resolution of MALDI TOF MS profiling at the strain level has been determined so far
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in large part by the nature of the particular bacterium profiled. The more genetically indistinguishable

bacteria are, the more challenging their profiling has beenzr.

In this study, we show that MALDI-TOF MS offers the possibility to discriminate between highly genetically
similar genetic mutants or between different strains of the same bacterial species. To investigate the
capabilities of MALDI-TOF to distinguish strain-level differences, we analyzed three different gram-negative

bacteria.

Bacteroides fragilis is an Gram-negative, obligate anaerobic, rod-shaped bacterium. It is part of the normal
microbiota of the human colon and is generally commensal but can cause infection if displaced into the
bloodstream or surrounding tissue following surgery, disease, or trauma. Enterotoxigenic B. fragilis (ETBF)
strains are strains of B. fragilis that secrete a 20-kDa heat-labile zinc-dependent metalloprotease toxin
termed the B. fragilis toxin (BFT). ETBF strains are associated with inflammatory diarrheal disease in
children older than 1 year of age and in adults as well as in inflammatory bowel disease flare-ups and
colorectal cancerzs-s1. Here we show that MALDI TOF MS can discriminate between the enterotoxigenic B.

fragilis strain and a genetic mutant for the B. fragilis toxin (Figure 3.1A).

Escherichia coli is another gram-negative, rod-shaped bacterium that is commonly found in the lower
intestines. While most E. coli strains are harmless, pathogenic varieties can cause serious gastroenteritis,
urinary tract infections, meningitis or septic shock in humanssz. EPEC is a pathogenic strain of E. coli that
uses a virulence factor known as intimin, an adhesin that binds host intestinal cells, causing watery diarrhea
in those afflictedss. As we demonstrated with the B. fragilis, the MALDI-TOF can also differentiate lab strains

of E. coli from the highly pathogenic EPEC (Figure 3.1B).

Another gram-negative bacteria associated with diarrheal disease is Y. enterocolitica. Unlike the previous
bacteria, Y. enterocolitica is a common food-borne disease found in contaminated water and meat. Y.
enterocolitica is a transient infection in immunocompetent adults but can be deadly to immunocompromised

individuals especially young children under the age of 5s4.35. Using the MALDI-TOF, we are able to see
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three distinct clusters among a wild type Y. enterocolitica strain (Ye8081) and two mutants of the same

strain that are lacking an adhesion gene, YadA, or a Yersinia translocation protein (YscA) (Figure 3.1C).

As the MALDI-TOF MS uses whole protein of bacterial samples to generate unique profiles, lack of
phenotypic or metabolic differences between subgroups of species can complicate identification.
Meanwhile, our results confirm the findings of other studies. The technique has proved to be highly
performant and reproducible in distinguishing peaks within highly genetically similar species. Several known
strains can then be used to create a reference library that affords identification of unidentified strains with
potentially useful applications such as diagnosing pathogenic strains in certain disease states or rapidly

identifying the origin of an outbreak.
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Figure 3.1:Differentiation of bacterial genetic mutants on MALDI-TOF MS

Principal component analysis based on peptide mass fingerprint profile of various bacterial strains and
mutants. A) Bacteroides fragilis with and without the enterotoxigenic gene (BFT) is compared. B)
Enteropathogenic Eschericia coli and DH5a strains are compared. C) Yersinia enterocolitica strain 8081
WT (Ye8081) and mutants with genetic differences in genes YadA and YscA are compared. Data is
mean +/- of two independent experiments with n=5-7. Each dot represents the average of 4 technical
replicates.
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Condition

Species

Reference

Media type

E. coli

Y. enterocolitica

B. subtilis
Mycobacteria

S. aureus
Lactobacillus spp.
Acetic Acid bacteria
Nocardia spp.

This study

Arnold et al. 199936
Valentine et al., 200526
Reich et al., 201337
Veenemans et al., 201638
Valentine et al., 200526
Valentine et al., 200526
Balazova et al., 2015 39
Reich et al., 201337
Sedo et al., 201340
Wieme et al., 201341
McTaggart et al., 201842

Growth rate/ E. coli Arnold et al. 199936
Age Wunschel et al., 200525
Reich et al., 201337
Veenemans et al., 201638
Mycobacteria Balazova et al., 2015 39
Beverage spoiling yeasts Usbeck et al., 201343
S. aureus Reich et al., 201337
LActobacillus Sedo et al., 201340
Rhizobium Mandal et al., 200744
Nocardia spp. McTaggart et al., 201842
Oxygen L. Rhamnosus GG This study
Beverage spoiling yeasts Usbeck et al., 201343
Temperature E. coli This study
Wunschel et al., 200525
Y. enterocolitica This study

Bacillus spp.
LActobacillus

Wunschel et al., 200525
Shu and Yang 201745
Sedo et al., 201340

Broth vs agar

Beverage spoiling yeasts

Usbeck et al., 201343

E. coli Reich et al., 201337
S. aureus Reich et al., 201337
pH E. coli Wunschel et al., 200525

Table 3.1: Environmental influences on MALDI-TOF MS analyses

71



PMFs distinguish phenotypic differences within genetically identical strains

The reproducibility of the mass spectra generated in MALDI TOF MS analysis of proteins from bacterial
extracts can be impacted by several experimental factors. Other researchers have discovered that
differences in incubation and culturing conditions can alter peak intensitiesss and identification ratesas (Table

3.1). We sought to determine if the effects of environmental factors can reproducibly identified.

In this work, we have identified factors related to the environmental conditions in which one same
microorganism is grown before the sample preparation and how these factors affect the peptide mass
fingerprint signature of the microorganism at hand. The first environmental factor tested was presence or
absence of oxygen. Using the facultative anaerobe gut bacteria Lactobacillus reuteri, we investigated if the
MALDI-TOF could detect differences in PMF after incubation in aerobic and anaerobic environments.
Lactobacillus spp. are facultative anaerobes and several genes are modified with the presence of oxygenar.
In our experiment we find that despite using the same starting culture, aerobic or anaerobic conditions has

significantly different PMFs (Figure 3.2A).

As others have noted, culturing on various media does not alter species identification. For our study we
cultured E. coli on four different nutrient-rich media. Whereas E. coli grown on MacConkey (MC) and eosin
methylene blue (EMB) agar had overlapping PMFs and clustered together, there were clearly different
clusters for TSA and TSA blood E. coli (Figure 3.2B). The overlapping of MC and EMB-grown E. coli is
likely due lactose fermentation on the two agars. Whereas the differences between MC and EMB agars did
not separate E. coli, the presence of 5% blood in the TSA was enough to significantly distinguish between

TSA and TSA blood.

Another environmental condition that strongly affects PMF clustering is temperature. The gut pathogen Y.
enterocolitica is well adapted for survival and proliferation at room temperature (RT) and induces its
virulence factors when consumed or introduced to host temperatures of 37°Css. These metabolic
adaptations are clearly captured when we analyze Y. enterocolitica grown at these two temperatures on
the MALDI-TOF with Y. enterocolitica grown at RT clustering away from the 37°C treated group (Figure
3.2C). Previous studies using MALDI-TOF on Y. enterocolitica point out that temperature and media both
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play a role in PMF intensities with inference that temperature may play a bigger rolezs26. Whereas Wunschel
and colleguesazs identified that Y. enterocolitica grown at 37°C has similar PMFs despite the media, we

demonstrate that the MALDI-TOF can reliably distinguish the temperature conditions.

Temperature also affected the PMF clustering of E. coli. When E. coli is introduced to temperatures greater
than 42°C, the bacteria starts to produce heat shock proteinsss. Not only do we see differential clustering
due to the temperature treatment, we also see increasing differentiation with the incubation time (Figure

3.2D).

All together these results with bacteria grown in different oxygen, nutrient and temperature demonstrate
how the MALDI-TOF is capable of reproducibly discriminate between metabolic states through PMFs. Other
studies have investigated whether these environmental and culture conditions can impact the MALDI-TOF
identification of bacteria. Our experiments took it one step further and demonstrate that the MALDI-TOF
can easily differentiate the direct effects of environmental conditions on the bacteria, allowing identification

of biological environmental influences as it affects the proteomic profile of microorganisms.

To further understand the extent of the MALDI-TOF technique on discerning environmental influences on
bacteria, we tested if previous environmental stressors can be impact PMF clustering. For this experiment,
DH5a was grown in liquid culture at 37°C and 50°C for 2 hour and then plated on TSA for 24 hours. Whereas
our previous experiment measured the direct environmental impact of temperature on DH5a (Figure 3.2D),
this experiment examined if the MALDI-TOF could pick up the same temperature effects after the bacteria
was removed from the conditions and plated. Sure enough, the PMFs of DH5a grown in the two different
cultures has distinct clusters (Figure 3.2E-F). While there were some overlaps in clusters, this data
demonstrates that the MALDI-TOF can pick up environmental conditioning effects despite the removal of
the immediate conditions. These results have major implications in the lab setting where microorganisms
are often studied outside of its natural environment. Our ability to detect environmental conditionings even
when the bacteria is removed from the initial stresses further highlight the advantage of proteotyping using

the MALDI-TOF.
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Figure 3.2: Differentiation of bacterial biological environments on MALDI-TOF MS

Principal component analysis based on peptide mass fingerprint profile of various bacterial species
cultured in different growth conditions. A) Lactobacillus reuteri plated on Tryptic Soy agar and incubated
overnight at 37°C in aerobic and anaerobic conditions is compared. B) DH5a Escherichia coli strain
grown on 4 different types of Media: Tryptic soy agar (TSA), Tryptic soy agar with 5% defibrinated sheep
blood (TSA blood), McConkey agar (MC), and Eosin Methylene Blue agar (EMB) is compared. C) Y.
enterocolitica and strain InvKO grown at room temperature or 37°C for 2 days on TSA. D) DH5a grown
in liquid culture at 37°C and 50°C for 15 and 30min while shaking. E) Diagram and F) PCA of DH5a
grown in liquid culture at 37°C and 50°C and then plated to observe residual effects of different
environmental conditions. Data is representative of two independent experiments with n=4-7. Each dot
represents the average of 4 technical replicates.

PMFs identify metabolic states of Y. enterocolitica during in vitro adhesion and invasion assay

MALDI-TOF analysis of Y. enterocolitica at the various temperatures demonstrated that PMF can potentially

distinguish between virulent states. Other than temperature, Y. enterocolitica has different metabolic states

during infection and various genes that are modified during the course of infectionso. The stages of Y.

enterocolitica infection were investigated using human intestinal cells, SW620s. PMFs of untreated Y.

enterocaolitica, Y. enterocolitica applied to SW620s for 1 hour, or applied to SW620s for 1 hour and treated

with gentamicin to remove extracellular bacteria were compared (Figure 3.3A). After samples were

collected, Y. enterocolitica was plated on TSA and incubated at room temperature for 48 hours.
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As we previously demonstrated with liquid cultures of DH5a plated on TSA, we found that Y. enterocolitica
clustered depending on treatment group (Figure 3.3B-C). Cultures of intracellular Y. enterocolitica
recovered following gentamicin had greater similarity whereas the Y. enterocolitica recovered after 1 hour
has more variable PMFs. More divergent PMFs within a population could be due to natural heterogeneity

within a clonal populations: or differences in transcriptional or virulent states.

Our data using DH5a E. coli and Y. enterocolitica demonstrate that the MALDI-TOF can detect differences
in metabolic and virulence states, respectively, even after those environmental influences are removed.
This is especially important for trying to assess phenotypic differences of clinical isolates or samples that
cannot be readily grown in its natural environments. These methods could be applied to situations in which
metabolic or phenotypic difference of experimental groups can be compared against known culturing

conditions. It can be used as a method of screening of known bacterial phenotypes.
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Figure 3.3: PMF Analysis of Y. enterocolitica virulence states
A) Schematic of protocol. B) PCA and dendrogram of Y. enterocolitica cultured 48 hours at room
temperature on TSA following adhesion/invasion assay with SW620 cells.
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Figure 3.4: PMF analysis of fresh and frozen clinical isolates

A) Schematic of clinical sample analysis. PCA of fresh and frozen PMFs from B) C. sedlakii, C) E. coli
and D) B. ovatus isolates identified on aerobic TSA with 5% sheep blood. Each dot resembles a biological
replicate.

PMFs distinguish between fresh and frozen clinical isolates of the same species

While our experiments show that the MALDI-TOF has a lot to offer during well controlled environment,
examining the PMFs for phenotypic differences in clinical samples can be challenging. In a clinical setting,
using the protein extraction method is time consuming and not all samples are processed immediately.
Additionally, freezing samples prior to culturing can reduce the number of bacteria recovered, skew the

diversity of bacteria, and alter community compositionsz ss.

Using fresh human fecal samples, we tested whether culturing fresh or frozen microbiota samples altered
the phenotype of clinical isolates (Figure 3.4A). In these experiments, fecal samples were plated aerobically
on TSA blood plates for 48 hours. Single CFUs were then processed using the extended direct colony

method. Bacteria identified as the same species were then compiled and examined.
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Within our clinical samples, the MALDI-TOF identified Citrobacter sedlakii, E. coli and Bacteroides ovatus
from both fresh and frozen cultures. C. sedlakii and E. coli both gram-negative bacteria in the family
Enterobacteriaceae. Isolates of C. sedlakii and E. coli within one patient clustered separately depending on
fresh or frozen PMF but were not statistically significant (Figure 3.4B-C). Whereas C. sedlakii isolates

appear to have little overlap, the E. coli isolates had more similarities.

In comparison, MALDI TOF analysis of fresh and frozen B. ovatus from two patients clustered by patient
(Figure 3.4D). While fresh or frozen status has less impact on clustering of B. ovatus from patient 2, patient
1 had high variability of PMFs within fresh and frozen groups. These data indicate that proteomic differences

between fresh and frozen isolates may alter the phenotypic PMF by MALDI-TOF.

Our results using clinical isolates derived from a mixed microbiota sample reveal that fresh versus frozen
culturing techniques may alter the proteotyping of microorganisms. Further study is needed to analyze the
freezing effects. This clinical experiment was limited by MALDI-TOF processing, lack of technical replicates,
and difference in MALDI-TOF sampling days. These results exemplify a need for rigorous sample
preparation and analysis. Given our ability to proteotype bacteria by various environmental factors, there is
huge potential in analyzing phenotypic differences amongst clinical samples. There are numerous
applications should this methodology be adapted in the clinic such as distinguishing proteotypes from

inflammatory, nutrient-rich or -depleted, or competitive microenvironments.

3.4 Conclusion

The emergence of MALDI-TOF MS has reinvigorated microbial identification over the past decade. By
creating proteomic signatures through PMFs of microorganisms, species and subspecies identification is
possible via proteotyping. Routine use of MALDI-TOF MS as a diagnostic tool is favorable due to its ease
of use, time and cost efficiency, and robust sensitivity. Our current study demonstrates a new function by
exploiting the unique proteomic signatures and comparative analysis afforded by the MALDI-TOF MS
bioinformatic packages. While proteotyping of different physiological and metabolic states of
microorganisms through MALDI-TOF has been previously suggested by otherssass and variations in

culturing conditions have been extensively tested for impact on species identification (Table 1), we test the
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ability to distinguish between multiple environmental conditions within the same microorganism.
Environmental effects of oxygen, temperature and nutrients can all be easily distinguished. As a proof-of-
principle, we also demonstrate that PMF signatures can differentiate by stressors even when
microorganisms are removed from the initial environment. We further exemplify how the MALDI-TOF MS

technique can separate different virulent states of Y. enterocolitica with the SW620 adhesion assay.

One limitation of proteotyping of metabolic and functional states include lack of PMF peak to protein
identification. There still remains a need to develop a database of peak information that can be readily
incorporated with MALDI-TOF MS data. Another limitation is addressed with our clinical data in which
rigorous protein extraction and technical replicates may not be easily incorporated in a clinical setting. While
our data inconclusively delineate fresh versus frozen isolates, these experiments need to be repeated with

a wide variety of microorganisms.

Altogether, we demonstrate the potential of MALDI-TOF MS to screen for physiological changes from direct
and indirect environmental conditions. In conjunction with transcriptomic data and validation through PCR
or LC/MS, this technique could provide a rapid and efficient way to screen for metabolic functions and
physiological states of microorganisms. This methodology can be especially useful for analyzing phenotypic
changes of bacteria cultured from previously unique environments such as an inflamed gastrointestinal tract
or progression through virulence. In addition to the original function of species identification, the MALDI-

TOF MS provides a plethora of data that has yet to be fully explored and exploited.

35 Materials and Methods

Bacterial strains and growth conditions:

DH5a Escherichia coli and enteropathogenic E. coli were grown on tryptic soy agar (TSA) plates and
incubated at 37°C for 24 hours. Yersinia enterocolitica 8081 and Y. enterocolitica INV, YadA, and YsScA
knock-out strains were grown on TSA and incubated at room temperature for 48 hours. Enterotoxigenic
Bacteroides fragilis (ETBF) and Non-enterotoxigenic B. fragilis (NTBF) were grown on TSA with 5%

defibrinated sheep blood (TSBA) from skim milk stocks and incubated at 37°C anaerobically for 5 days.
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Lactobacillus rhamnosus GG was grown on TSA and incubated at 37°C for 24 hours aerobically and

anaerobically.

For testing of various growth agar, DH5a was plated on TSA, TSBA, McConkey and Eosin Methylene Blue.
The plates were then incubated aerobically at 37°C for 24 hours. For testing of temperature stress
environment, overnight cultures of DH5a in Lysogeny broth (LB) were diluted and incubated at 37°C or
50°C for 15 and 30 minutes. For testing of residual effects of environment, overnight cultures of DH5a in
tryptic soy broth (TSB) were subcultured in various media and then plated on TSA. Briefly, DH5a overnight
culture in TSB was centrifuged at 3,000 x g for 5 minutes and washed in sterile PBS twice. The pellet was
then resuspended in PBS and cultured with TSB or LB at 37°C or 50°C for 1 hour, shaking. Samples were
then plated on TSA plates and incubated at 37°C for 24 hours.

Isolation and growth of clinical samples:

Stool samples were collected from pre diabetic adolescents aged 13-19 years as part of an ongoing study
after institutional IRB approval. Participants were given a sterile stool collection kit (stool collection container
[Precision (Covidien, Fisher Scientific)]), stool collector hat and sterile gloves to self-collect stool at home
and mail to the University of Washington laboratory within 24-48 hours of collection at room temperature.
When received, the sample was immediately aliquoted and one tube was used for the analysis of ‘Fresh’
sample on the same day it was received. The other aliquots were stored at -80°C for 2-3 months until
analyzed. For analysis of the ‘Frozen sample’, the sample was thawed on ice for 30 mins and then room
temperature for 30 mins. 40-80 mg of each sample suspended in 1ml PBS and then centrifuged at 300 rpm
for 2 mins. Serial dilutions were made and plated on TSA and TSA blood and incubated in aerobic and
anaerobic conditions at 37°C for 48 hours. Both ‘Fresh’ and ‘Frozen’ samples were analyzed using the

direct protein method.

