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Abstract

Microbiome-driven rewiring of host immunity and metabolism
By Joshua Aaron Owens

The human microbiome contains trillions of prokaryotic cells existing in symbiosis with the
human host. This relationship has long thought to be neutral or commensal, but recent studies
suggest that this relationship is dynamic with far-reaching effects within the human host. Here, we
show new evidence that the microbiome and specifically Lactobacillus rhamnosus GG is capable of
inducing CD8 T-cells. This induction of CD8 T-cells is through a novel toll-like receptor 2 and
dendritic cell axis. Utilizing this induction, we can reduce colonic tumor burden in a CD8 T-cell
dependent manner. Additionally, we analyzed the small metabolites coming from the gut and the gut
microbiome and discovered a novel microbial metabolite known as delta-valerobetaine. We
determined that delta-valerobetaine is capable of inhibiting fatty-acid oxidation through depletion of
the free fatty acid shuttle molecule, carnitine. Germ-free mice normally lack this molecule and are
resistant to obesity from a high fat diet. When we gave physiologically relevant levels of delta-
valerobetaine to germ-free mice, it sensitized them to weight gain and obesity on a high fat diet.
Furthermore, delta-valerobetaine administration to normal, conventional mice was able to
exacerbate the obesity phenotype in these mice compared to controls. In humans, levels of delta-
valerobetaine are higher in obese individuals and correlates with increased visceral adipose tissue as
well as severity of hepatic steatosis. Altogether, we show that the microbiome can exert beneficial
effects on the mucosal immune response to aid in the reduction of tumor burden but also can exert
detrimental effects on fatty acid metabolism resulting in increased obesity.
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Chapter 1:

Introduction

This introductory chapter serves as a conceptual framework for understanding how the
gut microbiome may regulate host physiology. Indeed, numerous studies show how the
gut microbiome has been linked to a myriad of diseases including but not limited to
obesity, metabolic disorders, cancer, and inflammatory bowel disease. However, the
causative molecular mechanisms and functional elements underlying these correlative
links are not well understood. In this introductory chapter, a detailed review of the gut
microbiome is presented to illustrate how the microbiome can affect host physiology to
impact different disease states. Elucidating the causative mechanisms of the
microbiome on host physiology remains a critical need as the knowledge of these

mechanisms may contribute to new therapeutic options.



1.1 The Microbiome Revolution

The microbiome has been under intense investigation in recent years due to its
pronounced effects on a multitude of tissues and diseases in the host. Before this, the
microbiome was defined as mere commensals which literally translates from Latin to “at
the table”. Because of this, the microbiome was generally assumed to fulfill a mostly
non-necessary scavenger function. However, there has been a history of recognition for
certain biochemical and biological processes of the gut microbiota such as the
metabolism of bile acids and absorption of fat-soluble vitamins. In the past, human
pathologists did display a small premonition that the multitude of organisms residing in
the gut must be contributing to additional biological functions.

Now, the scientific community has realized the vast array of systemic effects on
biology and pathology that are known, correlated, or suggested to be influenced by our
collective microbiota. The human microbiome consists of a plethora of different
microbial communities colonizing all epithelial surfaces including the gastrointestinal
tract, skin, and oropharyngeal-, pulmonary-, and genitourinary- derived surfaces.' By
any metric, the current interest and number of publications on the microbiome must be
deemed a revolution. Indeed, interest in the gut microbiome as a potential therapeutic
source is seen through the amount of publications in both the scientific and lay press on
the utility of both probiotic and prebiotic interventions.? This explosive interest in the
microbiome began through advances that lowered the cost of sequencing and
increased the availability of sophisticated analytical pipelines. These advances
coincided with a vast number of publications from 2005-2010 that showed descriptive

data that defined numbers, diversity, and overall microbial community structure in a



plethora of biological and environmental settings.® The era of microbiome correlation
began, and an almost absurd number of publications illustrated differences in the gut
microbiome and many different clinical and pathological diseases.* The original cost of
sequencing for the human genome cost around 300 million dollars. However, costs
have continued to plummet for sequencing platforms and now a human genome can be
sequenced for roughly 600 dollars. This dramatic drop in sequencing prices has
extended to metagenomic approaches and these approaches have been able to dissect
correlative data into finer phenotypic differences. Additionally, mass-spectrometry based
metabolomic approaches have expanded and increased the realized impact of microbial
influences. Like an iceberg, this may be just the tip of unrealized discoveries of the gut
microbiome with investigations ongoing with the complex microenvironment that
includes the virome and the mycome.

Additionally, another advance that allowed for identification of the full effects on
the microbiome on host health was the advent of germ-free (GF) mouse husbandry
methods.® This allowed scientists including immunologists, epithelial biologists,
physiologists, etc. to analyze GF mice and document the aberrations in biological
processes compared to their conventional or microbiome-replete counterparts.® These
studies illustrated that the collective microbiome exerts influence on several biological
systems including immune cell function and development, behavioral phenotypes,
metabolic changes, etc.”~'° Overall, GF and gnotobiotic, or systems with a known
microbiota such as mice colonized with defined microbes, approaches have provided

definitive experimental details into the interactions between the host and its microbiome.



Collectively, these advances and efforts have matured to the point that all the
research and medical community have become fully accepting of the significant role that
the microbiota play in host biology. Overall, this introduction will address the role of the
microbiome in mucosal immunity, cancer, immunotherapy, metabolism, and metabolic
disorders. This introduction will go beyond correlative effects of the microbiome and
hypothesize potential causative mechanisms of the microbiome’s impact on human
health.

1.2 The origin of the microbiome

To truly elucidate the exact effects of the microbiome on the host is to
understand the origins of the gut microbiome and its specific composition."” The human
and murine microbial community is composed of about one thousand species with the
composition and density varying greatly along the gastrointestinal tract. Total
prokaryotic cell numbers have been reported to reach around 10'® organisms which
means that there is a ratio of almost 1:1 in terms of prokaryotic cells to eukaryotic cells.
The composition of the gut microbiome changes with the host’s age; and has its origins
from the placenta, amniotic fluid, umbilical cord blood, and meconium being able to start
colonization of the fetus in utero. The placental microbiota can affect the growth and
survival of the fetus and various postnatal pathologies. Consequently, loss of exposure
to these microbes and their products in utero may have long-term consequences for the
development of immune-mediated disease in the offspring.'>'3 Interestingly, a recent
study showed that fetal tissue can be colonized by a low amount of viable bacteria
including Lactobacilli which can influence fetal dendritic cell and T-cell development and

activation.



However, this newly developing view is still hotly debated. This is because the
uterus was considered to be sterile by medical professionals and is still taught in
medical school lectures to be sterile.’™ Nevertheless, even if the womb is truly sterile
and devoid of bacteria, that does not prove that bacterially-produced products are not
present in the womb and by extension the fetus. However, it is not debated that during
birth, there is a vertical transmission of the microbiome where newborns are colonized
by the mother’s vaginal microbes which mostly consists of Lactobacillus and Prevotella.
These microbial taxa provide a critical foundation of the early gut microbiome as there
are approximately 100 bacterial species at birth and this diversity will increase ten-fold
through the course of maturation into adulthood.®

Conversely, caesarean section (c-section) newborns are first colonized by skin
microbes such as Staphylococcus and Corynebacterium. Though the long-term
consequences and the molecular mechanisms of being colonized with these skin
microbes as opposed to vaginal microbes is still fully unknown, there are associations
with c-section newborns showing increased incidence for some human diseases.’”8
One disease that c-section newborns are at risk for is allergic disorders.'® Many
hypotheses have been put forward for this correlation but the exact molecular
mechanisms remain to be elucidated. Interestingly, c-section newborns have an
increased risk of developing acute lymphoblastic leukemia (ALL).2° ALL occurs when
too many immature immune cells are produced in the bone marrow which once again
connects the immune response and development with colonization of microbes. Indeed,

the observation that colonization of skin microbes as opposed to vaginal microbes such



as lactobacilli and prevotella spp. causes incorrect immune responses is intriguing and
shows a link between the gut microbiome and the immune response at an early age.
Subsequently after birth, the ingestion of breast milk and perhaps even formula
milk influences the colonization process as both Lactobacillus spp. and Bifidobacterium
spp. can be cultured from breast milk.?"?? Additionally, breast milk and formula milk is
full of complex sugars that induce blooms in certain bacterial species and dramatically
increases bacterial products in the host. This is due to the ability of bacteria to ferment
different products of breast and formula milk.?324 Indeed, the fermentation process of
lactose and the production of lactic acid from lactobacilli can induce the gut microbiome
to produce bacterial products known as short-chain fatty acids (SCFAs).® The three
major SCFAs include propionate, acetate, and butyrate. Butyrate is the preferred energy
source of colonocytes accounting for up to 70% of their energy expenditure.?®
Additionally, butyrate can act as a histone deacetylase (HDAC) inhibitor. Through its
inhibition of HDACs, butyrate can augment the chromatin and result in specific
transcriptional changes depending on the cell type. For example, butyrate-induced
HDAC inhibition in naive T-cells can cause the differentiation of the cells into regulatory
T-cells.®?8 Indeed, SCFAs produced from breast milk, formula milk, or other dietary
substrates can have other far ranging effects and effect many different disease states.
This maturation process continues to around 2-3 years of age at which time the
microbiome matures to the composition and complexity of an adult microbiome.?” This
mature microbiome does not readily change and takes interventions such as changes to

diet or lifestyle, probiotic usage, or fecal microbiota transfer (FMT) to modify.



1.3 The gut microbiome and colonic health

As mentioned, gut colonization is fundamental for the complete tropism of both
the small intestine (SlI) and the colorectal tract. This important symbiotic relationship has
been elucidated through utilizing broad-spectrum antibiotics and germ-free (GF)
methodologies. Likened to genetic knockout models, these gnotobiotic models can help
to show how the absence of bacteria can have negative consequences on the host.
Importantly, these models illustrate the mostly positive complex system of interaction
between the gut microbiome and the Sl and colon. These interactions include but are
not limited to mucus regulation, epithelial junctions, and intestinal stem cell turnover.
However, though these effects may be beneficial in the absence of disease, microbial
effects on these systems can prove detrimental under settings of colorectal cancer
(CRC).

The first barrier between the host and the immense load of luminal bacteria is the
mucus layer of the gastrointestinal tract. The mucus layer is composed of a multitude of
mucin proteins with MUC2 being the most common mucin in the mucus layer.?® These
mucin proteins are produced by specialized cells known as goblet cells. Goblet cells
produce mucins in mass and heavily glycosylate them to prevent degradation by
proteases and give them gel-like qualities so that they can fulfill their role as a
membrane protecting the epithelium. In the colon, the mucus layer can be divided into
two layers: tight and loose layers. The tight mucus layer is mostly devoid of bacteria
which serves to protect the stem cells.?° However, this loose mucus layer provides a
niche for certain bacteria called mucus-associated bacteria that differ from bacteria that

are found in the lumen.



Mucus-associated bacteria such as Akkermansia muciniphila can be detrimental
to the host depending on the host’s diet. When given a diet that is low in fiber,
Akkermansia muciniphila causes the degradation of the mucus layer. The thinning of
the mucus layer increases the susceptibility and severity of the hosts to colitis, intestinal
pathogens, and development of CRC.3? Despite this negative effect by Akkermansia
muciniphila, the microbiota is also paramount to the proper function of the mucus layer.
For example, GF mice have a thinner mucus layer, have fewer goblet cells, and the
mucus layer does not shed in the same manner as conventional mice. Each of these
effects were restored when bacterial products were introduced to GF mice.3! One such
class of molecules produced by the microbiota are indoles. It has been shown that
certain indoles such as indole-3-aldehyde can stimulate goblet cell differentiation and
increase their production of mucus.3? Altogether, the mucus layer protects the
epithelium and gives a niche for certain bacteria that in turn regulate the mucus layer for
both their benefit and the host’s benefit. But, under settings where the balance is
disrupted, these mucus-associated bacteria can aggravate colonic diseases.

Underneath the mucus layer, resides the epithelium which provides the second
barrier between the immense bacterial burden and the host. This barrier is maintained
by interlocking the epithelial cells through cell-cell interactions known as tight junctions.
Tight junctions are composed of cytosolic proteins such as zonula occludins and
integral membrane protein such as occludins and claudins. Together, these proteins act
as gate keepers that allow only certain molecules to pass through the epithelial barrier
in a paracellular fashion. However, as the epithelium is constantly turning over, this

barrier is dynamic and constantly changing based off the current stimuli.



Similar to the mucus layer, the microbiota is critical for full barrier function as both
GF mice and antibiotic-treated mice exhibit impaired tight junction functionality.®334 For
example, microbial stimulation of toll-like receptor 2 (TLR2) which acts as a sensor of
certain bacteria and their products can cause signaling events through protein kinase C
(PKC). This induction of PKC causes increases in barrier resistance through
redistribution of tight junction proteins such as zonula occludin-1 (ZO-1).35 Likewise,
certain Escherichia coli strains and Bifidobacterium infantis Y1 can influence levels of
Z0-1 and ZO-2 causing increases to barrier resistance in vitro.3%3” Additionally, certain
lactobacilli species can increase barrier resistance in vivo, and in general, colonization
of germ-free mice results in increased levels of claudins and occludins for increased
barrier functionality.3*38 Conversely, when the microbiome shifts away from a normal
composition into dysbiosis, this dysbiotic microbiome can reduce barrier function,
increase markers of inflammation in the serum, and drive tumorigenesis.®® For example,
the dysbiotic microbiome from CRC patients was administered to GF mice and was
capable of driving tumorigenesis through altering barrier function which exacerbated a
pro-inflammatory microenvironment.*° Therefore, there is a complex relationship
between certain microbial community structures and bacteria increasing barrier strength
and other members of the microbiome that can alter barrier function for adverse effects.

Most importantly, the function of the mucus layer and the epithelial barrier is
dependent on the proliferation and differentiation of intestinal stem cells (ISCs). ISCs
repopulate the entirety of the intestinal tract every 2-4 days in mice and every 5-7 days
in humans.*4? At the base of intestinal crypts, stem cells proliferate and begin to

traverse up the crypt. As they traverse, they differentiate into specialized subsets of



cells depending on the stimuli present in the gut at that time. As mentioned above, this
constant renewal allows for microbial interventions and the gut microbiome to have
dynamic effects on epithelial biology and homeostasis. For example, metabolites
produced specifically by the gut microbiome including short-chain fatty acids (SCFAs),
lactate, and indoles discussed earlier in this chapter can have dramatic effects on ISC
populations which can aid in normal intestinal homeostasis or drive cancer cell growth.
As mentioned, butyrate is the preferred energy source of differentiated
colonocytes and metabolism of SCFAs improves epithelial barrier functionality and
differentiation.*® This efficient catabolism of butyrate may be to prevent high levels of
butyrate from reaching the base of the crypts as ISC proliferation can be inhibited by
butyrate.** However, though this reduction in ISC proliferation by butyrate can be
beneficial in CRC.#° Indeed, butyrate has been shown to reduce tumorigenesis as well
as tumor cell proliferation through these effects.464” Additionally, lactate is also
produced by microbes and has been shown to be protective against colonic injuries and
increase stem cell turnover.*® As mentioned above, lactate can be fermented in butyrate
which would also produce anti-tumor effects. Finally, indoles have been shown to
activate the Aryl Hydrocarbon Receptor (AhR). Interestingly, depletion of AhR causes
unchecked ISC proliferation which implies that indoles are important for maintaining the
correct levels of ISC proliferation and there are some reports of indoles and tryptophan
metabolism effects in CRC.4%°° Therefore, metabolites from the gut microbiome tightly
regulate ISC proliferation by a mix of both go and stop signals to maintain the tight
homeostatic regulation of proliferating ISCs and can be therapeutic targets in the setting