Direct Protein Method

Bacterial colonies on agar were picked and placed directly on a target plate for identification. Samples were
then overlaid with 1 uL of 70% formic acid and alpha-cyano-4-hydroxycinnamic acid matrix solution (Bruker
Daltonics, Bremen, Germany). Target plate was placed in the MALDI TOF Biotyper for microbial
identification (Bruker, Germany).
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Cellular adhesion and invasion assays with Y. enterocolitica

SW620s (ATCC; CCL-227) human intestinal epithelial adenoma cells were used. SW620s were maintained
in DMEM supplemented with 10% fetal bovine serum and 200uM L-glutamine. Prior to cellular assays,
SW620s were seeded into 24-well plates and grown to a nearly confluent monolayer over 3-4 days.
SW620s were rinsed with PBS and infected with Y. enterocolitica at an MOI of 10:1 with each starting dose
plated on TSA to enumerate CFUs. Briefly, overnight Y. enterocolitica cultures were diluted 1:10 in TSB.
Subcultures were then incubated for 2 hours at 37°C while shaking at 150 rpm. Cultures were then
centrifuged, rinsed in PBS and diluted to the appropriate infection dose in cell media. The Y. enterocolitica
samples were introduced to the cells and infection initiated by centrifuging the plates for 5 minutes at 500
x g. For adhesion, Y. enterocolitica was co-cultured with SW620s for 1 hour at 37°C in a 5% COz incubator.
For intracellular invasion, Y. enterocolitica was co-cultured with SW620s for 1 hour, washed with PBS and
then treated with 100 ug/ml gentamicin (Corning, Corning, NY). To elute the Y. enterocolitica and lyse the
SW620s, each well was washed three times with warm PBS and then treated with 500ul PBS with 1%
Triton X-100 (AMRESCO, VWR, Randor PA) for 5 minutes. Samples were then plated on TSA in serial
dilutions to enumerate Y. enterocolitica colonization. In parallel, wells containing media only were infected
with an equal amount of bacteria. Percentage of colonization was calculated by dividing the number of Y.
enterocolitica CFU recovered from co-cultures by the number of Y. enterocolitica CFU initially applied to

the wells.

Protein extraction method

Colonies grown on agar plates were picked and added to 300 ul of HPLC-grade water in a 1.5 ml Eppendorf
tube and then mixed thoroughly with 900 ul of 100% Ethanol. After centrifugation at 13000 rpm for 2 min
twice, pellets were dried at room temperature for 5 minutes then they were directly mixed with equal
volumes of 70% formic acid and acetonitrile (20-40 ul, depending on pellet size). After centrifugation at
13000 rpm for 2 minutes, 1 ul of protein extract was spotted on a 96-target polished steel plate (Bruker
Daltonics, Bremen, Germany) in four replicates, air-dried, and overlaid with 1 ul of matrix solution (Bruker
Daltonics, Bremen, Germany). Target plate was placed in the MALDI TOF Biotyper for microbial
identification (Bruker, Germany).
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Methods Data analysis

Raw  spectra text files were  analyzed using the R package, MALDIquant
[https:/iwvww.ncbi.nim.nih.gov/pubmed/22796955]. The raw data were trimmed to a spectra range of 3,000
to 15,000 m/z. The spectra intensities were then square-root transformed and smoothed using the Savitzky-
Golay algorithm. Baseline noise was removed using the statistics-sensitive non-linear iterative peak clipping
(or SNIP) algorithm with 100 iterations. The data were then normalized using total ion current (or TIC)
calibration, which sets the total intensity to 1. Multiple spectra within the same analysis were aligned to the
same x-axis using the Lowess warping method, a signal-to-noise ratio of 3, and a tolerance of 0.001. Peaks
were detected from the average of at least 4 technical replicates using median absolute deviation. Principal
components analyses and hierarchical clustering were also performed in R using the base stats package.

Hierarchical clustering was performed on a calculated Euclidean distance matrix using Ward’s method.
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Chapter 4. Polyunsaturated fatty acid arachidonic acid increases the virulence of gut

pathogen, Yersinia enterocolitica

Adapted from:
Denise Chac, Kelly Crebs, Cara Yee and R. William DePaolo. Polyunsaturated fatty acid arachidonic acid

increases the virulence of gut pathogen, Yersinia enterocolitica.

4.1 Abstract

Food-borne ilinesses are a major health concern, as 1 in 6 individuals are infected yearly in the US alone,
yet there is little research into what dietary factors can alter the risk of infection. Despite epidemiological
evidence suggesting a correlation between obesity and enteric infection, the few reported studies focus on
the role of dietary factors and the impact on host tissues. However, the impact of dietary constituents on
the virulence of a pathogen has largely been ignored. Here, we show that the pro-inflammatory
polyunsaturated fatty acid, arachidonic acid, can directly alter the pathogenicity of gram-negative
Proteobacteria, Yersinia enterocolitica. Using in vitro cellular adherence assays, proteomic peptide mass
fingerprint profiles and in vivo mouse models, we show that arachidonic acid can alter the pathogenesis of
Y. enterocolitica by increasing proliferation and intracellular invasion. These findings have major
implications in not just food safety, but also potentially revealing how diet-related illnesses might increase

the virulence of food borne pathogens.
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4.2 Introduction

Polyunsaturated fatty acids (PUFAS) play a vital role in human development and health. As essential fatty
acids, PUFAs cannot be synthesized by humans and must be acquired through diet in a balanced manner.
While deficiencies in PUFAs can lead to skin and neurological impairment, excessive PUFAs can cause
inflammations,2. The omega-6 fatty acid arachidonic acid is especially of interest as it has become highly
available with foods in plant-derivatives such as corn oil and is linked to inflammatory diseases such as
obesitys4 and diabeteszs. Whereas studies of arachidonic acid in mice models have been inconsistent in
regards to colonic inflammations-9, insulin resistanceio11 and obesityio-12, human studies have found
excessive levels of arachidonic acid among patients with obesitys4, metabolic dysregulationis,i4, and

ulcerative colitisis-1s.

Arachidonic acid and its derivatives such as eicosanoids are also important for antibacterial functions.
Arachidonic acid is highly bactericidal against gram-positive species including Neisseria, Pseudomonas
and members of Enterobacteriaceaeis and reduces growth and adherence of gram-positive probiotic
Lactobacillus species 20. In a recent study, serum arachidonic acid levels increased following Streptococcus
pneumoniae infection and in vitro assays demonstrated its antimicrobial activity on the pneumococcal
membrane21 (Eijkelkamp 2018). On the other hand, the effect of arachidonic acid on gram-negative
pathogens is variable. Whereas arachidonic acid is less potent on Eschericia coliie, arachidonic acid can
be incorporated into the bacterial membrane of Acinetobacter baumannii and reduce bacterial fitness and

membrane integrity22.

Unfortunately, several food-borne pathogens are gram-negative including E. coli, Listeria, Salmonella, and
Yersinia enterocolitica. According to the CDC, food-borne illnesses affect 48 million individuals and have
caused 128,000 hospitalizations and 3,000 deaths each year2s (CDC). In less developed countries, food-
and water-borne diarrheal diseases have killed approximately 1.9 million peopleza. One such food-borne
pathogen is gamma-proteobacteria Y. enterocolitica. While Y. enterocolitica causes self-limiting
gastroenteritis and mesenteric lymphadenitis in healthy individuals, it can be lethal in immunocompromised
patients or young childrenzs. There is also a disproportionate incidence of Y. enterocolitica infection found
among children less than 1 year of agezs.
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Y. enterocolitica is naturally exposed to arachidonic acid in meatsz7 and may also encounter fatty acids in
the gut lumenzs-30. The effect of arachidonic acid on Y. enterocolitica has not yet been established. One
study using saturated fatty acids found lauric acid to inhibit Y. enterocolitica growth but not myristic and
palmitic acidsi. Another study found oregano and nutmeg essential oils ineffective against bacterial
colonization of chickens2. There is a lack of studies investigating foodborne bacterial pathogens in the

presence of polyunsaturated fatty acids, both dietary and host derived.

We found that PUFAs differentially affect the growth of food-borne pathogen Y. enterocolitica. Exposure to
arachidonic acid increases the proliferation of Y. enterocolitica and alters the disease pathogenesis. Under
normal conditions Y. enterocolitica exhibits different virulent states depending on mammalian cell presence,
but when arachidonic acid is added Y. enterocolitica becomes hyper-virulent. These results highlight the

necessity to investigate how dietary fats can impact the virulence of food-borne pathogens.

4.3 Results

Polyunsaturated fatty acids differentially affect proliferation of Yersinia enterocolitica

Recent studies involving polyunsaturated fatty acids (PUFAS) have shown both beneficial and detrimental
effects on bacterial pathogenssszss. There are currently no studies investigating the effect of omega-6 and
omega-3 PUFAs on gut pathogen Yersinia enterocolitica (Ye). In this study, we supplemented bacterial
growth media with PUFAs and monitored growth at room temperature (26°C) by measuring the optical

density (OD).

Supplementation of the PUFASs into the growth media increased the growth of Ye following 4 hours with the
highest concentration of 500uM (Figure 4.1A). Whereas linoleic acid (LA), alpha-linolenic acid (ALA) and
eicosapentanoic acid (EPA) had significant growth, AA altered growth in a dose-dependent manner. After
180 and 240 minutes, Ye treated 250 uM and 500 uM AA had significant growth compared to vehicle-
treated Ye (Figure 4.1A). To analyze the effect across all the PUFAs, the experiment was repeated at
500uM. Again, the omega-6 PUFA AA significantly increased the growth of Ye over the course of 4 hours

(Figure 4.1B). The other PUFAs did not significantly affect growth of Ye. Ye treated with PUFAs was also
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grown at 37°C to activate the Ye virulence plasmid (pYV) which encodes the type 3 secretion needle and

other factors necessary for adherence to epithelial cellsss.
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Ye treated with PUFAs had significantly increased growth compared to control regardless of PUFA type
(Supplemental Figure 4.1). Next, we tested the growth of Ye in the presence of two PUFAs. As the
recommended dietary intake of omega-6 to -3 fatty acid ratio is 1:1 to 3:136,37, we tested whether the ratio
of AA to EPA could alter the growth of Ye. Interestingly, EPA dampens the increased proliferation of Ye in

a dose-dependent manner (Figure 4.1C).

Arachidonic acid increases intracellular invasion of Yersinia enterocolitica in vitro

To test the effect of AA on Ye virulence, bacteria was grown with AA for two hours at 37°C, washed in PBS
and introduced to human epithelial cells SW620s (Figure 4.2A). Bacteria were recovered after 1 hour to
analyze the percentage of Ye adhered to cells or treated with gentamicin and recovered an hour later to
analyze intracellular Ye. Ye treated with AA trended towards higher adherence compared to the untreated
Ye (Figure 4.2B). Analysis of intracellular Ye revealed significant increases of Ye invasion when treated
with AA compared to untreated and vehicle control (Figure 4.2B). As we saw variable growth with increasing
decreasing ratios of AA to EPA (Figure 4.1C), we evaluated whether the ratios could also affect bacterial
invasion. We found no significant differences in invasion in Ye treated with either only AA or AA and EPA
(Supplemental Figure 4.2). Together with the proliferation data, these data point to an altered virulence

state when Ye is exposed to AA.

Arachidonic acid alters the peptide mass fingerprint of Yersinia enterocolitica

Following the cellular adhesion and invasion assay, Ye was plated on TSA to enumerate the amount
colonized. These same bacteria were also analyzed for changes in peptide mass fingerprints (PMFs). The
bacteria from naive Ye, extracellular Ye, or intracellular Ye were analyzed using matrix-assisted laser
desorption/ionization — time of flight (MALDI-TOF) mass spectrometry (MS). MALDI-TOF has been useful
for bacterial identification and has recently been validated in identifying strain-level and functional

differencesss. Using the MALDI-TOF MS, we compared the PMFs of the three Ye groups.

Treatment with vehicle control in the three groups have three distinct clusters depending on virulence state
(Figure 4.2C-D, Supplemental Figure 4.3A). On the other hand, there are no distinct clustering of Ye when

treated with AA (Figure 4.2C-D, Supplemental Figure 4.3B). All three AA-treated Ye groups clustered
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together and appear to overlap with the intracellular Ye treated with vehicle control (Figure 4.2C). To further

assess virulence state and protein production, these bacteria was examined by Coomassie Blue staining.
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Figure 4.2: Exposure to AA alters invasion and PMF of Y. enterocolitica
(A) Diagram of in vitro assay using Y. enterocolitica exposed to 500uM AA and then introduced to human

colonic epithelial cells SW620s. (B) (left) Percentage of Ye CFUs recovered after 60 minutes of
incubation and (right) percentage of Ye CFU recovered after 60 minutes of incubation then treatment of
100ug/ml gentamicin for 60 minutes. One-way ANOVA with Tukey’s multiple comparisons test, p<0.05,
*. Data is mean + SEM from a representative from 2 independent studies with duplicates. (C) Principal
component analysis (PCA) and (D) dendrogram of peptide mass fingerprint profiles of Y. enterocolitica
of various treatment groups with ellipses drawn on average mean of each group.

Arachidonic acid induces a virulent state in Yersinia enterocolitica
The virulence plasmid in Y. enterocolitica is temperature dependent. When Ye is at room temperature, the

virulence plasmid is dormant and the bacteria express proliferation and motility genesssaso. At host
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temperatures of 37°C, Ye induces the virulence plasmid and begins to produce and secrete Yersinia outer
proteins and Yersinia secreted proteinsss,40. To evaluate these presence of these proteins, Ye treated with
AA was grown at room temperature and assessed by SDS-PAGE and Coomassie blue staining. In both
bacterial lysates and supernatant, there is staining in the virulent Ye grown at 37°C compared to the non-
virulent Ye grown at room temperature (Figure 4.3). For the Ye supplemented with AA, there is staining in
the lysates and some in the supernatant despite being grown at room temperature (Figure 4.3). Altogether,
these data point to a hyper-proliferative and virulent state when Y. enterocolitica is in the presence of

arachidonic acid.
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Figure 4.3: AA alters the virulence state of Y. enterocolitica
Coomassie blue staining of Y. enterocolitica lysates and supernatant grown at room temperature (RT),
37°C, or exposed to 500uM AA or vehicle at RT.

Y. enterocolitica becomes more virulent in vivo after exposure to arachidonic acid

To determine if the AA-induced virulent state in Ye found in vitro could be replicated in the host, we tested
AA-treated Ye in a mouse model of infection. As before, Ye is pretreated with AA for 2 hours at 37°C and
washed prior to infection (Figure 4.4A). Mice were given an oral infection of 1x107 CFU of either vehicle-
treated or AA-treated Ye. During the infection, mice infected with vehicle control did not lose any weight
while mice with the AA-treated Ye lost significant weight (Figure 4.4B). These mice exhibited visible
discomfort with an average of 10% weight loss. Due to the rapid decline in health, the mice were euthanized
at day 3 post infection and Y. enterocolitica colonization was assessed. Mice with untreated Ye typically
lose weight around day 4 post infection with bacteria colonization of the spleen at day 6 post infection
(unpublished observations).
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At day 3 post infection, Ye colonization was assessed. Of the mice infected with vehicle-treated Ye, only
half had colonization in the ileum and Peyer’s patches (Figure 4.4C, Supplemental Figure 4.4). On the other
hand, all mice infected with the AA-treated Ye had ileal colonization with more bacterial CFU recovered. To
evaluate systemic infection, bacteria in the spleen of infected mice was also enumerated. While no vehicle-
treated Ye infected mice had bacteria in the spleen at day 3, mice with the AA-treated Ye had high levels

of colonization in the spleen (Figure 4.4C).
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Figure 4.4: Exposure to AA increases virulence of Y. enterocolitica in vivo
A) Diagram of mouse model with Y. enterocolitica pre-treated with 500uM AA. B) Percent weight change

post infection. C) Bacterial burden post infection at day 3 in the ileum, Peyer’s patches (pp) and spleen.
Statistical tests- B) Two-Way ANOVA with Bonferroni’s multiple comparisons test for. Data is mean +
SEM from two independent experiments, n=6/6. p<0.05, *.

4.4 Discussion

Polyunsaturated fatty acids (PUFAS) are a vital component of our diet. As dietary recommendations are
constantly changing, it is important to analyze the effects of dietary fats on potential bacterial food
pathogens. In this study, we analyze the effect of omega-6 polyunsaturated fatty acid arachidonic acid on
Y. enterocolitica. We found that arachidonic acid significantly increases the growth of Y. enterocolitica and
co-supplementation with eicosapentaenoic acid can suppress this growth in a dose-dependent manner.
Supplementation with arachidonic acid also induced protein production much like the Y. enterocolitica

grown in virulence-inducing conditions. Indeed, our invasion assays demonstrate that Y. enterocolitica
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treated with arachidonic acid have more intracellular colonization and the MALDI-TOF analysis revealed
PMF signatures similar to intracellular bacteria regardless if co-cultured with mammalian cells or not.
Furthermore, when we moved our model system into the murine host, we discovered that arachidonic acid-
treated Y. enterocolitica has a more severe pathogenesis. While mice infected with Y. enterocolitica
typically lose weight around day 4 and succumb to the infection with colonization of spleen at day 6, mice
in this study experienced rapid weight loss and surprising amounts of Y. enterocolitica colonization in the
spleen at day 3. To our knowledge, this is the first study to show that a pathogen can have increased

virulence in a host with altered pathogenesis after exposure to arachidonic acid.

There is a pronounced disconnect between dietary recommendations and the literature regarding the
consumption of omega-6 (n-6) polyunsaturated fatty acids. According to the 2015-2020 Dietary Guidelines
for Americans provided by the U.S. Department of Health and Human Services, the recommended
consumption of dietary oils should be 27 g per day for a 2,000-calorie diets1. These guidelines do not
distinguish between n-6 and n-3 PUFAs in the daily recommendations despite several studies finding that
the excessive consumption of n-6 PUFAs in the American diet can be associated with inflammatory
diseases. While n-6 PUFAs are essential fatty acids necessary for proper development and growth,
arachidonic acid has been positively correlated with heart diseases2, obesity and diabetesass. In rodent
studies, diets high in omega-6 fatty acids cause systemic low-grade inflammation and metabolic

endotoxemiass and increase the abundance of gut microbes associated with inflammationas.

More recently, diets high in n-6 PUFAs has also been associated with infections. Studies using in vitro cell
assays and mouse models have found that n-6 PUFAs may worsen inflammation when challenged with
viral and bacterial pathogensas-4s. Whereas these studies use dietary models, our study introduces the
bacterial pathogen to physiologically relevant levels of PUFAs prior to infection. Not only do we find the
bacterial pathogen altered by arachidonic acid, the pathogenesis within a mouse host is also severely
worsened. Collectively, our study and others highlight the need to further investigate how pathogens interact
with dietary components and how the consumption of excessive fat diets may increase susceptibility to

infections.
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The literature reports that excessive dietary n-6 PUFAs is detrimental due to the increasing ratio of n-6 to
n-3 PUFAs. As both n-6 and n-3 PUFAs rely on the same enzymes to breakdown into their respective
metabolites, a healthy n-6:3 ratio is between 1:1 and 3:1 based on ancestral dietsss 49. Following the advent
of the agricultural revolution, there has been an incline of n-6 PUFA consumption without a paralleling
incline of n-3 consumption, leading to the Western diet having a PUFA ratio ranging from 10:1 to 20:137,50.
Indeed, several human studies have shown that decreasing n-6:3 ratios can lower levels of inflammation
associated with metabolic syndromesi, obesitys2, non-alcoholic fatty liver diseasess, rheumatoid arthritissa,
and inflammatory bowel diseasess. With regards to infections, however, few studies examine how the n-6:3
ratio can affect bacterial pathogen susceptibility and none of those examine how the n-6:3 ratio can impact
the pathogen. In our study we briefly investigate this when we expose Y. enterocolitica to various ratios of
n-6:3 and find that increasing n-3 PUFA eicosapentaenoic acid can suppress proliferation to normal levels.
Future studies are necessary to examine these effects on bacterial pathogens such as Y. enterocolitica and

viral infections.

While excessive dietary arachidonic acid is associated with increased inflammation, studies have shown
that it may also act as an antimicrobial agent. One study found that n-6, n-7, and n-9 fatty acids including
arachidonic acid can inhibit the growth of oral bacteriass. Another study demonstrated that macrophages
release arachidonic acid after exposure to gram-negative pathogen Salmonella typhimurium but not after
exposure to Y. enterocoliticase. Interestingly, Golubeva and colleagues recently discovered that host
intestinal free long-chain fatty acids may also serve as a metabolic cue for S. enterica to start intestinal
colonizationsz. The data presented in this study show that exogenous arachidonic acid does not have an
antimicrobial effect on Y. enterocolitica. Instead, arachidonic acid increases Y. enterocolitica proliferation
and alters its virulence in vitro and in vivo. Typically, Y. enterocolitica is considered an extracellular
pathogen that interacts with the host cell surface but recent studies have found and analyzed intracellular
Y. enterocolitica populationsssse. As with the study by Golubeva et als7, arachidonic acid may act as an
indicator to invade as we see increased intracellular invasion in vitro and which may also cause the
quickening of disease in vivo. More studies involving host and dietary PUFAs with Y. enterocolitica will

provide insight into how this gram-negative pathogen can alter its pathogenesis.
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To conclude, the present work demonstrates that PUFAs can differentially modulate Y. enterocolitica and
affect its virulence. Our study exposed Y. enterocolitica to arachidonic acid for a short period of time and
found it to be nearly lethal in wild-type mice after 3 days. These types of studies provide valuable insight

not only to the pathogen itself, but also how dietary factors may compromise the host.