of CRC.
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Altogether, the gut microbiome through bacterial products and metabolites
functions to regulate the mucus layer, the underlying epithelial barrier, and the stem cell
compartment. These studies support conclusions ascribing a vital role for the gut
microbiome in normal homeostasis of the gut as well as during setting of CRC.
However, each human individual is unique with specific genetics, diet, and lifestyle
thereby resulting in each individual having a distinct microbiome community structure of
their own.?” As mentioned briefly, certain changes in an individual’s microbiome may
result in a condition known as microbial “dysbiosis” where a loss in critical symbiotic
bacteria and a corresponding bloom in opportunist/pathobiont bacteria are observed.®’
Dysbiosis has been reported in diseases such as inflammatory bowel disease as well as
CRC. Interestingly, dysbiosis usually causes low levels of inflammatory responses that
are initiated by both the intestinal epithelium and the underlying immune cells that
reside in the intestinal sub-mucosa. Not only is there an important role of the
microbiome in regulating the epithelium but beyond the epithelium into the mucosal
immune response.

1.4 The gut microbiome and mucosal immunity

In recent years, the importance of the gut microbiome as a master regulator of
the immune response has begun to be realized. The gut microbiome is necessary for
the full maturation of both local and systemic immune defenses, as well as to train the
immune response for tolerance toward non-pathogenic agents. Importantly, many
reports have shown the link between the microbiome and anti-tumor immune
responses. These gut microbiome-specific effects on the mucosal immune response

can be observed via broad-spectrum antibiotic usage as well as observing GF mice.%?53
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For example, GF mice undergoing the Dextran sulfate sodium (DSS) azoxymethane
(AOM) model of chemically-induced colorectal cancer have delayed onset of epithelial
injury but still produce more tumors than conventional or microbiome-replete animals.>
Furthermore, studies have illustrated that GF mice are highly susceptible to viral
infections such as influenza, bacterial infections such as Salmonella, and models of
colitis and CRC.%%%6.40 These differences between germ-free/antibiotic animals and
microbiome-replete or conventional animals illustrate the robust ability of the
microbiome and gut bacteria to modulate many host immune factors.

Many of these responses are due to the known fact that GF mice do not develop
a normal immune system in terms of height of the mounted immune response and in
terms of the specificity of their repertoire. Recently, some studies have delved into
experiments in which mice were born GF and after weaning were allowed to acquire a
normal adult mouse microbiome through a process known as conventionalization. This
is usually accomplished through mixing of conventional mouse bedding into the cages,
and because mice are coprophagic, they will consume the microbe-containing fecal
pellets to acquire a microbiome. These ex-GF mice are still more susceptible to
infections, colitis models, and tumor models illustrating the key role of gut colonization in
early life for the full maturity of the intestinal tissue and the immune system.%"—°

Immune responses and timelines have been extensively shown before by other
studies. Here, we show evidence of the gut microbiome’s involvement with innate cells
and T-cells in the contexts of homeostatic conditions and cancer. The critical function of
the microbiome and immune cells start with myelopoiesis in the bone marrow which is

reduced in GF mice. This reduction in myelopoiesis causes increased susceptibility to
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systemic bacterial infections.®° This reduction has been correlated with TLR ligands as
well as SCFAs but may begin even before birth as pregnant mice treated with antibiotics
display reduced number of innate cells.?%-%? Additionally, the microbiota effects tissue-
resident macrophages phenotypes though gene regulation by SCFAs that act as
histone deacetylases to change the genetic profile of gut-resident macrophages.?364
Additionally, the pool of macrophages in the gut are constantly replenished and
maintained due to signaling by the microbiome and that specific maturation and
differentiation status is also imparted by the microbiome.%6¢

These natural effects of the gut microbiome on macrophages can be targeted in
bacterial intervention for positive effects in different disease models. Administration of
the beneficial microbe, Lactobacillus rhamnosus GG (LGG), to mice activated gut-
resident macrophages through TLR2 and reduced intestinal injury from radiation.®” This
appears to be common amongst many differ lactobacilli and bifidobacterial strains that
activate macrophages in TLR-specific manners.®8-70 Activation of macrophages is
critical for settings involving tumors. This is because macrophage activation functions in
the clearing of tumor cells and activation of additional immune cells. Altogether, the
microbiome, its products, and bacterial interventions can augment macrophage
numbers, activation, and differentiation which can be beneficial in settings of colonic
injury and CRC.

Another important innate cell subset are dendritic cells (DCs). Both SCFAs such
as butyrate and retinoic acid, a vitamin A metabolite, can cause anti-inflammatory
programming in gut mucosal DCs.”"~"3 These anti-inflammatory properties are less

dependent on the action of DCs themselves, but function by expanding the number of

13



regulatory T-cells (Tregs) in the gut mucosa. Though DC-mediated expansion of Tregs
is beneficial in settings of colonic injury, increased numbers of Tregs can be detrimental
in CRC. Indeed, reduction in butyrate has been shown to synergize with the effect of
radiation treatment for CRC due to increased antigen presentation and CD8 T-cell
activation by DCs.” This is of particular interest as the gut microbiome has been linked
to immunotherapy responses.”>’” Of note, the response rate appears to be due to
microbiome-specific effects on DCs and T-cells.”®"® However, there appears to be many
mechanisms at play as to how the microbiome is regulating DCs and T-cells with a mix
of SCFAs and other metabolites, TLRs, c-GAS-STING, and T-cell cross-reactivity.26.78-82

Moving beyond innate cells, the gut microbiome, depending on the specific
stimuli, can expand almost all subsets of CD4 T-cells such as Th17s, Tregs, Th1s, and
Th2s. GF mice are known to have little to no Th17s, lowered Tregs, and a Th1/Th2
imbalance. For example, members of the gut microbiome such as segmented
filamentous bacteria (SFB) are known to adhere to the epithelium and cause the
induction of Th17 CD4 T-cells.®384 This increase in Th17 cells and correspondingly
Th17-driven inflammation has been painted as a negative ramification of the
microbiome; however, depletion of the main Th17 cytokine, IL-17a, can exacerbate
inflammation and inflammatory bowel disease.®>8¢ In CRC, Th17 cells can be beneficial
and help to reduce tumor burden.?” These differing roles and benefits illustrates the fine-
tuned role of the microbiome in regulating levels of Th17s for homeostasis and its
potential role as a therapeutic in cancer.

Continuing, CD4 T-cells can also differentiate into the Th1 subset. Th1 cells

produce cytokines that aid CD8 T-cell proliferation and activation. The bacterium,
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Lactobacillus acidophilus has been shown to expand Th1s and their cytokines such as
IFN-g and decrease Th2s and their cytokines such as IL-4 to increase survival in a
breast tumor model.® This appears to be a common effect upon lactic acid bacteria as
at least 10 strains were able to recapitulate this phenotype of expanding Th1 cytokines
and decreasing Th2 cytokines.? Interestingly, Th1 cells aid CD8 T-cells and have been
shown to correlate with better immunotherapy rates. This suggests that bacteria that
increase levels of Th1s would exert greater anti-tumor immune responses and aid in
immunotherapy.

Additionally, the gut microbiome can regulate Tregs through the production of the
SCFA, butyrate. Butyrate acts as a histone deacetylase which cause increased
transcriptional access of the FoxP3 promoter causing transcriptional changes of CD4
cells to differentiate into Tregs.?%"® This effect can also be accomplished through the
production of lactate by lactic acid bacteria through direct modulation of CD4 T-cell
metabolism as well as lactate being bio-converted by other gut microbes into
butyrate.®°° As mentioned, increased number of Tregs can be detrimental in settings of
CRC but might depend on the specific stage of the tumor.®! Therefore, the metabolites
coming from the microbiome can have profound effects on the presence of Tregs and
explains why GF mice have limited Tregs compared to conventional animals.