45 Materials and Methods

Bacterial strains and growth conditions

The strain used for this study is Yersinia enterocolitica 8081, biotype 1B serotype O:8. Y. enterocolitica was
grown on tryptic soy agar (TSA) plates and in tryptic soy broth (TSB) for liquid cultures. For regular culturing,
frozen stocks were plated on TSA and incubated at room temperature for 48 hours. After 48 hours, one
colony forming unit was cultured in TSB and incubated overnight, shaking at room temperature. Subcultures

were created by diluting overnight cultures 1:10 in TSB.

Polyunsaturated fatty acid (PUFA) treatments and growth curves

Subcultures of Y. enterocolitica were treated with PBS, vehicle control, or 500uM of the following
polyunsaturated fatty acids: linoleic acid (LA), arachidonic acid (AA), alpha-linolenic acid (ALA) and
eicosapentaenoic acid (EPA) (Cayman Chemicals, Ann Arbor, MI). PUFAs were diluted in 200 proof ethanol
(VWR, Randor, PA) and were not used more than 3 times to limit the amount of oxidation. Y. enterocolitica
cultures were incubated at room temperature with vigorous shaking and OD600 was measured every hour

for 4 hours on a Genesys 30 Visible Spectrophotometer (ThermoFisher, Waltham, MA).

Cellular adhesion and invasion assays

SW620s (ATCC; CCL-227) human intestinal epithelial adenoma cells were used. SW620s were maintained
in DMEM supplemented with 10% fetal bovine serum and 200uM L-glutamine. Prior to cellular assays,
SW620s were seeded into 24-well plates and grown to a nearly confluent monolayer over 3-4 days.
SW620s were rinsed with PBS and infected with Y. enterocolitica at an MOI of 10:1 with each starting dose
plated on TSA to enumerate CFUs. Briefly, overnight Y. enterocolitica cultures were diluted 1:10 in TSB
and supplemented with either 500uM AA, equal volume ethanol as vehicle control, or PBS. Subcultures

were then incubated for 2 hours at 37°C while shaking at 150 rpm. Cultures were then centrifuged, rinsed
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in PBS and diluted to the appropriate infection dose in cell media. The Y. enterocolitica samples were
introduced to the cells and infection initiated by centrifuging the plates for 5 minutes at 500 x g. For
adhesion, Y. enterocolitica was co-cultured with SW620s for 1 hour at 37°C in a 5% CO:2 incubator. For
intracellular invasion, Y. enterocolitica was co-cultured with SW620s for 1 hour, washed with PBS and then
treated with 100 ug/ml gentamicin (Corning, Corning, NY). To elute the Y. enterocolitica and lyse the
SW620s, each well was washed three times with warm PBS and then treated with 500ul PBS with 1%
Triton X-100 (AMRESCO, VWR, Randor PA) for 5 minutes. Samples were then plated on TSA in serial
dilutions to enumerate Y. enterocolitica colonization. In parallel, wells containing media only were infected
with an equal amount of bacteria. Percentage of colonization was calculated by dividing the number of Y.
enterocolitica CFU recovered from co-cultures by the number of Y. enterocolitica CFU initially applied to

the wells.

MALDI-TOF peptide-mass fingerprint analysis

Y. enterocolitica plated on TSA following the cellular and invasion assays were analyzed using matrix-
assisted laser desorption/ionization — time of flight (MALDI-TOF) on Bruker's Microflex LT/SH (Bruker,
Billerica, MA) Protein was extracted per manufacturer's protein extraction method. Briefly, CFUs were
picked into sterile H20 and 100% ethanol. After centrifuging and air-drying the protein pellets, the pellets
were resuspended in 70% formic acid and acetonitrile. The protein extracts were centrifuged and 1ul was
plated on stainless-steel target in triplicates. Samples were then overlaid with 1ul of alpha-Cyano-r-
hydroxycinnamic acid (HCCA) Matrix and analyzed using the Microflex. For MALDI-TOF standard, Bruker’s

bacterial test standard (BTS) was used.

Raw  spectra text files were analyzed using the R package, MALDIquant
[https://www.ncbi.nim.nih.gov/pubmed/22796955]. The raw data were trimmed to a spectrum range of
3,000 to 15,000 m/z. The spectra intensities were then square-root transformed and smoothed using the
Savitzky-Golay algorithm. Baseline noise was removed using the statistics-sensitive non-linear iterative
peak clipping (or SNIP) algorithm with 100 iterations. The data were then normalized using total ion current
(or TIC) calibration, which sets the total intensity to 1. Multiple spectra within the same analysis were aligned
to the same x-axis using the Lowess warping method, a signal-to-noise ratio of 3, and a tolerance of 0.001.
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Peaks were detected from the average of at least 4 technical replicates using median absolute deviation.
Principal components analyses and hierarchical clustering were also performed in R using the base stats
package. Hierarchical clustering was performed on a calculated Euclidean distance matrix using Ward'’s

method.

SDS-PAGE and Coomassie Blue stain

Y. enterocolitica subcultures were supplemented with vehicle controls or PUFAs and incubated at room
temperature or 37°C shaking. After incubation for 2 hours, bacterial cells were separated by centrifugation.
Supernatant was collected and bacterial pellets were washed in PBS and resuspended in 100ul of 10%
SDS in PBS. Proteins from the supernatant and bacterial lysates were extracted by trichloroacetic acid
(TCA) precipitation. Briefly, TCA was added to samples at a final concentration of 5% and incubated on ice
for 2 hours. Protein was recovered by centrifuging at 13,000 x g for 10 minutes at 4°C and washed twice in
ice-cold acetone. Samples were then resuspended in sample buffer and run on a 10% polyacrylamide pre-
cast gel (Bio-Rad, Hercules, CA) for sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The gel was then stained with Coomassie blue stain containing 40% (v/v) methanol, 10% (v/v)
glacial acetic acid, and 0.1% (w/v) Coomassie Brilliant Blue R-250 (ThermoFisher, Waltham MA), de-

stained until desired background was reached and imaged.

Oral mouse infections

C57BI/6 wild type male mice 4-5 weeks of age were used for in vivo infections. Y. enterocolitica treated
with either vehicle control or 500uM arachidonic acid was washed and resuspended in PBS. Mice were
given oral infection of 100ul of 1x10s CFU/mI using a sterile blunt-ended needle and infection was carried
out for 3 days. Mice weight and fecal consistency was monitored daily. After 3 days, mice were euthanized
and tissue was collected. lleal contents, Peyer's patches and spleens were sterile extracted and plated in
dilutes on Y. enterocolitica selective plates (Fisher, Waltham MA) or TSA. Y. enterocolitica CFUs were
enumerated after 48 hours. All animal experiments were performed at the University of Washington, Seattle
following experimental review and approval by the Institutional Biosafety Committee and the Institutional

Animal Care and Use Committee.
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Statistical analysis

All statistics were performed on GraphPad Prism v7 (GraphPad Software, San Diego, CA,
www.graphpad.com) except for the MALDI-TOF data which is described above. Either one-way or two-way
ANOVA tests were used to determine the significance of the experiments as indicated in each figure legend.

Data is shown as mean with error bars showing standard error of the mean.
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4.6 Supplemental Material

Ye+PUFAs at 37°C
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Supplemental Figure 4.1: Growth of Y. enterocolitica with PUFAs at 37C

Growth curve of Y. enterocolitica over 2 hours following addition of 500uM of linoleic acid (LA),
arachidonic acid (AA), alpha-linolenic acid (ALA), and eicosapentaenoic acid (EPA). Two-way ANOVA
with Sidak’s multiple comparisons test; each sample is compared to control with significant symbols: LA,

#, AA, *; ALA, ~; and EPA, &. Data is mean = SEM from 2 independent studies with duplicates. p<0.05, *;
p<0.01, **; p<0.005,***; p<0.001,****,
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Supplemental Figure 4.2: Invasion of Y. enterocolitica with altered ratios of AA and EPA

Percentage of Y. enterocolitica CFU recovered after 60 minutes of incubation of SW620s with Y.
enterocolitica then treatment of 200ug/ml gentamicin for 60 minutes for bacterial invasion. Y. enterocolitica
was pretreated with 500uM AA (1:0 ratio), 250uM AA to 250uM EPA (1:1 ratio), and 125uM AA to 375uM

EPA (1:3 ratio).

M
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Supplemental Figure 4.3: Dendrogram of Y. enterocolitica PMF with cellular assay

Dendrogram of peptide mass fingerprint of Y. enterocolitica with vehicle (A) or AA treatment (B) and
introduced to intestinal epithelial cells.
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Supplemental Figure 4.4: Flow diagram of percentage and number of mice with Y. enterocolitica

colonization
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Chapter 5. Innate Recognition of the Microbiota by TLR1 Promotes Epithelial Homeostasis

and Prevents Chronic Inflammation

Adapted from:

Karishma Kamdar, Andrew M. F. Johnson, Denise Chac, Kalisa Myers, Vrishika Kulur, Kyle Truevillian and
R. William DePaolo. Innate Recognition of the Microbiota by TLR1 Promotes Epithelial Homeostasis and
Prevents Chronic Inflammation. J Immunol 2018; 201:230-242; Prepublished online 23 May 2018; doi:

10.4049/jimmunol.1701216

5.1 Abstract

There is cross-talk between the intestinal epithelium and the microbiota that functions to maintain a tightly
regulated microenvironment and prevent chronic inflammation. This communication is partly mediated
through the recognition of bacterial proteins by host-encoded innate receptors, such as TLRs. However,
studies examining the role of TLR signaling on colonic homeostasis have given variable and conflicting
results. Despite its critical role in mediating immunity during enteric infection of the small intestine, TLR1-
mediated recognition of microbiota-derived ligands and their influence on colonic homeostasis has not been
well studied. In this study, we demonstrate that defective TLR1 recognition of the microbiome by epithelial
cells results in disruption of crypt homeostasis specifically within the secretory cell compartment, including
a defect in the mucus layer, ectopic Paneth cells in the colon, and an increase in the number of rapidly
dividing cells at the base of the crypt. As a consequence of the perturbed epithelial barrier, we found an
increase in mucosal-associated and translocated commensal bacteria and chronic low-grade inflammation
characterized by an increase in lineage-negative Scal+Thylhi innate lymphoid-like cells that exacerbate
inflammation and worsen outcomes in a model of colonic injury and repair. Our findings demonstrate that
sensing of the microbiota by TLR1 may provide key signals that regulate the colonic epithelium, thereby
limiting inflammation through the prevention of bacterial attachment to the mucosa and exposure to the

underlying immune system.
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5.2 Introduction

The intestinal epithelium is the major interface between the 100 trillion commensal bacteria that comprise
our gut microbiome and the immune cells found within the lamina propria (LP). The interactions between
the gut microbiota and the epithelium shape important biological processes such as metabolism,
development of the mucosal-associated tissues, and immunity against invading pathogensi-4. Despite the
extraordinary microbial burden within the intestine, translocation across the epithelium is a rare event
because of the highly specialized cells that form this barrier. Tightly regulated communication via the direct
sensing of the microbiome by innate immune receptors encoded within the epithelium is important for the
homeostasis of the intestine. This process is mediated by the recognition of commensal ligands by host
receptors, such as the TLRss—and the Nod-like receptors (NLRs)s-10, and the presence of gut bacteria has
been shown to impact the rate of proliferation within the stem cell compartment of the intestinal crypts,s,11-
16. Genetic and environmental factors, such as infection, can also influence the dialogue between the
microbiota and epithelium, leading to alterations in proliferation, generation of inflammation, and bacterial
translocationis,17,18 traits shared with the two types of inflammatory bowel disease (IBD), Crohn’s disease

and ulcerative colitisis,19,20.

TLRs and NLRs are expressed throughout the intestine and have been identified on crypt and intestinal
stem cellsi7,19,21-24. TLR signaling mediates a number of cellular responsesi22 and can be classified into
two groups based upon the intracellular signaling adaptor. TLR1, 2, 5, 6, and 10 signal through the myeloid
differentiation primary response gene-88 (MyD88), whereas TLR3, 4, and 9 signal through the TIR-domain—
containing adapter-inducing IFN-B (TRIF)-dependent pathways1,19,22-24. Studies disrupting innate signaling
in mice, either through deletion of a specific TLR or through MyD88, have shown that sensing of the
microbiota via these receptors is critical in mediating their own epithelial expression, regulating epithelial
proliferation, and in the response to intestinal injury2s,2s.26. TLR2, which is expressed throughout the small
intestine and colon 14,2527, recognizes lipoproteins from gram-positive and gram-negative bacteria as well
as zymosans from yeast. TLR2 achieves this heterogeneity in ligand recognition by dimerizing with other
TLRs, such as TLR1, 6, and 10. Major functions attributed to TLR2 in the maintenance of intestinal epithelial
integrity is through the regulation of tight junctional proteins, proliferation/apoptosis signals2szs,
antimicrobial peptide expression 25,27, and goblet cell activationzs-zo. Although these studies have shed light
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on the role of TLR2, they have not delineated whether TLR2 signaling alone is sufficient to drive these
processes or if other binding partners may be contributing to its effect. Recently, our group has shown that
TLR1 is important in coordinating cellular immunity against infection of the small intestine by Yersinia
enterocoliticais,17,18. Despite elimination of Y. enterocolitica, TLR1 deficiency promotes dysbiosis of the
microbiota and the development of chronic anticommensal immune sequelais. Therefore, disrupted innate
immunity against an enteric pathogen may have long-term consequences and may promote the

development of chronic inflammatory disease.

In this study, we show that disruption of TLR1 signaling compromises the colonic epithelium, leading to
innate immune activation and chronic inflammation. Upon colonic injury, the chronic inflammatory state
prevents healing and promotes more severe disease, suggesting that endogenous sensing of the

microbiota through TLR1 contributes to colon homeostasis and prevents epithelial and immune dysfunction.

5.3 Results

TLR1-deficiency is associated with mucosal-associated bacteria, gut permeability, and systemic
bacteria

Our previous work had shown a critical role for TLR1 signaling in the epithelium of the small intestine during
pathogenic Y. enterocolitica infectionis,22,31. However, analysis of mRNA transcripts for TIrl in naive WT
mice revealed that the ileum had significantly less expression of Tlr1 than the proximal colon or distal colon
(data not shown). We sought to determine whether the expression of TLR1 may influence colonic
homeostasis by assessing the location of the microbiota within the colonic compartment of TLR1-deficient
(1KO) and littermate control mice (a mixture of heterozygotes and homozygotes for TLR1, WT) using
fluorescent in situ hybridization to visualize bacteria with a probe directed against eubacterial 16S rRNA.
Although we observed a clear separation between cells of the epithelium and the 16S rRNA probe in WT
colons, this spatial separation was not observed in the 1KO mice (Figure 5.1A). Instead, we observed a
diverse spectrum of 16S rRNA expression, including areas where the probe was in intimate contact with
epithelial cells (Figure 5.1A). The increase in epithelial adjacent bacteria in the 1KO mice corresponded
with 15-fold more 16S DNA associated with the mucosa than in the WT mice despite equivalent luminal

levels (Figure 5.1B).
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Figure 5.1: Expression of TLR1 prevents mucosal-associated bacteria and their translocation to
the periphery

Colons from naive 1KO mice were compared with naive WT colons. (A) Representative original
magnification 340 confocal images from Carnoy'’s fixed sections of the distal colon of WT and 1KO mice
hybridized with a probe against eubacterial 16S rRNA (red) and counter-stained with DAPI (blue). Image
on the far right is a fluorescent microscope image of 1KO using the 16S fluorescent in situ hybridization
probe (red), DAPI (blue), and Dolichos biflorus agglutinin (DBA) lectin (green). The white dotted line
indicates the apical edge of the epithelium. (B) Fold change of 16S DNA expression from 1KO luminal
colonic contents or colonic mucosal scrapings normalized to WT. (C) Relative fluorescent units in the
serum of WT and 1KO mice 1 h postintrarectal administration of FITC-Dextran. Each dot represents an
individual mouse. (D) Endotoxin units from serum of WT and 1KO mice as determined using the Limulus
amebocyte lysate (LAL) test. Each dot represents an individual mouse. (E) Representative bacterial
plates from livers of 1KO and WT mice. (F) CFU per gram of liver cultured anaerobically on TSA plates.
Each dot represents an individual mouse. Data are represented as the mean = SEM from two to three
independent experiments. (A), n = 3 mice per group; (B—F), n = 7-10 mice per group. *p <0.05, **p <0.01,
Student unpaired t test.

To assess whether there was also altered colonic permeability, FITC-labeled dextran was measured in the
peripheral blood of WT and 1KO mice 1 h after intrarectal administration. Indeed, there was a significant
increase in the amount of FITC in the blood of the 1KO mice, indicating leakage from the colon into the
periphery (Figure 5.1C) as well as elevated endotoxin levels, suggesting translocated commensal bacteria

or their products (Figure 5.1D). To determine the extent of bacterial translocation in 1KO mice, the spleen,
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liver, and blood were plated anaerobically on TSA plates. The liver (Figure 5.1E-F), spleen, and blood from
1KO mice all had significantly elevated amounts of bacteria compared with litermates (data not shown).
Furthermore, the transfer of TLR1-deficient bone marrow to reconstitute an irradiated WT mouse was not
sufficient to cause an increase in bacterial colonies in liver (data not shown), indicating that the elevated
levels of systemic bacteria in the naive 1KO mice are not due to an ineffectual immune response against
mouse pathogens that may be resident in SPF facilities. Gut permeability may result from defects in the
regulation of tight junctional proteins, and previous studies have implicated TLR2 in this regulationo,1.
However, using qPCR, we were unable to find any difference in the expression of Cldn3 (claudin-
3), Cldn10 (claudin-10), Ocln(occludin), and Tjp1 (ZO-1) transcripts (data not shown). We also quantified
claudin-2 and claudin-3 by Western blot and assessed occludin-1 expression by immunofluorescence and
observed no differences between 1KO and WT mice (Supplemental Figure 5.1). Altogether, these data
demonstrate an inability to maintain normal geographical and spatial localization of commensal bacteria in

the absence of TLR1 independent of barrier defects.

Elevated innate immune responses in TLR1-deficient mice

Mucosal-associated and translocated commensals are often associated with inflammation because of
increased exposure to, and subsequent recognition by, the immune system. As the 1KO mice have inherent
bacterial translocation, we evaluated cytokine levels in homogenates of whole colon by ELISA (Figure
5.2A). Of the 10 cytokines we evaluated, only IL-18 and IL-23 and the cytokines they play a role in

regulating, IL-22 and IL-1727,32,33, were significantly increased in the colons of the 1KO (Figure 5.2A).