Until recently, the microbiome had not been shown to have effects on CD8 T-
cells; however, studies are now reporting the dramatic effects of the microbiome on
CD8 T-cells. Indeed, a recent study showed that a consortium of bacteria is able to
expand IFN-g producing CD8 T-cells.”® CD8 T-cells are vital for immunotherapy against

tumors. Interestingly, the gut microbiome has been linked to immunotherapy response
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rates. For example, several high impact publications have shown links between the
community structure of the gut microbiome and whether patients with melanoma will
respond to immunotherapy.”>’” These studies did not propose a molecular mechanism
describing how the microbiome may be increasing immunotherapy response rates but
evidence suggests that it may be through expansion of CD8 T-cells.

This link between the gut microbiome and immunotherapy has led researchers to
ask questions on how modification of the microbiome such as through the usage of
antibiotics might exert effects in cancer and anti-tumor immune responses. For
example, epidemiological studies have shown that long-term use of antibiotics during
early and mid-adulthood increase the risk of colorectal adenoma development.®?9 As
previously mentioned, the gut microbiome is almost always a double-edged sword as
there is also evidence that a subset of gut microbes can promote CRC. After surgical
resection of CRC tumors, the gut microbiome in conjunction with a western style diet, or
a diet containing high fat levels, has been shown to promote tumor growth.** Indeed, the
most well-known bacteria that can increase tumorigenesis in CRC is Fusobacterium
nucleatum. F. nucleatum has been shown to be the dominant bacterial strain within
CRC tumors and can potentiate their growth and negatively impacts anti-tumor immune
responses.®>%° Therefore, in cases with F. nucleatum, antibiotics could be beneficial to
the patient.

Another way to modulate the microbiome besides antibiotics is through the usage
of beneficial bacteria known as ‘probiotics’. Probiotics represent the most common
supplement therapy used during intestinal issues. In 2002, the joint Food and

Agriculture Organization of the United Nations/World Health Organization (FAO/WHO)
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Figure 1.1: Microbial Intervention and Immune Responses.
on the host.”' For Hypothesis of microbiome effects on anti-tumor immunity.

immunotherapy, it has been shown that administration of certain Bifidobacterium strains
as well as a consortium of different bacterial strains can improve anti-PD-1 and anti-
CTLA-4 immunotherapy in melanoma.”®’® For CRC, it has been shown that several
strains of both Bifidobacterium and Lactobacilli can be beneficial in preventing CRC
development.'®'-103 However, little research exists examining the extent to which
bacterial supplementation can modulate CRC tumors once established and whether
these bacteria impact the anti-tumor immune response or immunotherapy rates. This
raises the fundamental question of what the exact role of the microbiome is in
orchestrating an anti-tumor immune response? ldeally, microbial interventions would
exert a positive effect on CD8 T-cells. This induction of CD8 T-cells would not only drive
anti-tumor immune responses but could potentially synergize with immunotherapy that
is targeted to CD8 T-cells. (Figure 1.1) Some studies have hypothesized that the link
between the microbiome and immunotherapy is not only through microbial recognition
but through microbially-produced metabolites and microbially-induced changes to the
metabolite pool. These changes to the metabolome are not only critical for cancer but

for other important human diseases.
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1.4 Metabolism and Microbes

The observation that regulation of metabolism is critical for the survival and
development of an animal is well-known. When there is loss of the host’s ability to
regulate metabolism, it results in metabolic disease. One major metabolic disease is
obesity. Obesity is defined as abnormal or excessive fat accumulation in the adipose
tissue. Metabolic hormones such as insulin, glucagon, and noradrenaline control the
extracellular uptake and intracellular release of the main energy sources:
carbohydrates, proteins, and fats. Fatty acids (FAs) are either esterified, metabolized
into secondary messengers, or beta-oxidized in the mitochondria. A first critical step in
fatty acid oxidation (FAQ) is the transport of long-chain FAs (LCFAs) into the
mitochondrial matrix. This step is controlled by carnitine palmitoyltransferase (CPT) and
is composed of three proteins: CPT1, acylcarnitine translocase, and CPT2.'% Once
inside the mitochondria, FAs will generate acetyl-CoA and will then be able to be
metabolized through the TCA cycle. One way FAO is regulated is through malonyl-CoA,
which is an intermediate in FA synthesis and can inhibit CPT1.1% This first step of FAO
also serves as the rate-limiting step in mitochondrial oxidation of FAs. This means that
both FAO and lipogenesis cannot occur at the same time. Therefore, any molecule that
can inhibit carnitine shuttling will effectively cut off FAO and cause an accumulation of
fat through lipogenesis.

Interestingly, the microbiome has been correlated to lipogenesis, obesity, FAO,
and host metabolism. This critical role was established when the microbiome from an
obese and lean twin were transferred into GF mice and the mice recapitulated the

metabolic phenotype of the microbiome they recieved.'% The microbiota can also
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exacerbate metabolic phenotypes as GF mice on a high-fat diet display reduced
obesity, adiposity, glucose intolerance, and insulin resistance when compared to
conventional counterparts.'%”-1%8 These metabolic modulatory effects by the microbiome
may occur through a variety of ways including SCFAs, secondary bile acids, and other
unknown bacterial metabolites.

One major set of bacterial metabolites are SCFAs. As previously mentioned,
SCFAs can cause a variety of effects but are mainly used as a fuel source. Butyrate is
preferentially metabolized by colonocytes and propionate is mainly metabolized in the
liver by hepatocytes.'®® Administration of the SCFA acetate has been shown to reduce
weight and improve glucose tolerance in obese rats.’'? Indeed, diets rich in butyrate
cause increased thermogenesis and energy expenditure and cause resistance to
obesity.'"" Some of the beneficial effects are due to the fact that both butyrate and
propionate are known inducers of hepatic and intestinal gluconeogenesis which is
sensed by a gut-brain neural circuit that causes an increase in insulin sensitivity and
glucose tolerance.''? Though despite these beneficial effects, it is reported that obese
individuals have more SCFAs than lean individuals.''? Altogether, SCFAs play an
important role in regulating host metabolism and metabolic disease.

Another major bacterial metabolite is secondary bile acids. Bile acids are
amphipathic molecules that are produced from cholesterol in the liver and are deposited
into the small intestine via the bile duct to aid in the emulsification and absorption of
dietary fat. Through deconjugation and dehydroxylation, the gut microbiome can convert
these primary bile acids into secondary bile acids. These conversions control bile acids

hydrophobicity and entero-hepatic cycle as well as their solubility and ability to be
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reabsorbed.’* These conversions can also effect metabolism as primary bile acids are
ligands for the farnesoid X receptor (FXR). FXR signaling can suppress hepatic
gluconeogenesis and lipogenesis, enhance fatty acid oxidation and clearance of
triglyceride-rich lipoprotein, and improve hepatic insulin sensitivity.''>-1"7 Therefore, by
controlling the pool of bile acids, the gut microbiome can regulate bile acid-mediated
signaling on the host’s metabolism.

Finally, there exists a multitude of different bacterial derived metabolites that
could potentially exert uncharacterized roles on host metabolism. Indeed, utilizing
metabolomic approaches, one study undertook a comparative analysis of GF mice and
conventional mice and determined that up to 10% of all circulating blood metabolites are
microbially produced or induced.''® Furthermore, it was discovered that there are
hundreds of these uncharacterized metabolites produced by the microbiome with many
of these metabolites having both uncharacterized structure and function. Based on
these reports, there exists a critical need to better under these metabolites and what

role they play in host metabolism and metabolic diseases.

1.5 Hypotheses

With the above information, we wanted to determine if certain bacterial strains or
products could regulate mucosal immunity or metabolism. First, we investigated if
specific bacterial species could modulate mucosal immunity. Interestingly, it was
reported that melanoma patients that did not respond to immunotherapy have an
absence of lactobacilli in their microbiome.”>~"” We therefore reasoned that certain

lactobacilli may be regulating immune cells. To that end, we investigated Lactobacillus

20



rhamnosus GG (LGG) as it is a well-established and well-used probiotic strain. Previous
work on LGG showed that LGG is capable of activating neutrophils and dendritic cells in
vitro as well as being able to reduce the severity of influenza and increase efficacy of
influenza vaccinations.®-21 Additionally, when LGG is administered is a preventative
or prophylactic manner, LGG is able to reduce tumor burden in different colonic tumor
mouse models. 01103122 However, no immunological mechanism has been proposed
explaining how LGG can modulate tumor burden in these models and no detailed study
has ascertained what are LGG’s immunological effects on T-cells in vivo. Altogether, we
hypothesized that LGG may function in modulating mucosal immune responses and
activation of an anti-tumor immune response.

In addition, we wanted to understand how the microbiome in general was
augmenting and controlling host metabolism. It is well-established that a correlation
exists between the microbiome and host metabolism, but few definitive metabolites and
pathways have been identified. To better understand what role the overall microbiome
had on metabolism, we took a litter of GF mice, and upon weaning, the mice were
divided into two groups. One group was maintained in GF conditions, while the other
was placed into dirty bedding from conventional mice and colonized by a conventional
microbiome. At six weeks of age, the mice were sacrificed, and livers removed for
metabolomic analysis and RNA-seq. RNA-seq and metabolomic analysis of liver tissue
revealed dramatic changes in fatty acid metabolism. Interestingly, one metabolite was
abundantly expressed in conventional mice but absent in GF mice. We hypothesized
that this metabolite, later identified as delta-Valerobetaine (VB), was produced by

microbes and functioned in the regulation of fatty acid metabolism.
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1.6 Statement of Research Objectives

The overall objective of this dissertation research was to obtain an understanding and
potential causative mechanism of how the microbiome regulates mucosal immune
responses and host metabolism. Chapters 2 and 3 of this thesis describe investigations
to test the previously mentioned hypotheses. Chapter 2 is a published manuscript in the
journal of Cellular and Molecular Gastroenterology and Hepatology that describes my
work where | identified a mechanism of how one member of the microbiome, LGG, is
capable of inducing a mucosal immune response that can attenuate colonic tumor
burden in an immune-mediated manner. Chapter 3 is a manuscript that is currently
under secondary review for consideration of publication in Nature Metabolism which
describes an investigation to elucidate the role of the microbial metabolite, delta-
Valerobetaine, on the regulation of fatty acid oxidation and its role in obesity. Chapter 4
is a detailed discussion of both chapters 2 and 3 and consists of a dialogue addressing
the significance of the data in the greater scheme of host cell and microbe interactions

in the gut, and on experimental science.
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Chapter 2

Lactobacillus rhamnosus GG
orchestrates an anti-tumor immune

response

Joshua A Owens', Bejan J Saeedi?, Crystal R Naudin', Sarah Hunter-Chang?, Maria E

Barbian', Richard U Eboka?, Lauren Askew', Trevor M Darby’, Brian S Robinson?, and
Rheinallt M Jones'?

' Division of Gastroenterology, Hepatology, and Nutrition, Department of Pediatrics, ?

Department of Pathology, * Emory Microbiome Research Center, Emory University

School of Medicine, Atlanta GA, 30322.

Synopsis: This chapter was previously published in the journal of Cellular and
Molecular Gastroenterology and Hepatology. This chapter establishes a causative
mechanism as to how a member of the microbiome, Lactobacillus rhamnosus GG, can
activate certain aspects of the immune response that can initiate an anti-tumor immune

response.
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Summary

Background and Aims: In colorectal cancer, about 95% of patients are refractory to
immunotherapy due to low anti-tumor immune responses. Therefore, these is an exigent
need to develop treatments that increase anti-tumor immune responses and decrease
tumor burden to enhance immunotherapy.

Methods: The gut microbiome has been described as a master modulator of immune
responses. We administered the human commensal, Lactobacillus rhamnosus GG (LGG)
to mice and characterized the changes in the gut immune landscape. Because the
presence of lactobacilli in the gut microbiome has been linked with decreased tumor
burden and anti-tumor immune responses, we also supplemented LGG to a genetic and
a chemical model of murine intestinal cancer. For clinical relevance, we therapeutically
administered LGG after tumors had formed. We also tested for the requirement of CD8
T-cells in LGG-mediated modulation of gut tumor burden.

Results: We detected elevated colonic CD8 T-cell responses specifically in LGG
supplemented mice. The CD8 T-cell induction was dependent on dendritic cell activation
mediated via Toll-like receptor-2 (TLR2), thereby describing a novel mechanism where a
member of the human microbiome induces an intestinal CD8 T-cell response. We also
show that LGG decreased tumor burden in the murine gut cancer models by a CD8 T-
cell-dependent manner.

Conclusions: These data support the potential use of LGG to augment anti-tumor
immune responses in colorectal cancer patients and ultimately for increasing the breadth

and efficacy of immunotherapy.
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2.1: Introduction

Over 1700 Americans per day succumbed to a cancer-related death in 2019.123 Of
these deaths, colorectal cancer (CRC) is the second highest cause of cancer-related
mortality in the United States although the incidence and mortality rates have stabilized
over the last few years.'?* However, globally, the incidence and mortality of CRC is
increasing and cases of CRC are predicted to rise by 60% by 2030."%° With this negative
outlook, innovative approaches and improvements to currently approved therapeutics are
needed for enhanced treatment of CRC.

Recently, the advent ofimmunotherapy has revolutionized the fight against cancer.
However, for CRC, only 10% of patients are approved for immunotherapy and more than
50% of these patients are refractory to treatment.'?6.'2” The major determinant for CRC
patients being approved for immunotherapy is microsatellite instability (MSI). This
approval is because MSI-high tumors have increased levels of genomic instability.
Genomic instability leads to abundant mutations which culminates in a high output of
tumor neoantigens. Because of increased tumor neoantigens, MSI-high tumors have
greater immune cell infiltrate compared to their MSI-low counterparts. Tumors that have
a heightened immune cell infiltrate correlate with greater responses in immunotherapy
and better clinical outcomes.'?-134 Therefore, one strategy for CRC treatment involves
triggering MSI-low tumors to develop higher anti-tumor immune cell infiltrate such as their
MSI-high counterparts. On the other hand, the immune cell infiltrate within MSI-high
tumors can reach a point in which they no longer effectively clear tumor cells, reaching a
state known as exhaustion.’®® These exhausted immune cells are targeted in

immunotherapy to restore their cytotoxic function and trigger anti-tumor immune
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responses. Unfortunately, immunotherapy response rates in MSI-high tumors still remain
around 50%."%8.12” Therefore, there exists a critical challenge to increase the percentage
of patients that respond to immunotherapy intervention.

Recently, the gut microbiome community structure has been linked to
immunotherapy response rates.”>~’’ Interestingly, the microbiome of non-responding
immunotherapy patients lack lactobacilli, whereas lactobacilli were shown to be present
in the microbiome of responding patients. 7 In addition, other studies that investigated
the influence of Lactobacillus rhamnosus GG (LGG) on gut health and disease report
that LGG and other lactobacilli promote an anti-inflammatory response in the intestine
by regulating IL-10 levels and promoting regulatory T-cells activity.®'36.137 At first, these
reports seem discordant since increasing immunotherapy response rates would imply
pro-inflammatory responses, whereas modulating regulatory T-cells would suggest anti-
inflammatory responses. Nevertheless, LGG was also reported to modulate the immune
landscape in a pro-inflammatory manner, including increased M1 macrophage
polarization, increased antibody production, modulation of dendritic cell activity, and
reducing viral burden during influenza infections.’19.121.138,139 Dye to these data, we
hypothesized that members of the gut microbiome, specifically lactobacilli such as
Lactobacillus rhamnosus GG may hold promise in augmenting colonic immune
responses and colonic anti-tumor responses.