There are three IL-23-responsive cells that produce IL-22 and IL-17 within the colonic mucosa. These
include yo T cellsss-ss, IL-17—producing CD4 T cells (Thl7/Th22)19, and type 3 innate lymphoid cells
(ILC3)36. We sought to identify the frequency of these cell populations in naive mice and found no difference
in the frequency or numbers of yo T cells (Figure 5.2B) and Tu17 cells (Figure 5.2C) between 1KO and WT
controls (Figure 5.2B). However, the frequency (Figure 5.2D) and absolute cell number (Figure 5.2E) of
lin-Scal+Thy1lnicells in the colons of the 1KO mice were significantly elevated compared with naive WT
controls (Figure 5.2D-E). Lin-negative, Scal-positive, and Thyl-positive cells have been identified as IL-

22— and IL-17-producing ILC316. Molecular analysis of the mMRNA transcripts from sorted
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lin-Scal+Thylni cells revealed prototypic molecular signatures of ILC3, such as Rorc (Figure
5.2F), 1122 (Figure 5.2G), 1117, and 1123r (data not shown), to be increased in 1KO compared with WT cells,

whereas Ifng expression was not changed (Figure 5.2G).
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Figure 5.2:TLR1 deficiency is associated with disturbed immune homeostasis in the colonic LP.
(A) Cytokine levels in whole colonic lysate were measured and normalized to the weight of the tissue of
naive 1KO and WT. Representative FACS plots of naive WT and 1KO LP cells. Dead cells were
excluded, and all live cells were gated on forward scatter and side scatter, (B) CD3+ and TCR d+ T cells,
(C) CD3+ CD4+ and intracellular IL-17 and IL-10, (D) lin2 (CD11b2, CD11c2, NKp442, F4802, B2202,
CD192, CD32), and Scal+ and Thylhi cells. Relative expression of mRNA transcripts for indicated (E)
absolute cell number of lin2Scal+ Thylhi cells in the colonic LP from mice. The lin2Scal+ Thy1lhi cells
were sorted from the colonic LP, and quantitative RT-PCR was performed to obtain relative expression
levels of (F) transcription factors and (G) cytokines using GAPDH as a reference housekeeping gene,
and showing fold changed to WT using 22DDct. Data are pooled from two independent experiments; (A
and E-G) are expressed as meantSEM. (A—E) n = 5-6 mice per group. (F-G) Cells were isolated by
pooling isolated and sorted lin2Scal+ Thylhi from two mice from each genotype, and the experiment
was repeated twice. (A) One-way ANOVA; (E-G) Student unpaired t test. *p< 0.05, **p <0.01.
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TLR1-sensing of the microbiota by nonhematopoietic cells restrains innate immune responses

Despite the proximity of commensal bacteria to colonic tissue in healthy individuals, there are conflicting
reports regarding the role of the microbiota in the development of members of the innate lymphoid cell
family. To determine whether the microbiota were necessary for innate immune activation in the 1KO mice,
we employed a rigorous ABX treatment regimen to deplete the microbiota. Pregnant dams from a
heterozygous cross were administered a mixture of five ABX (amoxicillin, vancomycin, neomycin,
metronidazole, and gentamicin) the last week of their pregnancy and were maintained on the ABX water
until the pups were weaned. The newly weaned mice continued to receive the ABX water for an additional
7 d, at which time their colons were analyzed for levels of IL-23 and Scal+Thy1ni cells. This ABX approach
generally yields a 5-8-fold reduction in the endogenous commensals (R.W. DePaolo and R. Rankin,
unpublished observations). Although the ABX treatment had little effect on the basal level of
Scal+Thylni cells in WT mice, it significantly reduced the number of these cells (Figure 5.3A) along with
colonic level of IL-1B and IL-23 (Figure 5.3B) in the 1KO mice. As the microbiota was necessary for the
elevated innate immune response, we asked whether the specific composition of the microbiota of 1KO
mice would be sufficient to transfer this phenotype to ABX-treated WT mice via fecal microbiota
transplantation (FMT). WT mice receiving an FMT with stool from a 1KO mouse showed no change in either
the lin-Scal+Thylni population (Figure 5.3C) or levels of IL-1 and IL-23 (Figure 5.3D). In contrast, WT stool
given to an ABX-treated 1KO recipient restored both the lin-Scal+Thylni population (Figure 5.3C) and IL-

18 and IL-23 (Figure 5.3D).
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Figure 5.3: The microbiota of the TLR1KO mice are required for homeostatic immune regulation.
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Figure 5.3: The microbiota of the TLR1KO mice are required for homeostatic immune regulation.
(A and B) 1KO and WT mice born from ABX-treated pregnant dams were maintained on ABX-treated
water 1-2 wk after weaning and were analyzed for (A) absolute number of lin2Scal+ Thylhi cells in
ABXtreated WT and 1KO mice compared with naive (untreated) mice determined by flow cytometry and
(B) the concentration of IL-1b and IL-23 detected in colonic homogenates as measured by ELISA. (C
and D) A different set of ABX-treated WT and 1KO mice were given an FMT from the indicated donors
and allowed to reconstitute for 2 wk before quantification of (C) absolute cell number of lin2Scal+ Thy1hi
cells and (D) concentration of IL-1b and IL-23 detected in the colonic LP of FMT-treated WT and 1KO
mice. Data are expressed as individual mice pooled from two to three independent experiments with (A
and B) n = 5-6 mice per group and (C and D) n = 5-9 mice per group. (E) PCoA analysis based on
genus-level identification of 16s rDNA sequences from 1KO (n = 13) or WT (n = 12) mouse cecal
contents. (F) Inverse Simpson measurement of a diversity in 1KO and WT mice. (G) Family relative
abundance in 1KO and WT cecal contents. Student t test with false discovery rate correction showed no
significant difference in relative abundance of different families between 1KO and WT mice. *p< 0.05,
**p< 0.01, one-way ANOVA.

These data suggest that although bacteria are necessary for the colonic inflammation observed in the 1KO
mice, the lack of signaling through TLR1 does not alter the microbiota to cause inflammation when
transferred to a WT setting. This was further supported by comparing the 16s rRNA sequencing analysis
of cecal contents between 1KO and WT mice. Principal coordinate analysis (PCoA) (Figure 5.3E) and
Inverse Simpson index (Figure 5.3F) indicated considerable overlap in community structure and no
difference in community a diversity between naive WT and 1KO mice, respectively. Differences in the
relative abundances of bacterial families in the cecum of 1KO and WT mice were evaluated by
Student t tests corrected for multiple testing using the Benjamini—Hochberg false discovery rate (set at 5%).
Consistent with the a diversity and PCoA, there were no significant differences in bacterial families between
1KO and WT mice (Figure 5.3G). To confirm the results obtained using cecal contents and to evaluate
specific biogeographical changes in the bacterial community of the colon, we performed compositional
analysis on mucosal-associated tissue from the proximal and distal colon in a subset of 1KO and of WT
mice. PCoA of the 16S rDNA data again revealed no significant differences in these mucosal-associated
communities between 1KO and WT mice (Supplemental Figure 5.2). Thus, it is unlikely that the aberrant
immune response observed in the 1KO mice is due to a compositional shift in the microbial communities

within the colon.

The finding that 1KO mice had elevated innate cytokines and increased lin-Scal+Thy1ni cells after receiving

WT stool and the lack of a compositional change in the microbiota of 1KO mice suggests that the
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dysregulation of the innate immune response may be due to a more general defect in the mucosal response
to commensal bacteria. Previously, we have shown that TLR1 can signal in both the intestinal epithelium
and in mucosal dendritic cells to induce protective immunity against enteric infectionsz2z2,31. To discern which
cellular compartment may be mediating the elevated innate immune activation, we created bone marrow
chimeras. Two months after reconstitution, IL-13 and IL-23 concentration in the colonic LP and the bacterial
burden in the liver were quantified. The transfer of 1KO bone marrow to WT mice had no effect on colonic
LP levels of IL-1( or IL-23 (Figure 5.4A), and no increase in bacterial burden was observed (Figure 5.4B).
In contrast, IL-1B and IL-23 (Figure 5.4A) were elevated in the LP, and there was an increase in bacterial
counts (Figure 5.4B) when 1KO recipients were reconstituted with WT bone marrow. These data suggest
that nonhematopoietic cellular expression of TLR1 prevents commensal-mediated inflammation and
bacterial translocation. Together, the FMT and bone marrow chimera studies establish that defective TLR1—
sensing of the microbiome by nonhematopoietic cells, and not a compositional dysbiosis, is responsible for

the innate inflammatory phenotype observed in the 1KO mice.
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Figure 5.4: Aberrant immune activation is due to loss of TLR1 signaling in the epithelium
Bone marrow chimeras were generated using WT and 1KO recipients and WT and 1KO mice as donors.

Six weeks after reconstitution, (A) IL-1b and IL-23 levels from the colonic LP were measured and (B) the
number of bacteria in the liver was evaluated by qPCR for 16S. (A and B) Data are represented as the
mean+SEM from two independent experiments with n = 7—9 mice per group. **p, 0.01, one-way ANOVA.

TLR1 signaling contributes to homeostasis of the colonic epithelium

The intestinal epithelium is composed of a single layer of cells that form a physical barrier between us and
our microbiota. The epithelium is composed of specialized IEC. The four types of IEC are derived from a
single crypt progenitor but have distinct developmental pathways. Using immunohistochemistry and gene
expression, we evaluated key markers and products of differentiated IEC. Goblet cells are one of the four

types of IEC and function to produce a physical mucus barrier. WT colonic sections stained for Muc2, the
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main peptide component of intestinal mucins, revealed a visible mucus layer and characteristic goblet cell
staining (Figure 5.5A). In contrast, 1KO mice had large areas completely devoid of MUC2, and there was
a lack of intensity in the positively stained goblet cells (Figure 5.5A). Further analysis using AB and
mucicarmine staining revealed a reduction in acidic mucins in the colons of 1KO mice, whereas PAS
staining of neutral mucins appeared more similar between 1KO and WT (Figure 5.5A). The reduction in
acidic mucins was not due to an exocytosis of the whole endocytic granule, as we were unable to find PAS-
, PAS/AB, or AB-positive cells in the lumen, a phenotype recently observed in NLRP6-/- micesz. However,
using confocal microscopy, we did observe a strong reduction in the expression of GOBS5, which is found
on the outer surface of mucus-containing granules (Figure 5.5A). The thickness of the mucus layer was
measured at multiple points around distal colonic sections stained with AB to quantify any differences
between 1KO and WT mice (Figure 5.5B). Quantification revealed a significant reduction in the average
thickness of the mucus layer in 1KO compared with WT mice (Figure 5.5C). Changes in the mucus layer
may be due to either a defect in the production or the secretion of mucus by cells within the crypt.
Quantification of the number of AB-positive vesicles per crypt indicated an accumulation of mucus within
the epithelial cells of 1KO mice (Figure 5.5D). Recently, it has been shown that mucus secretion by sentinel
goblet cells in the colon can be induced by TLR1/2 agonism via a mechanism dependent on ROS2s.
Consistent with this pathway, we found significantly reduced levels of ROS in the colonic mucosa of the

1KO mice relative to WT counterparts (Figure 5.5E).

Figure 5.5: Reduced mucus secretion and an increase in antibacterial peptides occur in the
colonic crypt in the absence of TLR1 signaling. Methacarn-fixed sections from the colons of WT and
1KO mice were stained by immunohistochemistry for the indicated markers. (A) Original magnification
340 fluorescent microscopy images of colon tissue stained with MUC2 (peptide sequence of mucin), AB
(acidic mucins), mucicarmine (acidic mucins), and PAS/AB (neutral/acidic mucins). Scale bar, 50 mm.
Confocal images of GOB5 (mCLCA3) staining of the distal colon. (B) AB-stained distal colonic sections
from WT and 1KO mice were used for quantification of (C) mucus layer thickness and (D) AB-positive
vesicles per crypt. (E) Relative ROS activity in mucosa and colonic contents. (F) Original magnification
310 and 340 fluorescent microscope images of distal colon stained with Abs against Lyz and DEFA-1
and 103image of isotype control. Scale bar, 50 mm. (A, B, and F) Representative images taken from
three to five mice per group; (C and D) individual measurements of mucus thickness along the distal
colon taken from three mice per group; (E) each point is an individual mouse from two different
experiments. (C and D) Mann-Whitney U test; (F) Student t test corrected for multiple comparisons
(Holm-Sidak). *p = 0.02, ****p <0.0001.
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Figure 5.5: Reduced mucus secretion and an increase in antibacterial peptides occur in the
colonic crypt in the absence of TLR1 signaling
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Under chronic stress or inflammatory conditions, the colon, which is normally devoid of Paneth cells, will
express Paneth cell products, and these cells are referred to as ectopic Paneth cellsss-41. To determine
whether the chronic inflammation observed in the 1KO mice was causing a reprogramming of the colonic
crypt, we compared the expression of two products normally secreted by small intestinal Paneth cells, Lyz
and DEFA-1. As expected, Lyz expression in the colon of healthy, naive WT mice was very low (Figure
5.5F), whereas exposure-matched images of colons from 1KO mice demonstrated high expression of Lyz
at the top of the crypts (Figure 5.5F). WT mice expressed a gradient of DEFA-1 that increased basolaterally
(Figure 5.5F) and was absent in the 1KO mice (Figure 5.5F). Instead, the whole crypt stained uniformly
positive for DEFA-1 (Figure 5.5F). Taken all together, the absence of TLR1 signaling is associated with

alterations in the production and function of factors associated with secretory cells of the epithelium.

TLR1 signaling restrains microbiota-induced epithelial cell proliferation

IEC differentiation is a tightly regulated process involving many important factors that control cellular
proliferation as well as differentiation. We began by examining the proliferation of the epithelial cells in naive
WT and 1KO mice. Ki67 is a marker used to identify cells that are currently, or have recently, undergone
proliferation by labeling cells in S, G1, and G2 phases of the cell cycle. Histological analysis of colonic tissue
sections of naive mice revealed an increase in Ki67-positive cells within the colonic epithelium of 1KO mice
when compared with WT mice (Figure 5.6A). In the colon, rapidly cycling stem cells at the base of the
colonic crypt control proliferation and renewal of the epithelium. Aberrant regulation of these crypts may
lead to altered IEC differentiation and disrupt epithelial barrier integrity. We used in vivo injections of BrdU
to label newly synthesized DNA in actively replicating cells during synthesis phase for 2.5 h. Analysis of
BrdU-positive cells by immunohistochemistry confirmed the presence of three to four BrdU-positive cells
per WT crypt (Figure 5.6B-C). In contrast, mice deficient for TLR1 had twice the number of BrdU-positive
cells per crypt (Figure 5.6B-C). Cyclin D1 is a factor downstream in the Wnt signaling cascade involved in
cell cycle regulations. As expected based upon the Ki67 and BrdU data, transcripts for Ccndl (cyclin D1)

were elevated in the colonic tissue of 1KO mice (Figure 5.6D).
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Figure 5.6: Endogenous TLR1 signaling regulates colonic crypt prol|ferat|on.
(A—C) Histological sections of the colon from 1KO and WT mice under normal SPF conditions or 1KO

and WT mice born from a dam receiving ABX-treated water and then maintained on ABX for another 2
wk postweaning. (A) Original magnification 340 of colon stained with Ki67. (B) Original magnification 340
images of colons from mice injected with BrdU 2.5 h prior to euthanasia. (C) Quantification of total BrdU+
cells per crypt. (D) Relative transcript expression of Ccndl in colonic crypts isolated from control and
ABX-treated WT and 1KO mice. (A and B) Representative original magnification 340 images taken from
five mice. (C) Data are expressed as the mean + SEM of counts performed independently by two
individuals, each counted 30 crypts from five mice. (D) Data are expressed as mean + SEM from three
independent experiments. (D) n = 5-6 mice per group. (C) Student unpaired t test; (D) two-way ANOVA.
*p <0.05, **p <0.01.

ABX depletion was used to assess whether the proliferation in the colonic crypt of the 1KO mice was
dependent upon the microbiota. Reducing the bacterial load caused a significant reduction in overall Ki67
(Figure 6.6A), BrdU staining (Figure 5.6B-C), and Ccnd1 expression (Figure 5.6D) in the colons of the 1KO
mice. These data suggest that TLR1 expression may antagonize or inhibit other innate signals that promote
proliferation, or TLR1 regulates the stem cell niche. To test for the latter, we analyzed expression of
canonical stem cell genes (Lgr5, Bmil) and Notch signaling genes that regulate cell differentiation along
absorptive and secretory pathways (Notchl, Hes1, Atoh1) and found no differences between 1KO and WT

mice (Supplemental Figure 5.3).
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TLR1 deficiency exacerbates tissue injury and prevents epithelial healing

Basal changes in mucosal and epithelial homeostasis may set the stage for sustained inflammation and
chronic intestinal disease following intestinal injury. We sought to determine whether the absence of TLR1
during injury caused by 2.5% DSS may induce a more chronic, long-term inflammatory response. 1KO and
WT mice were given 2.5% DSS in their drinking water for 7 d followed by a 7-d recovery period in which
normal drinking water was restored. The WT littermate controls followed the typical disease course known
for DSS with a transient, mild weight loss (Figure 5.7A), very high survival (Figure 5.7B), and a shortening
of the colon observed on day 7 that returned to normal length by day 14 (Figure 5.7C). In contrast, 1KO
mice began losing weight earlier than WT controls, lost more weight (Figure 5.7A), and only 30% of mice
survived treatment (Figure 5.7B). The 1KO mice also had shorter colons on both day 7 and day 14 (Figure

5.7C) and had higher levels of blood in their stool, which persisted throughout the 14 d (Figure 5.7D).

Histological scoring was performed blinded by gastroenterologist on H&E-stained colonic tissue after injury
(day 7) and after repair (day 14). Despite a greater weight loss and less overall survival, the histological
score was strikingly similar between the 1KO and WT mice on day 7 (Figure 5.7E, data not shown). On day
14, after the mice had been returned to normal drinking water, the histological score of WT mice was
improved compared with day 7, indicating effective mucosal repair and resolution (Figure 5.7F). In contrast,
the colons of 1KO mice showed little resolution on day 14 and, in fact, scored significantly worse than on
day 7 (Figure 5.7E), with large areas of denuded epithelium, inflammatory cell infiltrate, and loss of goblet

cells (Figure 5.7F).
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Figure 5.7: Loss of TLR1 exacerbates DSS-induced cytokine production and prevents colonic
repair.

W‘FI)' and 1KO littermates were administered drinking water containing 2.5% DSS for 7 d to induce
epithelial injury followed by a 7-d recovery period in which they were returned to normal drinking water.
(A) Percent change in weight, (B) survival, (C) colon length on days 7 and 14, and (D), fecal occult score.
On days 7 and 14, colons were fixed and stained with (E) H&E, and (F) histological score was given after
analysis by a gastroenterologist. (G) Concentration of IL-1b and IL-23 found in whole colon
homogenates. (H) IL-17, IL-22, and IFN-g levels from the supernatants of colonic explant cultures derived
from naive mice or mice treated with DSS for 10 d. (I) Mean number of cells in the colonic LP determined
by flow cytometry for indicated cell type gated as described in Fig. 5.1 legend. (A—D) Data are expressed
as mean = SEM from three independent experiments, n = 8-10 mice per group. (E) The mean of
histological scores from two independent experiments, n = 3 mice per group. (F) Representative
microscopy images of three mice per group. (G-I) Data are expressed as mean = SEM from two
independent experiments, n = 6—8 mice per group. (A) Wilcoxon log-rank test; (B) Kaplan Meyer; (C, E,
and G-l) Student t test; (D) two-way ANOVA. *p< 0.05, **p< 0.01, ***p < 0.001.
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Whole colonic tissue was collected on days 0 and 10 for analysis of IL-1j3, IL-23, and IL-12. Consistent with
our earlier data, colonic tissue from naive 1KO mice had higher levels of IL-13 and IL-23, but not IL-12p70
(Figure 5.7G). After receiving DSS for 7 d and normal drinking water for 3 d, there was an increase in the
amount of IL-18 and IL-23 in both WT and 1KO mice, with significantly higher levels found in the 1KO
(Figure 5.7G). Interestingly, IL-12p70 was only detected on day 10 in the colonic homogenate of 1KO mice
(Figure 5.7G). To assess the IL-23—-dependent production of IL-22 and IL-17, colonic explants were
performed on tissues harvested at the same time points and restimulated in vitro with recombinant 1L-23.
Colons from naive WT mice produced detectable IL-22 only in the presence of rIL-23 but failed to produce
IL-17 (Figure 5.7H). In contrast, the unstimulated colon explants from naive 1KO produced detectable IL-
22 and IL-17 that was further increased by the addition of rIL-23 (Figure 5.7H). Seven days after initial DSS
exposure and 3 d into the repair cycle, IL-22 and IL-17 were elevated in the 1KO explants stimulated with
the vehicle control, and the addition of rIL-23 significantly increased these levels (Figure 5.7H). Interestingly,
IFN-y levels were not detected in the colons from naive WT and 1KO mice, yet after DSS exposure, IFN-y
production was significantly increased in the cultures containing colons from the 1KO mice (Figure 5.7G).
Analysis of the major colonic IL-23R responsive cells in the mice on day 7 of DSS revealed elevated
numbers of Scal+Thylni cells in both WT and 1KO mice, yet they were significantly higher in the 1KO mice,

whereas the numbers of yo T cells and Tu17 cells did not increase (Figure 5.71).

To determine if the severe pathology and inability to recover from intestinal injury in the 1KO mice was due
to elevated numbers of Scal:+Thylnicells, these mice were bred onto a RAG2-deficient (Rag KO)
background, allowing us to deplete Scal:+Thy1ni cells using a polyclonal Ab against Thyl. Confirming our
results in Figure 5.7, the absence of TLR1 in Rag KO mice resulted in a much more rapid and severe weight
loss (Figure 5.8A), significantly less survival (Figure 5.8B), and a shorter colon length (Figure 5.8C) than
TLR1-sufficient Rag KO mice. Administration of the anti-Thyl Ab significantly improved the disease
outcome in the DSS-treated Rag KO mice, with less weight loss (Figure 5.8A), less mortality (Figure 5.8B),
and longer colon lengths (Figure 5.8C). TLR1-deficient Rag KO mice treated with anti-Thyl also had
significantly fewer IL-22 (Figure 5.8D), IL-17 (Figure 5.8E), and IFN-y (Figure 5.8F) than control Ab-treated
TLR1-deficient Rag KO mice. Interestingly, the depletion of the Scal+Thylni cells in the TLR1-deficient Rag
KO mice had no effect on IL-23 or IL-12 (Figure 5.8G).
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Figure 5.8: IFN-y contributes to the mortality observed in the context of TLR1 deficiency.
RAG2 KO (RAG KO and 1KOxXRAG2 KO (1KO-RAG KO) were treated with anti-Thyl—depleting Ab

every other day beginning on the day of DSS administration through day 12. (A) Percent change in
weight, (B) percent survival, and (C) colon length on day 12 were assessed. Colonic tissue explants were
incubated overnight, and the concentration of (D) IL-22 was measured in the supernatant. Levels of (E)
IL-17 and (F) IFN-y were determined from whole mucosal scrapings. All data are expressed as the mean
+ SEM pooled from two to three independent experiments. RAG KO and 1KO-RAG KO were treated
with polyclonal Abs against (G) IFN-y, (H) IL-17, or (1) IL-22 throughout the course of both DSS and
recovery, and percent change in weight was observed. (A) n = 7-12 mice per group; (B—F, and I) n = 5-
7 mice per group. *p <0.05, ***p <0.001, Student t test.

To determine if any single cytokine was driving the heightened inflammation and the inability to heal in the
1KO mice, we administered either neutralizing Abs to IFN-y, IL-17, or IL-22 every other day for the 7-d
course of DSS, and weight loss and survival were measured. In line with other studies, there was moderate
but significantly less weight loss in Rag KO mice given DSS and treated with anti—IFN-y41 (Figure 5.8G). In
contrast, treatment with anti—IL-17 or anti—IL-22 resulted in much more weight loss (Figure 5.8H, 5.8,

respectively) and a more severe histological disease in WT mice given DSS (data not shown). In the TLR1-
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deficient Rag KO mice, anti-IFN-y treatment resulted in a complete reversal of the observed weight loss,
whereas anti—IL-17 and anti—IL-22 treatment had little effect on weight loss (Figure 5.8H, 5.8, respectively).
Altogether, these data suggest that in the absence of TLR1 and under chronic inflammation, the
Scal+Thylni cell shift produces IFN-y, which is responsible for the worse pathology and severe disease

observed following DSS.

5.4 Discussion

In this study, we show that endogenous TLR1 signaling is necessary to regulate homeostasis of the colon.
In the absence of these TLR1 signals, there is a disruption of colonic crypt microarchitecture, mucosal-
associated and translocated commensal bacteria, and low-level inflammation. The low-level inflammation
was characterized by elevated IL-18 and IL-23 production and an increase in IL-22—producing
lin-Scal+«ThylhnRORC-+ ILC3. Despite significantly more translocated bacteria, a leaky gut, and heightened
colonic inflammation, TLR1-deficient mice do not exhibit any overt phenotype. However, upon intestinal
injury induced by DSS, TLR1-deficient mice decline rapidly and are unable to heal after DSS withdrawal.
Using neutralizing Abs, we show that an increase in Scal+Thylni ILC3 and a concomitant rise in tissue

levels of IFN-y contribute to this phenotype.

One key question is whether the altered colonic epithelial phenotype of the 1KO is due to a primary impact
of TLR1-deficiency, secondary to an altered microbiota, and/or a response to chronic inflammation. 1KO
mice had no major alterations in their cecal microbial community, and fecal microbiota transfer between
1KO and WT mice was not sufficient to induce inflammation, arguing against a secondary effect due to a
microbial dysbiosis. This is consistent with the work of Ubeda et al.42, who found only minor differences in
microbial community when comparing littermates from TLR-deficient mouse strains. Bone marrow chimera
studies determined that barrier function was mediated by TLR1 signaling in the nonhematopoietic cell
compartment, further suggesting that a defect of TLR1 in the epithelium is primary in this model. Whether
epithelial derangement precedes the chronic inflammatory response or is a symptom of dysregulated

immune activation is challenging to determine, and these processes likely develop in concert in vivo.
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The intestinal epithelium is in a state of constant renewal, being replaced roughly every 5 di3,32,43, and this
renewal is mediated via the coordinated signals of factors that are involved in proliferation and
differentiation. In addition to the observation that TLR1-deficiency was associated with an increase in
proliferation of the colonic crypt, we also found these mice had spatial and functional differences of the
specialized epithelial cell. One intriguing finding was the presence of Lyz- and DEFA-1—expressing cells.
These antimicrobial agents are typically restricted to the small intestine where they are coexpressed in
Paneth cells. Ectopic expression of Paneth cell markers have been reported in a number of
studies2,6,10,34,39,44-46, particularly those examining WNT and Notch signaling because of their roles in
proliferationi1,43 and differentiations7, respectively. However, we were unable to find any difference
in Notchl and its downstream target genes (R.W. DePaolo and A.M.F. Johnson, unpublished

observations).

There is increasing evidence that innate sensing of the microbiota plays an important role in regulating
epithelial cell proliferation. Studies using germ-free or ABX-treated mice have shown a reduction in the
proliferation of IEC respective to controlsiz.4s-s0. More recently, a comparison of ABX that favor either the
depletion of gram-positive or gram-negative bacteria found a reduction in proliferation when only the gram-
positive bacteria were depletedi1. However, the data concerning the role of MyD88 in this process are
conflicting. Using MyD88 KO mice, Rakoff-Nahoum et al.7 reported that commensal TLR signaling was
required for homeostasis and, in particular, found an increase in the number of BrdU-cells in the colons of
MyD88 KO mice, suggesting an inhibitory role of TLRs on proliferation, yet subsequent reports have
demonstrated that TLR and MyD88 signaling promote epithelial proliferations,11,14. Our data align with the
studies by Rakoff-Nahoum et al., as we identified a significant increase in BrdU+ and Ki67+ cells within the
colonic epithelium of naive TLR1-deficient mice. An intriguing possibility is that engagement of commensal-
derived TLR1 ligands may induce a genetic program that regulates or coordinates signaling of growth
and/or differentiation factors in the colon, leading to regulation of proliferation. However, analysis
of Notchl, Wnt5a, Wnt3, Jagged1, and the downstream Notchl-responsive  transcription
factor Heslrevealed no difference in expression between the colons of WT and 1KO mice (Supplemental
Figure 5.2, R.W. DePaolo and A.M.F. Johnson, unpublished observations). The Notch and WNT families
contain many members and are both regulated by a variety of different factors. Thus, a much more
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comprehensive screen looking at the role of TLR1 in the direct regulation of WNT and Notch family

members and their inhibitors is currently underway in our laboratory.

In this study, using ABX to deplete the commensal microbiota, we provide evidence that the microbiota is
necessary for the increased proliferation observed in the TLR1-deficient mice, yet the composition and the
function of the microbiota from TLR1-deficient mice were not sufficient to induce this proliferative response
when transferred to ABX-treated WT recipients. These data do not exclude a role for TLR1 in directly
regulating the growth and differentiation signals in the crypt, as it is possible that through other innate
immune receptors the microbiome drives proliferation, and TLR1 drives regulatory factors that counter this

commensal-driven activation.

To our knowledge, our study is also the first to identify a role of TLR1 in regulation of the epithelium and
the first to support a regulatory role for this molecule in proliferation. Our data are in sharp contrast to
studies using TLR2 agonists2s2s and TLR2 KO mices11,14, which show increased and decreased
proliferation, respectively. TLR1 forms a heterodimer with TLR2 to recognize triacylated lipoproteinsii,iz.2s.
Our group, and others, have shown that TLR2/1 signaling induces proinflammatory innate immune
responses through activation of MyD88 and NF-kB or Pi3K/Akt and mMTOR3,22,23,31,35,51,52 in immune cells,
but its downstream signaling pathways may be different in epithelial cells because of the expression of
different coreceptors. The promiscuity in binding by TLR2 allows it to form complexes with coreceptors
TLR6, TLR10, Dectin-1, TLR4, CD14, and CD36. Analysis of mRNA transcripts for TIrl by our group has
revealed increasing expression as you move distally from the ileum to the rectum. In porcine small intestinal
tissue, TIrl gene expression is low at the base of the crypt and increases as you move toward the villous
tipss. TIrl expression has also been observed in the colons of naive mice, yet unlike expression
of TIr2 and TIr6, which increases during DSS administration, TIrl expression remains unchangedsa.
Additionally, it is not known whether TLR1, TLR6, and TLR10 compete with each other for binding with
TLR2, as no studies to date have analyzed TLR2/6 and TLR2/10 expression in 1KO mice or in individuals
with the polymorphisms that disrupt cellular surface expression, such as the TLR1 1602S polymorphism. It
is a distinct possibility that shifting recognition of commensal ligands to TLR2/6 or, in humans, TLR2/10,
may promote proliferation. Interestingly, analysis of TLR6-deficient crypts revealed no change in the
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number of BrdU-+ cells (R.W. DePaolo and R. Rankin, unpublished observations), further demonstrating the

differential effects mediated by TLR1 and TLR6.

We observed a shift in the expression of cytokines and transcription factors in the lin-Scal+Thylni ILC3 in
the TLR1-deficient mice. In naive WT and 1KO controls, these cells expressed higher levels of 1122, but the
latter also expressed transcripts for 1117. Upon tissue injury induced by DSS, the lin-Scal+Thy1ni cells from
WT mice had an increase in 1122 transcripts as well as 1117. In contrast, after DSS-induced injury in the 1KO,
there was an increase in Tbet and Ifng expression in the lin-Scal+Thylni cells (data not shown) that
correlated with an elevation of IFN-y protein in the tissue. This phenotype, along with our observed increase
in IL-12, is reminiscent of IL-22+Roryt+ ILC3, which acquire Tbet in the presence of IL-12 and have been
termed “exILC3” in both mice and humanss,ss. It is well established that IFN-y negatively regulates the
epithelial barrier and antagonizes proliferationis,ss,s7, and thus its presence during DSS in the 1KO mice
would block the beneficial effects of IL-22, thereby preventing epithelial proliferation and exacerbating the
damage. Indeed, depletion of the Thy1+ cells in the TLR1-deficient Rag KO mice and neutralization of IFN-
y both ameliorated the severity of DSS administration. Other studies have shown that chronic inflammation
of the intestine leads to IL-12 production and the expansion of IFN-y+ cellsas, 6,58 or the reprogramming of

IL-17—expressing cellsss.

Our results provide new insight into the regulation of the colonic crypt and suggest an unexpected role for
TLR1 sensing of endogenous ligands in this process. Understanding how the microbiome may contribute
to epithelial homeostasis and the consequence of disrupted signaling through host genes or changes in the
gut microbiome has broad implications. These data provide biological evidence for the observations of an
increased frequency of patients expressing mutations in the TLR1 locus with IBD, and that IBD patients
expressing defective TLR1 genes are more likely to have anticommensal Absissi. These studies also
provide a biological framework for the development of TLR1 agonists that could be used to promote a
healthy intestinal barrier and suggest that persons expressing variant TLR1 alleles may be at a higher risk

for developing systemic inflammation, leaky gut, and long-term chronic intestinal disease.
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55 Materials and Methods

Mice

TLR1 knockout (1KO), TLR1 heterozygote, and TLR1 wild type (WT) mice were generated through the
breeding of 1KO males with WT or heterozygous females. Litters were mixed upon separation, and
genotypes were cohoused together in cages through the duration of all experiments unless stated otherwise
in the figure legends or Materials and Methods. Mice were maintained at the University of Southern
California and the University of Washington, and experiments were performed following protocol review
and approval by the institutional biosafety committee and the institutional animal care and use committee.
Mice were housed in specific pathogen-free (SPF) conditions, administered sterile, nonchlorinated,
nonacidified water, and fed a normal mouse chow (AIN-76) ad libitum. The mice in this colony
are Helicobacter hepaticus—free and clear of other pathogens, such as murine norovirus or Pasteurella.
Rag2 knockout (Rag2KO) mice [B6(Cg)-Rag2tm1.1Cgn/J] were purchased from Jackson Laboratory (Bar

Harbor, ME) and mated with 1KO mice for at least 10 generations prior to use.

Dextran sulfate sodium treatment
Five- to seven-week-old female mice received 2.5% w/v dextran sulfate sodium (DSS) (m.w. 35,000-50,000

kDa; Affymetrix, Santa Clara, CA) in drinking water for 7 d followed by 7 d of regular drinking water.

Immunohistochemistry and Immunofluorescence

Murine colons were rolled using the Swiss roll technique and fixed in 10% neutral buffer formalin (VWR
International, Visalia, CA) or methacarn fixative (VWR International) overnight. For preservation of the
mucus layer, colon pieces with contents were placed in methacarn fixative (60% dry methanol, 30%
chloroform, 10% glacial acetic acid) overnight. Methacarn pieces were washed twice in 100% methanol,
once in 100% ethanol, and twice in xylene prior to paraffin embedding. Paraffin-embedded (without
formalin) tissues were cut 5 uym thick. H&E, Alcian blue (AB), mucicarmine, and periodic acid—Schiff (PAS)
staining was performed by AML Laboratories (Saint Augustine, FL) or in-house using AB pH 2.5 according
to the manufacturer’s instructions (Abcam, Cambridge, MA). Quantification of mucus layer thickness and
mucin vesicles were conducted by an individual blinded to the experiment groups. Muc?2 (1:200, ab76774;
Abcam), BrdU, Ki67 (1:500, MKI67; Novus Biologicals), Gob5 (1:50, M-53; Santa Cruz), lysozyme (Lyz)
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(1:200, catalog no. ab108508; Abcam), a-defensin-1 (DEFA-1) (1:2000, a kind gift from A. Ouellette), rabbit

polyclonal 1gG, (1:200, ab27472; Abcam), and rabbit monoclonal IgG (1:200, ab172730; Abcam).

For Ag retrieval, slides were placed into tubes containing sodium citrate buffer (pH 6) (Sigma-Aldrich, St.
Louis, MO) and heated at 99°C in water bath. The slides were washed and blocked before staining with
primary Ab. The slides with primary Ab were incubated overnight at 4°C in a humid chamber and the
following day were washed and incubated with secondary Ab at 37°C for 1 h. The slides were mounted with
DAPI, and confocal images were acquired using a Nikon Eclipse C1 Laser Scanning Microscope (Nikon,
PA) fitted with a 60 Nikon objective (PL APO, 1.4NA) and Nikon image software.

H&E-stained colonic tissue sections were scored by a blinded gastroenterologist using the following
measures: crypt architecture (normal, 0; severe crypt distortion with loss of entire crypts, 3), degree of
inflammatory cell infiltration (normal, 0; dense inflammatory infiltrate, 3), muscle thickening (base of crypt
sits on the muscularis mucosae, 0; marked muscle thickening present, 3), goblet cell depletion (absent, O;
present, 1), and crypt abscess (absent, O; present, 1). The histological damage score is the sum of each

individual score.

Colonic epithelial cell and LP isolation

The colon was removed, flushed with ice-cold PBS and 1 mM DTT (Sigma-Aldrich), and shaken at 37°C in
HBSS containing 2 mM EDTA (Sigma-Aldrich,) and 2 mM DTT (Sigma-Aldrich) for 10 min, and the
supernatants were collected. This was repeated, and supernatants were pooled together and constitute the
epithelial fraction. The remaining tissue was digested with Collagenase Type IV (Sigma-Aldrich) in RPMI
1640 with 20% FBS (GE Healthcare, Logan, UT) for 20 min. The supernatants were collected, passed

through 70-uM mesh filters (BD Biosciences, San Jose, CA), and washed in ice-cold PBS.

Detection of bacterial 16S rDNA by using RT-PCR and by plating

16S rDNA was analyzed as previously described (9, 31). Briefly, the DNA from colonic mucosa, stool, or
colonic lumen was extracted using the QlAamp DNA stool kit (Qiagen, Germantown, MD) and 2 ul of
bacterial DNA was used as a template. The gene copy humber per microliter of DNA was determined using
plasmids expressing the target of the 16S primers (31). For enumeration of bacteria using standard plating
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techniques, the spleen and liver were aseptically removed and homogenized in 1 ml sterile prereduced
oxygen-free tryptic soy agar (TSA) (Anaerobe, Morgan Hill, CA). Samples were serially diluted and plated
in duplicate and placed in anaerobic jars (Sigma-Aldrich). Forty-eight hours later, the colonies were

enumerated and compared with plates grown in the presence of oxygen.

Bone marrow chimeras
Mice were irradiated with 1000 cGy. The mice were immediately reconstituted i.v. with 10 x 10s cells

isolated from indicated donor bone marrow. The mice recovered for 6 wk prior to use.

Fecal microbiota transplants

Mice were treated with a mixture of five antibiotics (ABX): nheomycin (1 g/l; Sigma), amoxicillin (1 g/l; VWR
International), gentamicin (1 g/l), vancomycin (0.5 g/l; VWR International), and metronidazole (1 g/l VWR
International) in their drinking water for 2 wk and received 150 pl of stool contents from indicated donor by
oral gavage every other day for a total of three total gavages. The mice were left undisturbed for up to 4 wk

before any procedures were performed.

Anti-Thy1, anti—-IL-22, anti-IL-17, and anti—IFN-y treatment

TLR1-sufficient and -deficient Rag2KO mice were administered 1 mg of anti-Thyl—depleting mAb (YTS
154.7.7.10) or rat isotype control (YKIX 337.217.1), 500 ug anti—IL-17A (rat IgG2a; MAB421; clone 50104;
R&D, Minneapolis, MN), 500 ug anti—IL-22 (rat 1gG2a; 16-7222-85; clone IL22JOP; eBioscience, San
Diego, CA), or 500 pg anti—IFN-y (rat 19G1; 505802; clone XMG1.2; BioLegend) i.p. the day of DSS

administration and then every other day through day 8.

Intestinal permeability and endotoxin measurement

FITC-conjugated dextran (4000 MW) dissolved in water (Sigma-Aldrich) was administered rectally to
anesthetized mice at 2 mg/10 g of body weight using a Foley catheter. Whole blood was collected using
heparinized needles via cardiac puncture 1 h after FITC-dextran administration. Fluorescence intensity in

sera was analyzed using a standard plate reader and determined by comparison with a FITC-dextran
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standard curve. Bacterial endotoxin in the serum was assayed wusing an endpoint

chromogenic Limulusamebocyte lysate assay (Lonza, Anaheim, CA) per manufacturer’s instructions.