To date, clinically plausible approaches to modulate the microbiome to induce
increased CD8 T-cell infiltration into tumors, and by extension decreased tumor burden
remains to be thoroughly explored. In addition, the cell and molecular signaling cascades

that the microbiome triggers within gut mucosal immune cells is still largely unclear. To
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address this gap in knowledge, we investigated the extent to which the human
commensal, Lactobacillus rhamnosus GG (LGG), could modulate CD8 T-cell responses,
the mechanism by which this occurs, and the therapeutic efficacy of this commensal
bacterium in reducing colonic tumors in an immune-mediated manner.

Herein, we show that supplementation of mice with LGG expands the prevalence
of CD8 T-cells in the colonic mucosa. This expansion results through signaling cascades
dependent on toll-like receptor-2 (TLR2) on dendritic cells. We show that LGG
administered as a therapeutic to colonic tumors can drive CD8 T-cells to initiate anti-tumor
immune responses. This response was dependent on CD8 T-cells for greatest
attenuation of colonic tumor burden. Therefore, we show that LGG can induce CD8 T-cell
driven anti-tumor immune responses and demonstrate the potential of LGG holding
clinical promise as a co-therapeutic to be administered in conjunction with currently

approved immunotherapy.
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2.2: Methods

Animals

C57BL/6 mice (Stock #000664) were obtained from Jackson Laboratories and maintained
in Emory’s Whitehead Vivarium or Emory’s Gnotobiotic Animal Core located in Emory’s
Health Science Research Building Vivarium. BATF3 knockout mice (Stock #013755),
TLR2 knockout mice (Stock #004650), Villin Cre mice (Stock #004586), and MSH2'>®
mice (Stock #016231) were also obtained from Jackson Laboratories. All experiments

were carried out with approval of the Institutional Animal Care and Use Committee.

Bacterial cultures and growth conditions

Lactobacillus rhamnosus GG (LGG, ATCC 53103) was grown in MRS broth at 37°C
without shaking for 16 hours prior to administration. Bacillus cereus (BC, lab strain) was
grown in brain heart infusion media with shaking at 37°C for 16 hours prior to
administration.’® Bacteria were centrifuged at 3000g for 5 minutes, the supernatant
aspirated, and the pellet washed with one volume Hank’s Buffered Salt Solution (HBSS).
This was repeated for a total of 3 washes. The bacteria were then resuspended to a final

concentration of 2x10° CFU/mL.

Administration of Bacteria

Mice were gavaged with commensals as described previously.'*' Briefly Lactobacillus
rhamnosus GG (LGG), Bacillus cereus (BC), or vehicle control, HBSS, were orally
gavaged to mice every day in the mid-afternoon at a dose of 2x108 CFUs at a volume of

100uL with control mice receiving 100uL of HBSS.
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CFSE-Labeling of Bacteria

Bacteria were grown as mentioned above. However, after the third wash, bacteria were
resuspended in 10mL of Cell-Trace CFSE (ThermoFischer) diluted 1:1000 in HBSS per
manufacturer’s instructions (Heat-killed LGG was heat-killed prior to CFSE staining).
Bacteria in CFSE solution were incubated at 37C in the dark for 20 minutes then
centrifuged at 3000g for 5 mins at RT to pellet which will be visually yellow. Bacteria were
washed three times with HBSS to remove any unbound dye. Additionally, to control for
any unbound dye, an empty 15mL tube underwent the CFSE protocol and was
administered to the HBSS group. Fluorescence was checked by a plate reader or FCM

to verify fluorescence at 488nm.

Isolation of Colonic Lamina Propria Lymphocytes

We performed protocols as previously described.'#? Briefly, colons were extracted by
cutting between the proximal colon and the cecum and between the distal colon and the
anal verge. Colons were teased apart from the mesentery and flushed of luminal contents.
Normally, colons were opened longitudinally and then cut in half longitudinally with half
going to isolation of colonic LPLs and the other half for immunofluorescence. Colon was
weighed, and then cut into small 1cm pieces and placed into a 50mL conical tube with
epithelial digestion buffer consisting of 1x HBSS with 5% FBS, 5mM EDTA, and 10mM
HEPES. Tubes were placed into a shaker at 200rpm for 20 minutes at 37°C. A wire-mesh
strainer was used to separate pieces of colon from buffer with a collection tube collecting
epithelial cells and intraepithelial lymphocytes. This step was repeated for a total of 40

minutes of digestion. After the second straining, colonic pieces were briefly washed with
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RPMI-1640 media. The pieces were then minced with a clean razorblade and placed into
a new 50mL conical tube with lamina propria digestion buffer consisting of RPMI-1640
media with 10% FBS, 1mg/mL collagenase type IV, and 50ug/mL DNAse |. Tubes were
placed into a shaker at 200rpm for 15 minutes at 37°C. Afterwards, contents were emptied
into a 70-micron cell strainer and contents pushed through with a syringe stopper. Cells
were then pelleted by centrifugation at 300g for 5 min at 4°C and resuspended in 1mL of
complete media. Immune Cells were isolated from total cell populations by a percoll
gradient: 90% percoll overlaid with 30% percoll. Cells were placed on top and centrifuged
at 670g for 30 minutes at RT with acceleration and brakes set to slow. Immune cells are
found as a band at the 90:30 interface with remaining cells such as fat at the top. These
cells at the top were aspirated while leaving immune cells undisturbed. Fresh media was
added to dilute percoll gradient and spun down at 300g for 5 min at 4°C. Pelleted cells
were resuspended in media and pushed through a 40-micron filter and either were
immediately analyzed by flow cytometry or were frozen down in complete media with 10%

DMSO.

Antibody Array

C57BI/6 mice were obtained from Jackson Laboratories and maintained in specific-
pathogen free conditions inside Emory’s Gnotobiotic Animal Core. Mice were orally
gavaged every day with LGG, BC, or HBSS for 2 weeks and kept inside an 1ISOcageP
Bioexclusion system (Techniplast) maintained in a BSL-2 facility. Upon sacrifice, flash-
frozen whole colons were given to RayBiotech Inc. (Peachtree Corners, GA) for protein

extraction and cytokine analysis using Quantibody Mouse Cytokine Array Q4000.
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BMDCs generation and bacterial incubation

BMDCs were generated and activated as previously described.''®'43 In short, the femur
and tibia were removed from either WT or TLR2-/- mice with the bone marrow being
removed in a sterile hood. Red blood cells were lysed and 5x10° progenitor cells/mL were
resuspended and plated in RPMI 1640 supplemented with 10% FBS and 10ng/mL GM-
CSF (Biolegend). BMDCs were cultured for 6 days at 37°C in 5% CO2 with replenishing
of complete media and cytokines on days 2 and 4. On day 6, BMDCs were removed and
re-plated at 5x10° cells/well. After two hours, BMDCs were incubated with a concentration
of 10:1 BC, LGG, heat-killed LGG, or HBSS for four hours. At four hours, 200ug/mL of
gentamycin was added to kill all extracellular bacteria and cells were washed three times
with HBSS. Fresh media was then given and BMDCs were incubated for an additional 20
hours. BMDCs were then stained and analyzed by FCM for expression of CD80 and

CD86.