Quantitative real-time RT-PCR

RNA was extracted from mucosal scrapings, isolated LP, intestinal epithelial cells (IEC), or sorted lineage
(lin)-Sca1+Thy1hi cells using ISOLATE Il RNA Mini Kit (Bioline, Boston, MA). RNA was reverse-transcribed
into cDNA with SensiFAST cDNA Synthesis Kit (Bioline). Quantitative PCR (gPCR) was performed on a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Irvine, CA) using SensiFAST
SYBR No-ROX Kit (Bioline). No reverse transcriptase and water controls were performed for each sample.

Data were normalized to product and amplified using primers for a housekeeping gene, GAPDH.

Abs, flow cytometry, and cell sorting

The following conjugated Abs were used: Sca1 (D7), Thy1 (G7), and yd TCR (GL3); our lin-negative panel
contained: CD11c (HL3), Gr-1 (Rb8-6CF), CD11b (M1/70), NK1.1 (PK136), CD19 (1D3), CD8a (53-6.7),
CD3e (2C11), CD4 (RM4-5), and B220 (RA3-6B2) from BD Pharmingen (San Jose, CA). Flow cytometry
analysis was performed with a FACS Canto (BD Biosciences) and analyzed using FlowJo software (FlowJo,
Ashland, OR). For sorting, the LP for five to eight mice were pooled and stained with allophycocyanin -
conjugated lin markers, followed by labeling with anti-allophycocyanin beads and negative sorting on
autoMacs (Miltenyi Biotec, San Diego, CA). Enriched cells were stained with Scal and Thy1.2 and sorted

on a FACSAria (BD Biosciences).

Detection of cytokines by ELISA
After isolation of the LP, the pellet was homogenized in 2 ml of PBS, and protein was quantified using Quick
Start Bradford Protein Assay (Bio-Rad Laboratories). Cytokine levels in 50 pyg/ml of protein were determined

using ELISA assays for IL-13 (BD), IL-23 (BD), IL-12p70 (BD), IL-17 (R&D), and IL-22 (eBioscience).
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Measurement of reactive oxygen species
Fresh mucosal scrapings were collected into preweighed tubes and homogenized at 40 mg/ml in sterile
PBS. Reactive oxygen species (ROS) were measured in supernatant using the OxiSelect ROS/RNS Assay

Kit (Cell Biolabs, San Diego, CA) according to the manufacturer’s instructions.

Microbiota composition analysis by 16s rDNA sequencing

Cecal contents from littermate 1KO and WT mice were snap-frozen on collection. Genomic DNA was
extracted from samples using the Qiagen MagAttract PowerSoil DNA Isolation Kit Optimized for the
KingFisher (Qiagen, Valencia, CA) following the manufacturer’s protocol at RTL Genomics (Lubbock, TX).
Samples were amplified for sequencing at RTL Genomics (Lubbock, TX) in a two-step process using
primers 515F 5-GTGCCAGCMGCCGCGGTAA-3' and 806R 5-GGACTACHVGGGTWTCTAAT-3' s9 and
were sequenced using the MiSeq platform (lllumina, San Diego, CA). Sequencing data were curated using
mothur using the MiSeq standard operating procedureso. Sequences were then classified using the
Ribosomal Database Project version 14 and phylotyped to the genus level. Sequence data were deposited
in the Sequence Read Archive under accession number SRP143628

(https://iwww.ncbi.nim.nih.gov/sra/SRP143628).

Statistics

All data are expressed as the mean + SEM. Differences were considered significant at p < 0.05, using a
Student t test (two-tailed), ANOVA test, or Wilcoxon log-rank test as appropriate, and were performed with
the statistical analysis software Prism (GraphPad Software). Statistical tests and pvalues are specified in

the figure legends.

Study approval
All mice were maintained at the University of Southern California or the University of Washington, and
experiments were performed following protocol review and approval by the institutional biosafety committee

and the institutional animal care and use committee.
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Supplemental Figure 5.1: Expression of claudin 2 and claudin 3 in colonic mucosal scrapings

Expression of Claudin 2 and Claudin 3 in WT and TLR1KO colon mucosal scrapings. Immune-fluorescnce
staining of Occludin in Distal and Proximal colon of WT and 1KO colon.
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Supplemental Figure 5.2: PCoA of colon mucosal-associated bacteria communities

Principle Coordinate of Analysis (PCoA) of proximal and Distal colon mucosal-associated bacterial
communities in TLR1KO (KO) and wild-type (Het) mice.
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Supplemental Figure 5.3: Expression of stem-cell and notch-signaling genes of colonic mucosa

Expression of stem cell and notch-signaling genes in colonic mucosa of 1KO and WT mice
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Chapter 6. TLR6 Signaling Prevents Inflammation and Impacts Composition of the Microbiota

During Inflammation-Induced Colorectal Cancer

Adapted from:
Jee-Hyun Kim, Melissa Kordahi, Denise Chac, and R. William DePaolo. TLR6 signaling prevents
inflammation and impacts composition of the microbiota during inflammation-induced colorectal cancer.

Cancer Prevention Research, 2019. doi: 10.1158/1940-6207.CAPR-19-0286

6.1 Abstract

Tightly regulated immune responses must occur in the intestine in order to avoid unwanted inflammation,
which may cause chronic sequela and leading to diseases such as colorectal cancer. Toll-like receptors
play an important role in preventing aberrant immune responses in the intestine by sensing endogenous
commensal microbiota and delivering important regulatory signals to the tissue. However, the role that
specific innate receptors may play in the development of chronic inflammation and their impact on the
composition of the colonic microbiota is not well understood. Using a model of inflammation induced
colorectal cancer, we found that Lactobacillus species are lost more quickly in WT mice than TLR6-deficient
mice resulting in overall differences in bacterial compositions. Despite the longer retention of Lactobacillus,
the TLR6-deficient mice presented with more tumors and a worse overall outcome. Restoration of the lost
Lactobacillus species suppressed inflammation, reduced tumor number and prevented change in the
abundance of Proteobacteria only when given to WT mice, indicating the effect of these Lactobacillus are
TLR6-dependent. We found that the TLR6-dependent effects of Lactobacillus could be dissociated from
one another via the involvement of IL-10, which was necessary to dampen the inflammatory
microenvironment, but had no effect on bacterial composition. Altogether, these data suggest that innate
immune signals can shape the composition of the microbiota under chronic inflammatory conditions, bias
the cytokine milieu of the tissue microenvironment, and influence the response to microbiota-associated

therapies.
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6.2 Introduction

Colorectal cancer (CRC) is the third most common form of cancer and the second leading cause of cancer-
related deaths in the United Statesi. A majority of CRC cases are due to sporadic tumorigenesis, while only
10% are associated with a genetic predispositionzs. The increased risk of developing CRC in people with
metabolic syndrome, type 2 diabetes and inflammatory bowel diseases highlights a strong role for chronic
inflammation in the etiology of inflammation-associated or colitis-associated CRCss. Other common
features shared between these patient populations include changes within the composition of the intestinal

microbiota and the development of immune reactivity against these intestinal microbesz.s.

The intestine is home to a large microbial ecosystem that provides protective, structural and metabolic
functionss. The importance of the microbiota in CRC has been illustrated in both animal models and in
studies of patients with CRCio0-12. In models of inducible and sporadic CRC, the composition of
conventionally raised mice changes over the course of tumorigenesisiz. Shifts in the composition of the
microbiota have also been observed in human studies, which have not only found changes in the
abundance of certain bacterial taxa but have identified a number of microbes thought to be drivers in the
progression to malignancy. These include Fusobacterium nucleatumaisis, Bacteroides fragilisis,iz and
Escherichia coliis. The importance of the microbiota in CRC has also been demonstrated using germ-free
mice which develop less inflammation and fewer tumors than conventionally housed animalsis,20. Despite
these findings, the molecular mechanism contributing to the selection of certain bacterial families over

another for an intestinal niche has not been established for CRC.

Due to the proximity of the microbiota to the intestinal epithelium and underlying immune cells, tightly
regulated communication must occur to prevent abnormal tissue responses that could lead to chronic
inflammation and malignancy. Coordination of intestinal responses are initiated through the recognition of
both microbial-derived and host-derived ligands by innate immune receptors, such as Nod-like receptors
(NLR) and the Toll-like receptors (TLR)2:. TLRs comprise a set of receptors that recognize conserved
microbial motifs (e.g. LPS, flagellin), as well as endogenous danger signals (e.g. heat shock proteins)zz.
These receptors represent a line of defense against invading enteric pathogenszs, but also sense and
respond to our own commensal bacteria in order to promote epithelial cell integrity24, localized immune

responses and even colonization of the hostzs. Disruption of these signals can lead to uncontrolled
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inflammation and changes within the microbiota, which have significant roles in intestinal diseasezs,
tumorigenesis and tumor progressionio.27. Toll-like Receptror-2 (TLR2) recognizes di- and tri-acylated
bacterial lipoproteins when heterodimerized with TLR62s or TLR129, respectively. In a model of
inflammation-associated CRC, mice deficient for TLR2 have shown an increase in size and number of
colonic tumors, dysregulation of cytokine production and epithelial responsesso. Since both TLR1 and TLR6
require TLR2 to signal21, deletion of TLR2 also results in the disruption of their signaling, making it difficult
to delineate the role that these receptors may play in sensing and responding to microbial ligands in CRC.
Using a model of inflammation-associated CRC we sought to understand how TLR6 signaling would affect
a disease associated with alterations of the microbiota in a highly inflamed environment. We found that
TLR6 deficiency was associated with the development of more tumors and worse survival when housed
with other TLR6KO mice or when cohoused with WT mice. Interestingly, cohousing provided protection
against tumors in the WT mice due to the presence if Lactobacillus which induced IL-10 in a TLR6-
dependent manner Overall these studies suggest that innate sensing of the microbiota during inflammation
can influence the local cytokine milieu, the composition of the commensals and the response to microbiome

based immune therapies.

6.3 Results

TLR6 deficiency exacerbates inflammation-associated CRC, while co-housing protects WT mice

TLR6-deficient (TLR6KO) and littermates (WT) were weaned from their mothers and separately housed by
genotype (SH) or co-housed (CH) together, two weeks later the mice were treated with the mutagen
azoxymethane (AOM) followed by three rounds of dextran sodium sulfate (DSS) over 66 days (Figure 6.1A).
Despite little difference in weight loss (Figure 6.1B) TLR6-deficient mice had an overall worse survival
outcome compared to the SH-WT mice regardless of whether they were co-housed or housed with only
other TLR6KO'’s (Figure 6.1C). Both SH- and CH-TLR6KO mice showed an increase in the size and number
of tumors (Figure 6.1D-E) compared to both the SH- and CH-WT mice. To our surprise, WT mice co-housed
with TLR6KO mice exhibited smaller and less tumors than their CH-TLR6KO cage mates and compared to

SH-WT mice (Figure 6.1F-G). Analysis of H&E sections of the colons from these mice indicated CH-WT
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mice had less pathological changes in the colon, less inflammation and a reduction in overall pathology

score than both their CH-TLR6KO cage mates and SH-WT mice (Figure 6.1F-G).
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Figure 6.1: TLR6 signaling reduces the severity of inflammation-associated colorectal cancer
(A) Induction procedure for AOM/DSS model. (B) Percent change in weight of TLR6-deficient (TLR6KO)
and littermates (WT) when co-housed (CH) or separately housed (SH) by genotype. (C) Percent survival
over the course of AOM/DSS treatment, (D) Number of tumors and (E) the total surface area of tumors
qguantified using image j software. (F) Representative images of Hematoxylin and Eosin stained colons
of mice collected on day 66. (G) Pathology scores of colonic tissues assessing inflammation and grade
of lesion (see Methods for detailed criteria used to make these assessments). B-E, Data is pooled from
11-20 mice over 4 independent experiments and expressed as the mean = s.e.m (B-C) or as individual
points (D- E). F-G, data is pooled from 4-6 mice per group. *, p < 0.05. **, p < 0.01 (B, C) Wilcoxon Log-
rank test, (D, E) Two-way ANOVA with Bonferroni post-hoc tests, (G) Unpaired Mann-Whitney t-test
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Consistent with their increased tumor number and mortality, the TLR6KO mice had significantly worse
dysplasia (p=0.02) and epithelial hyperplasia (p=0.03) compared to SH-WT mice (Figure 6.1G). Despite no
significant differences in inflammatory parameters, hyperplasia, dysplasia or adenomas, the SH-TLR6KO
mice had more crypt loss, high-grade adenocarcinomas and carcinomas than SH-WT mice (Figure 6.1F-
G). Compared to SH-WT mice, co-housing significantly reduced epithelial hyperplasia (p=0.050) and
dysplasia (p = 0.02) in WT mice. In contrast the CH-TLR6KO mice had significantly more hyperplasia,

dysplasia, a greater extent of disease and more adenomas than the CH-WT mice (Figure 6.1F-G).

Our group and others have demonstrated a role for TLR6 and its binding partner, TLR2, in modulating

inflammation via the induction of IL-10. Analysis of the lamina propria of the colon of AOM/DSS treated
mice showed that TLR6KO mice, regardless of whether they were co- or single housed, had significantly
higher levels of IL-17, IFN-y and corresponding transcription factors Rorc and Thet, compared to WT mice
housed similarly (Figure 6.2A-B). Interestingly, only the CH-WT mice, which develop less tumors, had
significantly elevated levels of IL-10 and higher expression of the transcription factors Gata3 and Foxp3
compared to SH-WT mice, and their co-housed TLR6KO counterparts (Figure 6.2A-B). Taken together,
these data indicate that loss of TLR6 signaling causes an increase in tumor number and worsens survival,

while co-housing protects WT mice from inflammation and developing tumors.

The exacerbated inflammatory response following AOM/DSS observed in the TLR6KO mice could be a
result of deficient immune-modulatory mechanisms or mediated by a hyper-inflammatory microbiota
associated with the TLR6KO mice. To begin to address both of these questions we measured IL-10 and
IL-12p40 production from naive WT and TLR6KO bone-marrow derived dendritic cells (BMDCs) after
stimulation with colonic contents harvested from cohoused and separately housed mice at day 66 of
AOM/DSS treatment, or naive age-matched controls. IL-10 production was significantly higher in WT
BMDCs cultured with colonic contents from either naive or AOM/DSS-treated cohoused mice compared to
TLR6KO BMDCs stimulated with the same contents (Figure 6.2C). In contrast, separately housed WT and
TLR6KO contents elicited much more 1L-12p40 and very little IL-10 (Figure 6.2C). When the BMDCs were
derived from TLR6KO mice, we observed a poor IL-10 response and elevated IL-12p40 levels from all

samples except naive WT and TLR6KO colonic contents (Figure 6.2C). Taken together these data indicate
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that the colonic contents of co-housed TLR6KO and WT mice seemed to induce an IL-10 dominant
response and dampen the levels of IL-12p40, while the colonic contents of both separately housed WT and
TLR6KO promoted a more inflammatory response with high IL-12p40 and low IL-10. These data also
suggest that in the context of TLR6 deficiency, colonic contents normally associated with high IL-10 instead

induce a robust IL-12p40 response.
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Figure 6.2: Colonic lysates from co-housed mice are less inflammatory and induce IL-10in a

TLR6-dependent manner.
(A) Levels of indicated cytokines from colonic lysates measured by ELISA. (B) Relative mRNA transcript

levels of indicated transcription factors from colonic lysates were assessed by quantitative RT-PCR using
naive WT and TLR6KO mice as controls. (C) IL-10 (left) and IL-12p40 (right) protein production from
BMDC generated from indicated naive mouse (WT or TLR6KO) and stimulated with colonic lysates from
indicated donors for 24 hours (N, naive; SH, single-genotype housed; CH, cohoused; +, present; -,
absent). A-C, data is expressed as mean + s.e.m of 6-8 mice from 2 independent experiments. *, p <
0.05. **, p < 0.01 Two-way ANOVA with Bonferroni post-hoc test.
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Both genotype and housing influence dyshiosis associated with AOM/DSS

We hypothesized that both genotype and housing would contribute to alterations in the composition of the
microbiota after AOM/DSS treatment. 16S rRNA sequencing was performed by scraping the colon with
glass slides to capture both luminal and mucosal associated microbiota in naive age-matched mice and
day 66 AOM/DSS-treated mice. Analysis of the OTU’s at the Phylum level revealed that co-housing
significantly affected the composition of WT and TLR6KO mice, both naively and after AOM/DSS treatment
(Figure 6.3A). Prior to AOM/DSS treatment, the colonic contents of SH-WT and SH-TLR6KO mice were
dominated by taxa within Firmicutes, while co-housing WT and TLR6KO mice together lead to a dominance
of Bacteroidetes (Figure 6.3A). Following AOM/DSS treatment there were major shifts in the Phylum level,
regardless of genotype or housing (Figure 6.3A). Despite the absence of TLR6, co-housed mice shared a
similar microbiome, dominated by the families Lactobacillaceae, Clostridiaceae and Erysipelotrichaceae
(Figure 6.3B). In contrast, genotype seemed to impact the composition of the separately housed mice after
AOM/DSS treatment in which we observed a significant increase in Helicobacteraceae and a small increase
in Porphyromonadaceae in SH-WT mice (Figure 6.3B). This compositional phenotype was reversed in SH-
TLR6KO mice who had much a higher abundance of Porphyromonadaceae and only a slight increase in

Helicobacteraceae (Figure 6.3B).

149



>
.

Naive AOM/DSS
100- AOM / DSS 60 Coriobacteriaceae
— | Bacteroidaceae
I . . I I I - Porphyromonadaceae
§ 801 50 Prevotellaceae
8 Rikenellaceae
5 60 8 40 Deferribacteraceae
o -
< E Clostridiaceae
é’ 401 5 Erysipelotrichaceae
% ﬁ 30 Eubacteriaceae
o 20 2 Lachnospiraceae
ﬁ 20 L | Lactobacillaceae
0" et Het KO KOfHet Het KO KO Oscillospiraceae
SH CH CH SHfSH CH CH SH Ruminococcaceae
10 H Streptococcaceae
— Others Bacteroidetes Helicobacteraceae
— Proteobacteria — Actinobacteria Sutterellaceae
— Firmicutes 0 “WTWT KO KOl WT _WT KO KO
SHCHCH SH SH CH CH SH
C. D .
WT PCoA Naive
0A7 o O dosH 0.2 A
@ @ doCH e
0.2 o 1 . O WTSH
£ 0 T O eessH £ 00 2 A Or AO O WTCH
o
E 0.0 O N —m de6CH © o A KOSH
. . -0.2
o 0.2 . ] ‘j:\ | o 0 . A KOCH
o @
B u S
0.4 O -0.4
-0'666 0.4 02 0.0 0-2 0‘4 0.8 (l)
I - ’ ’ ’ ! -06-04-02 0.0 0.2 04 0.6
axist - 35.75% axis1 - 55.32%
AOM/DSS
0.4
A
02 Ap Al O g WT SH
32 WT CH
[Tel
8 002 DA A KkosH
D A KOCH
o -0.2 A
% o o ©O
-0.4 O
-0

6 ‘
-04 -0.2 00 02 04 06
axis1 - 34.86%

Figure 6.3: Compositional changes within the microbiota are influenced by TLR6 expression
and housing status.
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Figure 6.3: Compositional changes within the microbiota are influenced by TLR6 expression
and housing status.
(A) Relative abundance of Phylum level microbiota from colons of naive mice and mice treated with

AOM/DSS under different housing conditions assessed by 16S rRNA sequencing. (B) Heatmap of family
level abundance of colonic microbiota from colons of naive and AOM/DSS treated mice under different
housing conditions assessed by 16s rRNA sequencing. Bacterial families with less than 1% were not
depicted. (C) Principal coordinates analysis (PCoA) of colonic microbiota samples of naive (d0) and
AOM/DSS treated (d66) WT mice. (D) Principal coordinates analysis (PCoA) of colonic microbiota
samples of naive and AOM/DSS treated WT and TLR6KO mice under different housing conditions. A-D.
Data is pooled from two independent experiments with a total of 3-6 mice per group. A-D data is
presented as mean + s.e.m. B-D individual points for each mouse are shown. C-D, p < 0.001, AMOVA.