Flow Cytometry

Flow Cytometry was carried out as previously described.'#? Briefly, a single cell
suspension of colon, lymph node, or spleen was placed in a round-bottom 96-well plate
and centrifuged at 300g for 5 min at 4°C. Supernatant was flicked off and cells were
resuspended in 100uL of antibody master mix. Antibody master mix contained desired
antibodies run on two different panels (The first consisted of: APC-CD3, PerCP-CD4,
BV605-CD8, PE-CD44, BV650-CD62L, BV510-CD25, B421-CXCR3, PE-TR-CD28,
FITC-Granzyme-B. The second consisted of: BV421-CD11b, PE-CD11c, A700-F4/80,

PerCP-MHCII, BV650-Ly6G, APC-CD19, PE-TR-CD80, BV510-CD86, and BV711-
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CD103, all from Biolegend) at 1:100 dilution and LIVE/DEAD Fixable near-IR staining kit
at 1:1000 dilution (ThermoFischer) in FACS Buffer containing 1X PBS with 5% FBS and
.5mM EDTA. Cells were stained for 1 hour at 4C in the dark. After, cells were
centrifuged and washed with FACS Buffer for a total of three times. Additionally, for
granzyme B staining, we used the True-Nuclear Transcription Factor Buffer Set
(Biolegend) according to manufacturer’s instructions. After staining, cells were
resuspended in a final concentration of 200uL of FACS Buffer and analyzed by a LSRII
Flow Cytometer (BDbiosciences). Data was analyzed using Flow Jo Software. Gating
Strategy for T-cells consisted of Cells/SingleCells/LiveCells/CD3+ and then analyzed for
CD4 and CD8 with subsequent effector status and other molecules. Gating Strategy for
DCs consisted of Cells/SingleCells/LiveCells/CD3-CD19-/MHCII+/CD11c+ and then
analyzed for activation or for CFSE uptake. Cell numbers were calculated using
Precision Count Beads (Biolegend). Compensation was done via single color controls
using UltraComp eBeads Compensation Beads (ThermoFischer) and for CFSE
compensation was performed with stained and unstained bacteria with compensation

matrices created in Flow Jo Software.

Immunofluorescence

Colon samples for immunofluorescence were swiss-rolled and fixed in 10% formalin and
then processed and embedded in paraffin. 5-micron sections were cut and underwent a
deparaffination process followed by a citrate antigen retrieval step before being
permeabilized in 0.5% triton-X 100 in PBS and blocked with 5% normal goat serum. The

CD8 monoclonal rat antibody (eBioscience) was used at 1:100 in PBS with 0.1% Triton-
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X and 5% NGS. Samples were incubated in primary antibody overnight at 4°C. Samples
were then washed three times and incubated for 1 hour in fluorochrome-conjugated
secondary antibody. Samples were again washed and incubated with DAPI at a
concentration of 1:10000 in PBS for 5 minutes. Samples were mounted using Prolong
diamond antifade and imaged on an Olympus FV1000 confocal microscope at 20X. At

least 3 sections and three different images were taken for each sample.

Histology

Colon samples were swiss-rolled upon sacrifice and fixed in 10% formalin and then
processed and embedded in paraffin. 5-micron sections were cut and underwent
hematoxylin and eosin staining as performed by Emory University’s Cancer Tissue and
Pathology core. Stained slides were examined by a board-certified pathologist for

dysplasia and calculated percentage of the dysplastic epithelium of the section by eye.

Transcriptional analysis

For transcriptional analysis, 1cm of the proximal colon was dissected and snap frozen in
liquid nitrogen. Colon was then homogenized by mechanical disruption using a
MagnaLyser (Roche) with ceramic MagnalLyser beads (Roche) with 1mL of Trizol. RNA
was prepared according to Trizol manufacturer’s instructions. cDNA was synthesized
using iScript cDNA synthesis kit (BioRad) and manufacturer’s instruction were carried out
using 1ug of RNA. RT-PCR was performed using SybrGreen supermix (BioRad) with a
two-step amplification protocol while using the following primers: CXCL9-F:

CGAGGCACGATCCACTACAA, CXCL9-R: CCGGATCTAGGCAGGTTTGA; CXCL10-F:
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TGCGTGGCTTCACTCCAGTT, CXCL10-R: TCCTGCCCACGTGTTGAGAT,; IL-12p40-
F: TCTTCAAAGGCTTCATCTGCAA, IL-12p40-R: ACAGCACCAGCTTCTTCATCA,
TLR2-F: GGGCTTCACTTCTCTGCTTT, TLR2-R: TCCTCTGAGATTTGACGCTTTG.

Data was analyzed using the 299Ct method.

Intestinal MSH2 Cancer Model

We performed the well-characterized genetic MSH2 colonic cancer model.?® Briefly,
intestinal specific depletion of exon 12 of MSH2 was generated by crossing MSH2'® with
Villin Cre mice until homozygosity. Genotypes were confirmed by PCR (Transnetyx) and
mice were then aged to approximately 7 months. At this point, mice began receiving either

HBSS, LGG, or BC daily by oral gavage for 6 weeks.

DSS-AOM Model

We performed the well-characterized chemical model of Dextran Sulfate Sodium (DSS)-
Azoxymethane (AOM)."# Briefly, we intraperitoneally injected AOM at a dose of 60mg/kg
from a solution of 10mg/ml which equated to roughly 100-150uL of AOM for mice ranging
from 20g-25g. Mice were 7-8 weeks old at time of injection. Three days after injection of
AOM, drinking water was replaced with 2% DSS for 7 days. After induction of colitis, mice
were allowed to recover for two weeks on normal drinking water. Colitis was induced by
DSS for a total of three times. After the third round of colitis, mice were allowed to recover
for two weeks on normal drinking water before undergoing endoscopy to verify tumor
burden. At this point, intervention with either monoclonal antibodies or bacteria was

introduced for 4-6 weeks depending on the experiment.
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Endoscope

All procedures and post-anesthesia care were performed in accordance within IACUC
guidelines. Each mouse was anesthetized with 3% isoflurane and maintained with 1.5%
isoflurane in an oxygen/air mixture by using a gas anesthesia mask. Body temperature
was maintained during the procedure at 37°C with a homeothermic blanket (Harvard
Apparatus, Holliston, MA). For monitoring of tumor burden, a high-resolution mouse video
endoscopic system was utilized (Karl Storz Endoskope, Tuttlingen, Germany). The
system consists of a miniature endoscope (1.9 mm outer diameter), a xenon light source,
a triple chip camera, and an air pump for regulated inflation of the mouse colon (Karl
Storz, Tuttlingen, Germany). The endoscopic procedure was viewed on a color monitor
and digitally recorded for post-procedure review with recording of ileocecal valve all the
way to the anus of each mouse. Videos were reviewed by a board-certified pathologist
and tumor burden was established by their identification of individual tumors in the videos

of each mouse.

Depletion of CD8 T-Cells

CD8 T-cells were depleted by intra-peritoneal injection of CD8a mAb (BioXCell,
clone:YTS 169.4). 200ug of mAb CD8a or isotype control (BioXCell, Rat IgG2b,
clone:LTF-2) was given two days before administration of bacteria and was administered

every 6-7 days afterwards.
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Quantification and Statistics

Graphs are shown as mean £ SEM. Statistical analyses were performed using
GraphPad Prism software. For comparisons of two groups, the unpaired Student’s T-
Test was used. For comparisons of groups of 3 or more, one-way ANOVA was used,
followed by Dunnett’s multiple comparison test. For incidence of rectal prolapse, the
Martel-Cox test was used. Statistical parameters are stated within the figure legends. All

authors had access to the study data and reviewed and approved the final manuscript.
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2.3: Results