Principal coordinate of analysis (PCoA) of naive and SH-WT mice revealed that the colonic contents cluster
distinctly depending on whether they were taken pre- or post-AOM/DSS treatment, whereas CH-WT mice
have a microbiota more similar to naive mice regardless of AOM/DSS treatment (Figure 6.3C). PCoA
revealed a higher degree of likeness pre-AOM/DSS treatment in co-housed WT and TLR6KO mice than to
their respective single house counterparts, suggesting that housing exerted a strong influence over
composition in a steady state (Figure 6.3D). This influence was maintained under inflammatory conditions
as the co-housed WT and TLR6KO mice clustered separately from both SH-WT and SH-TLR6KO following
AOM/DSS treatment (p=0.006, AOM/DSS SH-WT vs CH-WT) (Figure 6.3D). However, the compositional
changes that occurred in the SH-WT and SH-TLR6KO during AOM/DSS treatment were highly influenced
by genotype as they showed distinct clusters in the PCoA (Figure 6.3D). Genotype and housing influence
the kinetics and composition of the gut microbiota during AOM/DSS. The genus-level bacteria that were
significantly affected by the interaction of housing and genotype by 3-way ANOVA, included
Porphyromonas (p<0.0001), Tannerella (p<0.0001), Prevotella (p=0.0003), Lactobacillus (p<0.0001) and
Clostridium (p=0.0122) (Supplementary Figure 6.1A). In order to more fully understand the changes in the
composition, we collected colonic samples over the course of AOM/DSS treatment and performed PCR
using primers that bind within conserved areas of 16S rDNA to identify bacterial familiesz1. We found that
the housing status had a significant impact on levels of bacterial DNA in the colon (Supplementary Figure
6.1B). In naive co-housed mice roughly 50% of the total 16S rDNA was identified as Porphorymonadaceae,
compared to only 15% in naive single-housed mice of both genotypes (Supplementary Figure 6.1B). During
AOM/DSS treatment, the levels of Porphorymonadaceae decreased in the co-housed mice regardless of

genotype, increased in the SH-TLR6KO and stayed relatively the same in SH-WT mice (Supplementary

151



Figure 6.1B). In all untreated mice 30-40% of the total 16S DNA belonged to Lactobacillaceae. Upon
AOM/DSS treatment we found that the SH-TLR6KO mice were able to maintain levels of Lactobacillaceae
DNA until the second round of DSS, while these levels dropped significantly after the first round of DSS in
SH-WT mice (Supplementary Figure 6.1B). In the co-housed mice we found that housing status had a
positive effect on the amount of Lactobacillaceae DNA, as neither CH-WT nor CH-TLR6KO mice exhibited
a reduction after the first or second rounds of DSS, and both genotypes maintained relatively consistent
levels of Lactobacillaceae DNA throughout the experiment (Supplementary Figure 6.1B). After the first
round of DSS, when the levels of Lactobacillaceae DNA dropped in the SH-WT mice, we found that
Helicobacteraceae DNA increased from 1% to 15% (Supplementary Figure 6.1B). Unlike the SH-WT, we
saw no increase in Helicobacteraceae in the co-housed mice or the SH-TLR6KO mice (Supplementary
Figure 6.1B). Taken together, these data demonstrate the absence of TLR6 signaling affects the
compositional changes during AOM/DSS and that co-housing allows a maintenance of probiotic
Lactobacillaceae, suggesting that both genotype and housing influence the kinetics and composition of the

gut microbiota during AOM/DSS.

Restoring commensals ameliorates disease and reduces inflammatory cytokines in WT mice via a
TLR6-dependent mechanism.

Many Lactobacillus exist within our Gl tract and confer health benefits, thus the overall reduction in the
abundance of Lactobacillus observed in SH-WT and SH-TLR6KO during inflammation-associated CRC led
us to hypothesize that a re-colonization strategy using Lactobacillus could be efficacious in treating disease.
To accomplish this, mice were administered a mixture of two taxa that were the most reduced as determined
by OTUs in our tumor model (L. johnsonii and L. reuteri) or a species that was not found either naively or
post-AOM/DSS (L. rhamnosus GG). These OTUs were confirmed via 16S sequencing and through the
bacterial isolation and culture of colonic contents from mice pre- or post-AOM/DSS (data not shown). To
ensure that any effect on tumor development was not due to the metabolism of AOM by the Lactobacillus,
the re-colonization was performed 5 days post-AOM injection, beginning simultaneously with DSS
administration, and given every other day for a total of 4 feedings. This regimen was repeated for each

round of DSS (Figure 6.4A).
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Figure 6.4: Restoration of Lactobacillus reduces tumor burden and suppresses inflammation in

a TLR-6 dependent and independent manner.
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Figure 6.4: Restoration of Lactobacillus reduces tumor burden and suppresses inflammation in
aTLR-6 dependent and independent manner. (A) Methods for Figure 5 showing mice received an oral
inoculation of sham (media) (n=9), L. johnsonii and L. reuteri (Lj/Lr) (n=11) or LGG (n=6) at the time-
points indicated in the text and Materials and Methods. (B) % weight change and (C) number of
macroscopic tumors from mice. (D) Levels of indicated cytokines from colonic lysates as measured by
ELISA. (E) Concentration of IL-10 and IL-12p40 produced from WT or TLR6KO BMDC stimulated for 24
hours with 106 cfu indicated Lactobacillus species. (F) Relative DNA levels of indicated bacterial families
to total 16S rDNA from colon taken at day 66. (G) Same method as in (A, above) except WT mice were
given an i.p. injection of rIL-10 instead of Lactobacillus and (H) the number of tumors and (I) the relative
DNA levels of indicated bacterial families to total 16S rDNA from colon at day 66. A-l, Data is the mean
+ s.e.m of 7-12 mice pooled from 3 independent experiments. *, p< 0.05; **, p<0.01, C-F, Student’s t-
test; H-I Two-way ANOVA with Bonferroni post-hoc tests.

Physical observations after administration of L. johnsonni/L. reuteri (Lj/Lr) revealed no effect on weight
(Figure 6.4B), however the SH-WT mice treated with Lj/Lr had significantly fewer tumors than the media
control treated SH-WT mice (Figure 6.4C). Further, the reduction in tumor number seemed to be dependent
upon TLR6 expression as Lj/Lr treatment failed to reduce tumor number or size in the SH-TLR6KO mice
(Figure 6.4C). In contrast, treating SH-WT mice with L. rhamnosus GG (LGG) failed to suppress both tumor

number and size (Figure 6.4C).

Analysis of the mucosal cytokines associated with Lactobacillus treatment revealed distinct cytokine
patterns. SH-WT mice treated with Lj/Lr had a significant increase in anti-inflammatory IL-10 and
subsequent suppression of inflammatory cytokines, IFN-y and IL-17, compared to control media treated
WT mice (Figure 6.4D). The observed cytokine effects were also mediated by TLR6 as Lj/Lr treated SH-
TLR6KO mice were unable to induce IL-10 or suppress IFN-y or IL-17 (Figure 6.4D). In contrast, treatment
with LGG had no effect on cytokine production and seemed to be independent of TLR6 signaling as WT

and TLR6KO mice had similar cytokine patterns (Figure 6.4D).

In addition to their ability to secrete anti-microbial peptidessz and shift the pH of the colonic environment to
kill pathogenic bacteriass, Lactobacillus are also well known for their anti-inflammatory propertiesss. Our
group and others have shown that TLR6 signaling in antigen presenting cells promotes IL-10 productionss
and polarize anti-inflammatory T cellsss. As we observed IL-10 production in SH-WT mice treated with Lj/Lr,
but not by LGG, we wanted to assess the ability of a panel of lactic acid-producing bacteria to induce IL-10
and IL-12p40 and determine their dependency on TLR6 by using bone-marrow derived dendritic cells
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(BMDC) from naive WT and TLR6KO mice. L. johnsonii, L. reuteri and L. casei induced IL-10 and IL-12p40
from WT BMDCs, but only IL-10 was dependent upon the expression of TLR6 (Figure 6.4E). LGG
stimulated BMDC were able to produce IL-10 regardless of TLR6 expression and had a robust TLR6-
independent IL-12p40 response (Figure 6.4E). These data suggest that LGG induces low amounts of IL-

10 through a TLR6-independent mechanism and could explain its inability to protect WT mice.

We next wanted to determine if the Lj/Lr treatment had any effect on the microbiota by screening the colonic
contents of mice at the end of the AOM/DSS treatment by gPCR using the same primers used in Figure 4.
Confirming our 16S and gPCR data, we detected high amounts of Helicobacteraceae DNA in colons from
SH-WT mice, while SH-TLR6KO mice had higher amounts of Porphyromonadaceae DNA and only a small
amount of DNA from Helicobacteraceae (Figure 6.4F). Treatment with Lj/Lr was able to reduce the levels
of Helicobacteraceae and Porphyromonadaceae in both the SH-WT and SH-TLR6KO mice, respectively
(Figure 6.4F). Despite the lack of any anti-tumor activity in our model, we found that LGG treatment was
also able to reduce the amount of Helicobacteraceae and Porphyromonadaceae DNA recovered from the
colons of both SH-WT and SH-TLR6KO mice. Interestingly, treatment by either Lj/Lr or LGG resulted in an

increase in Lactobacillaceae DNA in both WT and TLR6KO mice (Figure 6.4F).

IL-10 is responsible for the partial reduction in tumor number but is dispensable for changes in the
microbiota

The molecular pathobiology of CRC has implicated inflammation in the promotion of tumor progression,
invasion, and metastasissz. A clear example of this is the finding that patients with inflammatory bowel
disease are at higher risk of CRCss. One mechanism that could account for the reduction in tumor number
observed in SH-WT mice given Lj/Lr may be the ability to limit inflammation via the production of IL-10. To
evaluate whether IL-10 alone was sufficient to suppress tumor number and limit colonization by
Helicobacteraceae, we substituted Lj/Lr treatments with direct intraperitoneal (i.p.) administration of
recombinant IL-10 (rIL-10) (Figure 6.4G). This protocol allowed us to determine if IL-10 could mediate any
of the phenotype observed in Lj/Lr treated WT mice. Further, it would allow us to determine the requirement
for TLR6, as administration of rIL-10 to TLR6KO mice would bypass the need for TLR6 signaling, and these

mice should behave more similarly to the WT mice treated with AOM/DSS. Similar to treatment with Lj/Lr,

155



rlL-10 provided a partial reduction in tumor number in SH-WT mice (Figure 6.4H), but it failed to reduce the
amount of Helicobacteraceae DNA (Figure 6.4H-1). As expected, the TLR6KO mice treated with rlL-10
treatment also had a significant reduction in the number and size of tumors compared to control treated
TLR6KO mice given AOM/DSS (Figure 4.4H). However, the number of tumors was still significantly higher
in the TLR6KO mice treated with rIL-10 than WT mice given rlL-10 (Figure 6.4H) suggesting that there may
be other molecular pathways contributing to the development of tumors in the TLR6KO mice. Similar to WT
mice, we found no effect on the level of Helicobacteraceae or Porphyromonadaceae DNA in the colons of

the rIL-10-treated TLR6KO mice.

The requirement for Lactobacillus-induced IL-10 was also further determined by co-administering a
neutralizing antibody against IL-10 beginning one day prior to treatment with Lj/Lr and continuing for two
days post-treatment (Figure 6.5A). Co-administration of an IL-10-neutralizing antibody with Lj/Lr had little
effect on the weight of SH-WT or SH- TLR6KO mice (Figure 6.5B). Neutralizing IL-10 in the absence of
Lj/lLr had no effect on the number of tumors observed in WT or TLR6KO mice (Figure 6.5C). Co-
administration of anti-IL-10 with Lj/Lr only partially reversed the reduction in tumor number and had no effect
on the levels Helicobacteraceae DNA in WT mice (Figure 6.5C-D). As expected, neutralizing IL-10 during
Lj/Lr treatment in TLR6KO mice had little effect, likely due to the inability of TLR6KO mice to produce IL-10
during treatment (Figure 6.5B-D). Analysis of the mucosal cytokines demonstrated that neutralizing IL-10
was able to reverse the reduction in the levels of IFN-y and IL-17 observed in Lj/Lr treated SH-WT mice
(Figure 6.5E). Taken together, these results demonstrate that IL-10 production by Lj/Lr can partially explain
the reduction in tumor size and number. While IL-10 did play a partial role in the reduction of tumors, it had
no impact on the amount of Helicobacteraceae, Porphyromonadaceae or Lactobacillaceae DNA. These
data thereby dissociate the anti-inflammatory effects of IL-10 from the regulation of the microbiota in

inflammation-associated CRC.
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Figure 6.5: Requirement for IL-10 dissociates Lactobacillus effects on inflammation and

composition.
(A) Methods. Mice were treated as described in Figure 5A and Materials and Methods but instead a

monoclonal antibody against IL-10 was administered i.p. at indicated time points during Lj/Lr treatments.
(B) % weight change and (C) number of tumors from mice receiving Lactobacillus plus anti-IL-10 or
control immunoglobulin (isotype). (D) Relative DNA levels of indicated bacterial families to total 16S rDNA
from colon taken at day 66. (E) Levels of cytokines detected from colonic lysates of mice at day 66 by
ELISA. B-E, Data is represented as the mean = s.e.m of 8-12 mice pooled from 3 independent
experiments. C-E, *, p < 0.05. **, p < 0.01. Two-way ANOVA with Bonferroni post-hoc test.
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Impaired apoptosis during AOM/DSS in TLR6-deficient mice

While the data above provide evidence as to how co-housing would lead to reduced tumors in the WT mice,
it does not address why both single and co-housed TLR6KO mice have more tumors than the SH-WT mice.
We hypothesized that in the absence of TLR6 an important cellular regulatory pathway may be altered
leading to an environment more sensitive to mutagenesis. We also hypothesized that this effect would be
independent of a specific microbiota signature, as the CH-TLR6KO and SH-TLR6KO have distinct colonic

microbial compositions.

One of the early steps in CRC progression is the increase in epithelial cell proliferation and/or an inhibition
of apoptosis. To assess the proliferation of enterocytes, we performed immunohistochemical staining on
colon sections of AOM/DSS treated WT and TLR6KO mice for Ki67 and bromodeoxyuridine (5-bromo-2'-
deoxyuridine, BrdU). Ki67 is a commonly used marker that identifies cells that have recently undergone
proliferation by labelling S, G1, and G2 phases of the cell cycle, while BrDU incorporates into newly
synthesized DNA in actively replicating cells during S phase. There was an increase in the number of Ki67+
cells found in both the co-housed and single genotype housed TLR6KO mice compared to WT mice (Figure
6.6A). Two hours following injection of BrdU into AOM/DSS treated mice the colons were removed and
stained for actively proliferating cells. In contrast to the Ki67 staining, we identified on average 3-4 BrdU+
cells per crypt, regardless of housing or genotype (Figure 6.6A). These data indicate that the disruption of
TLR6 signaling or the housing status was not impacting the turnover of intestinal stem cells. In order to
assess whether the TLR6KO mice may have defects in apoptosisss, we performed immunohistochemistry
on AOM/DSS colons looking for the anti-apoptotic factor Bcl-2. Analysis of the stained tissue revealed many
Bcl-2+ cells within the epithelium, as well as in the lamina propria of SH-TLR6KO and CH-TLR6KO mice
compared to WT mice (Figure 6.6B). TLR2 signaling has been shown to signal through the PI3K/Akt
pathwayao. Pi3K/Akt has been shown to phosphorylate Stat3 which has been shown to influence apoptosis
and proliferation signals in enterocytesss,s0. We performed Western blot analysis on the colonic enterocytes
at day 28 during AOM/DSS to assess if signaling pathways upstream and downstream of Bcl-2 were
disturbed in the TLR6KO mice, thereby driving less apoptosis and making these mice more sensitive to
AOM/DSS. Both SH- and CH-TLR6KO mice had lower levels of cleaved caspase-3 compared to WT mice
(Figure 6.6C). Despite the reduction in cleaved caspase-3 and the increase in Bcl-2, the TLR6KO mice had
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and similar levels of phosphorylated Akt and phosphorylated Stat3 (Figure 6.6C). Taken together these

data suggest that the deficiency in TLR6 may lead to an anti-apoptotic response that is Stat3- and Akt-
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Figure 6.6: Proliferation and apoptosis of colonocytes are altered in TLR6KO mice.
(A) Colons from mice at day 28 post-AOM/DSS stained with Ki67 or from mice injected with BrdU 2 hours

before the end of the experiment. Representative image from one of 3-5 mice per group (B) Histological
sections of the colon from mice at day 28 stained with anti-Bcl-2 antibody or isotype control.
Representative image from one of 3-6 mice per group (C) Western blot of whole colon from individual

mice at day 28 post-AOM/DSS blotted for phosphorylated Akt, phosphorylated Stat3, and Cleaved
caspase-3.
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6.4 Discussion

In the present study, we established a potential treatment for CRC using a microbiome-associated therapy
that restores commensal species lost during inflammatory disease. Compositional data generated by 16S
rRNA sequencing of colons from AOM/DSS treated WT mice revealed a distinct microbiota from their naive
counterparts. Most noticeably, was an increase in the abundance of cancer-promoting Helicobacteraceae,
and a loss of beneficial Lactobacillaceae. Restoring Lactobacillus dampened inflammation and reduced
tumor number. These data underscore the need for a more personalized approach in using probiotics to
treat or ameliorate disease. The rationale “not all probiotics are created equal” has been used to explain
the failure of probiotics in clinical trials, focusing on differences between bacterial species, strain or dose.
However, data from this study and othersai,42 suggest that the personal relationship established between
the innate immune system, intestinal cells and the resident commensals determine whether a given
probiotic will be effective. Our study also demonstrates that the effects on inflammation-associated CRC by
L. johnsonii and L. reuteri (Lj/Lr) are mediated by multiple mechanisms that can be dissociated from each
other by the involvement of IL-10. While Lactobacillus has been shown to treat disease via IL-10-
dependentas a4 and IL-10-independentss-4s mechanisms, our study demonstrates that the most efficient anti-
tumor effects were associated with inhibiting inflammation and restoring microbial ecology by reducing the

abundance of Proteobacteria.

Genetics play an important part in disease susceptibility and response to treatment, yet their impact on the
microbiota is still not understood. Here, genetic ablation of TIr6 in mice was associated with an increased
incidence of tumors, and an insensitivity to Lj/Lr therapy. Our data suggests that expression of TLR6 is
critical for the production of IL-10 during treatment with Lj/Lr, confirming our previous studies linking TLR6
signaling with 1L-1049 and further implicating the role of TLR6 in the sensing of endogenous microbial
signals. TLR6 signaling did have an effect on the kinetics associated with the loss of Lactobacillus, with a
more gradual decrease observed in the TLR6KO mice. The prolonged presence of the Lactobacillus had
no beneficial effect on tumor number in TLR6KO mice, likely due to their inability to sense immune-
modulatory ligands through TLR6 and induce IL-10. However, the prolonged presence of Lactobacillus in
AOM/DSS-treated TLR6KO mice had a protective effect on WT mice when co-housed together. It may be
that the WT mice were able to maintain Lactobacillus levels due to ingestion/exposure of Lactobacillus in
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TLR6KO stool through coprophagy and this helped prevent tumors in these mice. Indeed, our data shows
that restoring Lactobacillus species during DSS exposures was able to reduce the tumor burden in SH-WT

mice in part through production of IL-10.

Compositional analysis of the colonic microbiota by 16S sequencing and qPCR revealed that SH-WT mice
had an increase in Helicobacteraceae, while the TLR6KO mice had an increase in Porphyromonadaceae.
Each of these increases occurred when Lactobacillaceae was lowest after the first or second round of DSS
in the WT and TLR6KO mice, respectively. It is plausible that Helicobacteraceae has only a small window
of opportunity when a comfortable niche is created by the absence of Lactobacillus. If this window is missed
than other commensals, such as Porphyromonadaceae, may fill that niche. Our data would suggest that
innate immune sensing of the endogenous microbiome impacts dysbiosis through altering the kinetics in
which bacterial species are reduced and by contributing to the inflammatory milieu of the local tissue
microenvironment. These data imply that the genetics of the host are linked to dysbiosis through expression
of such receptors and could possibly explain why many of the polymorphisms associated with IBD involve

innate immune sensing.

The contribution of innate signaling to the cytokine milieu of the local tissue microenvironment must also
not be overlooked. Here, IL-10 production by the Lactobacillus was almost completely dependent on TLR6
as BMDCs deficient in TLR6 failed to produce IL-10 after stimulation by these bacteria, but also by the
finding that the beneficial effects of Lactobacillus are lost in TLR6KO mice. Importantly, we observed that
after treatment with Lactobacillus, decreases in Helicobacteraceae and Porphyromonadaceae were both
IL-10 and TLR6-independent. While this study did not identify the mechanism by which Lj/Lr modulates the
microbiota, treatment with rIL-10 or neutralization of IL-10 during Lj/Lr administration had little effect on the
levels of Helicobacteraceae and Porphyromonadaceae, thus ruling out a role of IL-10 in dysbiosis and

indicating an IL-10-independent role for Lactobacillus in maintaining microbial ecology.

Regardless of housing, TLR6KO mice had higher tumor numbers and higher mortality compared to the WT
mice. This increased tumor number is likely independent of the microbiota as single and cohoused TLR6KO
mice had very different microbiomes at both the induction of the AOM/DSS and after the 66 days. We found
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that TLR6KO mice have higher levels of Ki67+ cells in the intestinal epithelium during AOM/DSS. Further
molecular analysis revealed an increase in the anti-apoptotic molecule Bcl-2 in the TLR6KO mice
regardless of housing status. In line with the increase in Bcl-2, we also observed diminished cleaved
caspase-3. TLR2 signaling has been shown to activate PI3K/Aktss and can regulate Bcl-2 via
phosphorylation of Stat341-43. However, we found that Akt, and Stat3 were not phosphorylated in the
TLR6KO mice at day 28 of AOM/DSS were unchanged and may not be involved in the TLR6 signaling

cascade leading to Bcl-2 activation.

Altogether, our findings highlight several important concepts and introduce novel paradigms in the
relationship between chronic inflammation and its effects on the microbiota. First, microbiota-associated
therapies can protect against tumorigenesis if they are specific and personal. Here, this effect was mediated
through a TLR6-dependent induction of anti-inflammatory I1L-10 and by altering the abundance of cancer-
promoting commensals. Second, the genotype of an individual shapes the composition of the microbiota
under chronic inflammatory conditions, biases the cytokine milieu of the tissue microenvironment and
influences the response to microbiota-associated therapies. Lastly, our study establishes TLR6 as an
important molecule involved in modulating the microbiota and immune response during inflammation-
associated CRC. We originally examined TLR6 because of its profound requirement for IL-10 induction by
Lactobacillus but discovered that TLR6 signaling influences the kinetics of compositional changes within
the microbiota during inflammation. The strong influence of genetics and environment on the microbiota
and the response to microbiota-associated therapy suggest that a personalized approach to understanding

the microbiota during disease will be critical to the development of new microbiota-associated therapies.

6.5 Materials and Methods

Animals

TLR6KO and littermate control mice were bred in-house and maintained in a specific pathogen free facility
at the University of Southern California. All mice used in these experiments were generated from 5-7
different founder cages where all female mice were wild type for TLR6. At the time of weaning pups from
different litters but of the same sex were mixed together for group housing to reduce founder and cage

effects on the microbiome. Mice were fed a standard rodent diet AIN-78 (Lab diets, St. Louis, MO) and
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given non-chlorinated, non-acidified, distilled water ad libitum. All animal experiments were performed in
accordance with institutional guidelines following experimental protocol review and approval by the
Institutional Biosafety Committee and the Institutional Animal Care and Use Committee. Induction of
inflammation-associated colorectal cancer 6- to 8-week-old female mice were injected intraperitoneally with
10 mg/kg azoxymethane (AOM; Sigma-Aldrich Chemical Co, St. Louis, MO). After 5 days, mice received
2.5% (w/v) dextran sulfate sodium (DSS; Affymetrix, Santa Clara, CA, molecular weight 35,000-50,000
kDa) in drinking water for 5 days followed by 16 days of regular drinking water. Mice were subjected to two
additional DSS cyclesso. The clinical course of disease was monitored by measurement of body weight,
observation of rectal bleeding, diarrhea, and bloody stool during DSS treatment. Mice were euthanized 66

days post-AOM injection using CO2 followed by cervical dislocation.

Pathology and Scoring

The gastrointestinal tract was removed and the colon separated from the cecum. Macroscopic assessment
of colonic tumors was noted and images taken to determine tumor size using ImageJ software. The colon
was placed into 10% neutral buffered formalin, prepared in a “Swiss roll” techniquess, routine-processed for
paraffin embedding and stained with hematoxylin and eosin. Colons were scored by a veterinary pathologist
blinded to experimental groups. Inflammation scores were based on the severity of mucosal loss, crypt
inflammation, lamina propria mononuclear cells, neutrophils, epithelial hyperplasia mucosal epithelial
hyperplasia, dysplasia presence and extent of pathology as modified from Suzuki et als2 and Kennedy et
alss. Proliferative lesions were graded according to Boivin et alss with invasive carcinoma defined as

invasion into the lamina propria or into but not through the muscularis mucosa, sparing carcinoma.

Collection of luminal and mucosal associated microbiota samples

Colons were removed and placed onto a chilled glass plate on ice and opened longitudinally. Luminal
contents were collected and placed in a 1.5 ml conical tube. The colon tissue was then rinsed with ice cold
PBS and then washed by submerging tissues into clean sterile PBS and then vigorously shaken for 5
seconds. This was repeated 5 times and then the colon was placed back onto glass plate and glass slides
were used to gently scrape the colon tissue removing the mucosa. This was then added to the luminal
contents and used for sequencing.
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454 Pyrosequencing, sequence curation and microbiome analysis

Microbiota samples were processed and sequenced at Research and Testing Laboratory (RTL; Lubbock,
TX) based upon RTL protocols using a Roche FLX Titanium genome sequencer. Universal bacterial primers
28F ‘GAGTTTGATCNTGGCTCAG’ and 519R ‘GTNTTACNGCGGCKGCTG’ were used to amplify the
variable regions V1-V3 of the 16S rRNA genes. 16s rRNA gene sequences were curated using mothur
v.1.35.1s5. Briefly, sequences were denoised using a flow gram denoising algorithmss, aligned to Silva 16s
rRNA sequence databasesz, and pre-clustered to allow up to a 2-bp difference between sequencesss.
Chimeras were detected using UCHIMEs9 and were culled along with chloroplast and mitochondrial
sequences. Sequences were then classified using the Ribosomal Database Project version 14 with a
confidence score greater than 80%s0 and phylotyped to the family level. Prior to any data analysis the
number of sequences were normalized per sample to at least 2000 sequences. Beta diversity was
calculated using the Theta YC distance metric with the family-level data and visualized using principal

coordinates analysis (PCoA).

Bacterial quantitative-PCR

DNA was extracted from proximal colonic contents using an ISOLATE Fecal DNA kit (Bioline, Taunton,
MA). gPCR was performed on a CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad
Laboratories, Irvine, CA) using a SensiFAST SYBR® No-ROX Kit (Bioline) with 20 ng of bacterial DNA and
the following primers: Helicobacteraceae primers forward (5-CCGCAAATTGCAGCAATACTT-3’) and
reverse (5-TCGTCC AAAATGCACAGGTG-3); Lactobacillaceae 16S primers LabF362(5’-
AGCAGTAGGGAATCTTCCA-3’) and LabR677 (5-CACCGCTACACATGGAG-3’); Porphyromonadaceae
primers forward (5'-GGTGTCGGCTTAAGTGCCAT-3') and reverse (5-CGGA(C/T) GTAAGGGCCGTGC-
3"). 10-fold serial dilutions of plasmid-based H. hepaticus, L. reuteri/L. johnsonii or Tannerella forsythia
genomic DNA was used to generate a standard curve. Relative abundance was calculated by a ratio of the

organism- specific DNA to total bacterial DNA used for the amplification.

Lactobacillus treatments
L. johnsonii, L. reuteri, and LGG (L. rhamnosus GG) were grown overnight at 37°C in Lactobacilli MRS

broth (EMD Chemicals, Gibbstown, NJ). Cultures were diluted the next day in sterile PBS, and concentrated
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to 1010 CFU/mI. On day 2 of each DSS round, mice were administered 100 yl by intragastric gavage every

other day for 10 days (total of 5 gavages).

ELISA
Colonic lamina propria was isolated, pelleted and protein determination was performed by Bradford assay.
ELISA was performed according to product instructions from BD OptEIA kits (IFN-y and IL-10) and R&D

Systems kits (IL-13 and IL-17).

Quantitative reverse transcription PCR (qRT-PCR)

Colons were flushed with PBS, opened longitudinally and segmented into two sections. One third of the
entire length of the colon measured up from the anus was denoted as distal, while the remaining two thirds
of the colon was identified as proximal. RNA was extracted from mucosal scrapings using ISOLATE 1l RNA
Mini Kit (Bioline, Taunton, MA) and reverse transcribed into cDNA with SensiFAST cDNA Synthesis Kit
(Bioline). gRT-PCR was performed on a CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad
Laboratories, Irvine, CA) using a SensiFAST SYBR® No-ROX Kit (Bioline) with the following primers: Thet
forward 5’-AGCAAGGACGGCGAAGTT-3’; Tbet reverse 5-GGGTGGACATATAAGCGGTTC-3’; Gata3
forward 5-CAACCTCTACCCCACTGTG-3'; GATA3 reverse 5-GATGTCCCTGCTCTCCTTG-3’; Rorc
forward 5-GCCTACAATGCCAACAACCACACA-3;; Rorc reverse 5'-
ATTGATGAGAACCAGGGCCGTGTA-3; Foxp3 forward 5-AGAGAGGTATTGAGGGTGGG-3’; Foxp3
reverse 5-GCTGAGATGTGACTGTCTTCC-3’; 18S forward 5-GTAACCCGTTGAACCCCATT-3’; and 18S
reverse 5’- CCATCCAATCGGTAGTAGCG-3'. Gene expression levels for each individual sample were
normalized to that of 18S. Fold changes in gene expression were relative to unstimulated controls and

calculated using the AACt method.

Dendritic cell isolation and stimulation

To purify dendritic cells, MLNs were digested with 400 units per ml of collagenase type IV (Sigma-Aldrich).
After filtering, the cells were re-suspended in 22.5% Optiprep (Sigma-Aldrich), overlaid with Hank’s
Balanced Salt Solution Saline (HBSS, Sigma-Aldrich) and centrifuged at 670g for 30 minutes. Dendritic
cells were harvested from the interface of the HBSS and Optiprep, incubated with anti-CD11c (Miltenyi),
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and positively selected for CD11c using Automacs (Miltenyi). After isolation, the cells were stimulated

overnight with bacterial lysates at 37°C before performing the ELISAs.

riL-10 and alL-10 treatments

In some experiments, mice were treated with probiotic bacteria and/or, corresponding to the days of
probiotic therapy, were administered 200 ug of anti-IL-10 or anti-lgG1 (Bio X Cell, West Lebanon, NH)
intraperitoneally. In other experiments mice were administered 1 ng of rIL-10 (R&D) diluted in 500 pl sterile
PBS given intraperitoneally 3 times during every DSS cycle: on day 2, day 4 and the day after

discontinuation of the DSS.

Immune fluorescence

Murine colons were rolled using the Swiss roll technique and fixed in 10% neutral buffer formalin (VWR
International, Visalia, CA) overnight. Paraffin-embedded (without formalin) tissues were cut 5 um thick.
Hematoxylin and eosin, was performed by AML labs (Saint Augustine, FL) or in-house. Rabbit polyclonal
IgG, (Abcam, ab27472), rabbit monoclonal IgG (Abcam, ab172730), anti-bcl2 (clone 3F11). BrdU staining
was performed as per manufacturer’s instructions (Abcam). For antigen retrieval, slides were placed into
tubes containing sodium citrate buffer (pH 6.0) (Sigma-Aldrich, St. Louis, MO) buffer and heated at 99°C in
water bath. The slides were washed and blocked before staining with primary antibody. The slides with
primary antibody were incubated overnight at 4°C in a humid chamber and the following day, washed and
incubated with secondary at 37°C for 1 hour. The slides were mounted with DAPI and confocal images
were acquired using a Nikon Eclipse C1 laser-scanning microscope (Nikon, PA) fitted with a 60 Nikon

objective (PL APO, 1.4NA) and Nikon image software.

Western Blot

Colonic scrapings of the whole colon were placed in radio-immunoprecipitation assay (RIPA) buffer (VWR)
containing protease and phosphatase inhibitors (Thermofisher). Samples were normalized for protein
content using Bradford reagent (Bio-Rad, 500-0205). Protein was separated by size by SDS-PAGE using
Mini-Protein tris-glycine gels (4-15%) (Bio-Rad, 456-1083) and transferred to PVDF membrane for blotting.
Membranes were blocked with 3% dry nonfat milk in Tris-Buffered Saline (TBS) containing 0.05% tween-
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20 and incubated with primary antibody overnight at 4°C ((anti-cleaved caspase 3 (clone 3F11, Abcam);
anti-pAkt thr308 (clone 244F9, Abcam); anti-pStat3 Y705 (clone S727, Abcam)). Membranes were washed
with TBS containing 0.05% tween-20 and incubated with goat anti-rabbit-HRP secondary antibody (Santa
Cruz Biotechnology) for 2 hours at room temperature. Membranes were developed using SuperSignal West
Femto Maximum Sensitivity kit (Thermo Scientific) according to manufacturer’s instructions and imaged

using a LICOR Odyssey.

Statistics
Data are expressed either as the mean value + standard error of the mean (s.e.m.) or as individual values.
Specific statistical tests used for each experiment are described in the figure legends and performed in

Graphpad PRISM (Graphpad Software LLC, San Diego CA). p < 0.05 was considered significantly different.
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6.6 Supplemental Materials
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Supplemental Figure 6.1: TLR6 signaling impacts dysbiosis associated with AOM/DSS.

(A) Proportion of genus-level bacteria affected by the interaction of housing and genotype obtained by 16S
rDNA sequencing. (B) Colonic contents were scraped from mice at the indicated time points. DNA was
amplified using bacterial family specific primers for Helicobacteraceae, Porphyromonadaceae and
Lactobacillaceae. Data is the mean + s.e.m. of 5-7 mice pooled over two experiments. *, p < 0.05, **, p <
0.01, Two-way ANOVA with individual post-hoc tests (A) and Student’s t-test (B).
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Chapter 7. Conclusions and Perspectives

Conclusions

The interactions between host and microbe are extremely complex. Overall, this thesis elucidates the
several ways in which host and microbes interact. In the first study of diet-induced non-alcoholic fatty liver
disease, changes in the host physiology were accompanied with drastic changes in the microbiota. The
unhealthy westernized diet found increased Firmicutes while the intervention diets had increased probiotic
species such as Bifidobacterium and Lactobacillus species. Whereas other studies and perspectives
suggest that treatment through fecal microbiota transplant can potentially alter disease states including
NAFLD, our findings demonstrate that diet trumps the microbiota transplants. Furthermore, the study finds
that altering the microbiota while maintaining the inflammatory diet could potentially impress a stressful
microenvironment on an otherwise healthy-associated microbiota and exacerbate inflammation and
disease. These findings emphasize the importance of the following study in which exposure to
inflammation-associated omega-6 fatty acid, arachidonic acid, increased the pathogenicity and virulence of
Yersinia enterocolitica. The study concludes that the high intake of inflammatory fatty acids in westernized
diets may be correlated to the rising incidence and prevalence of the enteric pathogens. These studies of
nutritional status highlight the value of studying how nutrition impacts the host and microbe individually to

grasp the higher understanding of how host and microbes interact.

In addition to the environmental impacts on the microbes, this thesis investigated the mechanisms of
microbe-sensing toll-like receptors (TLRs). Despite TLR1 and TLR6 being dimerization partners with TLR2,
aberrant signaling in either have different consequences on the microbiota and inflammation. Disruption of
TLR1 signaling drastically alters the relationship between host and microbe by diminishing the mucosal
barrier, increasing mucosal-associated bacteria and allowing bacterial translocation. While these
consequences were dependent on the presence of the microbiota, the TLR1-associated microbiota could
not transfer any of the related inflammatory responses including IL-1 and IL-23 production in the host. On
the other hand, the study of TLR6 revealed an interesting therapeutic for inflammation-associated colorectal

cancer. Whereas the lack of TLR6 signaling alters colonocyte proliferation and worsened disease with

173



increased tumorgenesis, cohousing and sharing the microbiota between TLR6-sufficient and -deficient mice
surprisingly reduced tumorgenesis in wild-type mice. This finding led to a potential therapeutic using live
Lactobacillus species which were notably depleted during the disease. Interestingly, only the Lactobacillus
sp. that were originally colonized in wild-type mice provided protection through the production of IL-10 and
suppression of Helicobacter. Not only do these studies point to contrasting signaling pathways of
TLR1/TLR2 and TLR6/TLR2 dimerization, these findings reveal the importance of microbiota signaling in
disease. In both studies, the aberrant TLR signaling worsened disease and restoring the microbial ecology

could not improve disease without the proper signaling.

In conclusion, both environmental and genetic factors play an important role in regulating the gut microbiota.
The plethora of microbes within the intestines can be considered another human organ that is intimately
linked to our own health. The state of the microbiota depends on the state of the host and vice versa.
Studies are still unraveling if the microbiota is simply a symptom or causal factor in disease. None the less,
it is abundantly clear that the microbiota is a crucial component of human health that needs to be considered

when treating diseases including obesity and cancer.

Perspectives

Since the discovery of the trillions of microbes inhabiting the human body, there have been momentous
progress in understanding just how these microbes affect human health. The market of probiotics and
prebiotics for improved intestinal health and integrity is huge and the use of fecal microbiota transplants
have considerably changed treatment of severe intestinal infections. Unfortunately, the applications of
probiotics and fecal microbiota transplants are largely unregulated and can have negative consequences.
Results from probiotic studies in humans have been heterogeneous, ranging from no benefits to significant
reduction of symptoms in various diseases. Furthermore, the unexpected popularity of fecal microbiota
transplants has led to unsupervised and outright dangerous transfers of microbial communities between
individuals. In order to move forward, microbiota studies must be more rigorous and transparent. It is also
important to understand that the microbiota is fluid and uniquely personalized to every individual.
Additionally, the advances in sequencing has drastically improved the field of microbiology but the
knowledge of known microbes in the gut is limited by the difficulty of culturing and isolating elusive microbes.
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Overall, the field of microbiome research still has a long way to go with several avenues to improve on but
the possibilities are endless. New technologies in sequencing and bioinformatics are constantly being
discovered. Researchers and industries are endlessly innovating and inventing new ways to culture the
unculturable. As for microbial therapeutics, one way to proceed can be to focus and improve on individual
probiotic microbes such the ones found in this thesis. Another method would be to personalize microbiota
treatments such as autologous microbiota transplants or identifying the missing or depleted microbes during
disease. Whichever concept is explored, the primary aim of microbiota therapeutics is to understand how
beneficial microbes interact with the host. While we have only scratched the surface of microbiota research,
this field is without a doubt an endless source of scientific advancement headed towards revolutionizing

human health.
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