LGG orchestrates a colonic CD8 T-cell response

As LGG has been reported to have both pro- and anti-inflammatory properties, we first
investigated if oral administration of LGG could modulate the murine colonic immune
response by performing an expansive antibody array. We administered either LGG, a
control non-probiotic Gram-positive bacterium known as Bacillus cereus (BC), or a
vehicle control of Hank’s Buffered Salt Solution (HBSS) daily by oral gavage for two
weeks to 6-week-old specific pathogen free (SPF) C57BL/6 mice and then performed
an antibody array on protein extracted from total colonic tissue. Specifically, in LGG
treated mice, we detected several increased levels of several cytokines including IL-12
and IFN-y (Figure 2.1A). We also detected altered levels of chemokines such as
CXCL11 specifically in LGG treated mice which pointed to an altered immune response
and potentially a modified T-cell response (Figure 2.1B and C). As there exists several
reports of anti-inflammatory properties of LGG, we wanted to confirm these findings and
elucidate LGG’s effect on the immune response in greater detail. Therefore, we took
another cohort of C57BL/6 mice and administered either LGG, BC, or HBSS daily for
one week. Mice were sacrificed and the colonic lamina propria lymphocytes were
analyzed by flow cytometry (FCM). We detected a significant increase in total numbers
of CD8 T-cells as well as effector and cytotoxic CD8 T-cells in LGG treated mice
(Figure 2.1D-G). Furthermore, we detected an increase in total CD4 T-cells and CD4
effectors T-cells indicating that both subsets increased with LGG treatment (Figure
2.2C and D). In addition, analysis for transcript enrichment of chemokines and

cytokines by LGG as observed in the antibody array confirmed a significant increase in
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IL-12 and chemokines that function in CD8 T-cell trafficking, namely CXCL9/10. (Figure
2.1H-J). Similar to the increase in CXCL9/10, we detected an increase in the number of
colonic CXCR3+ CD8 T-cells that bind CXCL9/10 in LGG treated mice (Figure 2.1K).
Importantly, we did not observe any significant changes in CD8 T-cell numbers in the
spleens of LGG-treated mice (Figure 2.2A and B), showing that LGG only induces a
CD8 T-cell immune response localized to the gut. In order to determine if a specific
element from live LGG is necessary to elicit the CD8 T-cell response, we administered
LGG that was heat-killed for 10 minutes at 60°C to mice for 1 week. We found that heat-
killed LGG was also able to increase total colonic CD8 T-cells and effector CD8 T-cells
(Figure 2.1L and M). These data establish that LGG is capable of inducing colonic CD8

T-cells and this induction occurs even in response to heat-killed LGG.
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Figure 2.1: Lactobacillus rhamnosus GG orchestrates a colonic CD8 T-cell
response. (A) SPF C57BL/6J mice were supplemented with HBSS, Bacillus cereus

(BC), or Lactobacillus rhamnosus GG (LGG) or by oral gavage daily for 2 weeks before
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colons harvested and analyzed for protein abundance using the Quantibody® Mouse
Cytokine Array 4000 (Raybiotech Inc, Peachtree Corners GA). Image shows Volcano
plot representation of cytokines that were significantly more abundant in colonic tissues
of LGG supplemented mice compared to colons of mice supplemented BC. Axes
represent Log2 fold change (x-axis) against -log10(p-value) (y-axis). (B) Heatmap
representation of the top 10 differentially abundant proteins in LGG mice compared to
HBSS supplemented mice detected in the colonic tissue of mice described in (A), (C)
Heatmap representation of the top 16 differentially expressed immune-mediated
proteins detected in the colonic tissue of the three groups, (D) Flow cytometry analysis
for the detection of immune cells in the colonic epithelium of C57BL/6J mice
administered either HBSS, LGG, or BC for 1 week. Representative FCM plots shown of
T-cells, (E) Quantification of CD8 T-cells in (D), (F) Quantification of effector CD8 T-
cells in (D), (G) Quantification of granzyme-B expressing CD8 T-cells in (D), (H) RT-
PCR analysis for the detection of il-12 transcripts in the colonic tissue of mice in (D), (l)
detection of cxc/9 transcripts in the colonic tissue of mice in (D), (J) detection of cxcl10
transcripts in the colonic tissue of mice in (D), (K) Quantification of CXCR3+ CD8 T-
cells for analysis described in (D). (L) Flow cytometry analysis for the detection of
immune cells in the colonic epithelium of C57BL/6J mice administered either HBSS, BC,
LGG, or heat killed (H-K) LGG for 1 week. Chart represents quantification of the number
of CD8 T cells in the colonic tissues of these mice. (M) Quantification of effector CD8 T-
cells in mice described in (L). Statistical significance was tested by One-Way ANOVA

for all experiments. *=p<0.05, **=p<0.01, ***=p<0.001. n=4/5 for all experiments.

40



A 15x10 B 2000000+ NS

NS s |
3 23 1500000: *
[ (&) -
5 @ 1.0x107- . e .
5 © 83 = [ -
£ 8 S I 1000000~ -1
) -
2 € 5.0x10%4 T 5 £9
2 S5 X 500000~
@ L Ij__Ll Z8 — .
[ ]
0.0 - - 0 - i
HBSS LGG HBSS LGG
C _ D,z *
@ 10000 % % 5 5000 [ S —
S —*— 28 -
& 8000 ° 0O ‘5 4000
38 6000 2o
8% g E 3000
“— o a9 N
O £ 4000 O € 2000 oo
6 [ ﬂ.l = 0 ) L4
28 ®e . °% hd
E £ 2000 |$| @ © 10004
Q-
z 0 - €«
¢ . y 3 o 1 r r
z
HBSS LGG BC O HBSS LGG BC

Figure 2.2: LGG effects CD4 T-cells but immunomodulatory effect is location-specific.
C57BL/6J male mice were treated with HBSS or Lactobacillus rhamnosus GG (LGG) for one
week. At sacrifice, spleens were removed and analyzed by FCM for numbers of CD8 T-cells (A)
and number of effector CD8 T-cells (B). C57BL/6J male mice from Figure 1D-K were analyzed
by FCM for number of CD4 T-cells (C) and number of effector CD4 T-cells (D). Statistical
significance was tested by Unpaired-Student’s T-test or One-Way ANOVA. *=p<0.05, ns= not

significant. n=5.
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LGG primes and requires Dendritic Cells for increased CD8 T-cell responses

A previous study showed that LGG could activate dendritic cells (DCs) in vitro.""® We
first corroborated this finding by showing that LGG can activate bone-marrow derived
DCs (BMDCs) in vitro (Figure 2.3A). Because DCs function in the expansion of CD8 T-
cells, we investigated whether this response to LGG also occurs in vivo. We
administered C57BL/6 mice daily for one week with either LGG, BC, or HBSS and
isolated the mesenteric lymph node (mLn) which collects the lymphatic fluid from the
colon and the small intestine. We detected a significant increase in total number of DCs
in the mLn of LGG treated mice (Figure 2.3B and C). However, we did not detect
changes to the number of other immune cells including macrophages, neutrophils, and
B-cells in LGG treated mice (Figure 2.4). Although we did not further characterize these
cell types, it is noteworthy that other reports have shown that LGG can influence the
activation of these cells.67.139.146 As heat-killed LGG could activate CD8 T-cells, we
tested whether heat-killed LGG was capable of inducing changes to DCs in vitro and in
vivo. First, we generated BMDCs from C57BL/6 mice and incubated them with either
HBSS, BC, LGG, or heat-killed LGG. FCM analysis detected significant DC activation
following incubation with both LGG and heat-killed LGG (Figure 2.3D). Importantly, we
investigated how LGG was activating DCs in vivo and whether direct contact with LGG
by surveilling gut DCs was required. To determine this, in a new cohort of C57BL/6
mice, we administered either HBSS or fluorescently tagged (carboxyfluorescein
succinimidyl ester, CFSE) BC, LGG, or heat-killed LGG. CFSE covalently links with
lysine residues and other amines effectively labeling the bacteria. This approach would

allow tagging and tracking of DCs that had sampled and taken up the CFSE-labeled
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bacteria after the DC had egressed from the gut to the mLn. Analysis of treated mLns
by FCM detected both LGG and heat-killed LGG increased DC numbers and activation
(Figure 2.3E and F). Critically, LGG and heat-killed LGG activated DCs were positive
for CFSE meaning indicating that these DCs had indeed interacted with LGG before
trafficking to the mLn (Figure 2.3G). Based on these data, we hypothesized that LGG
requires DCs to increase CD8 T-cell numbers in the colon. Therefore, to test this, we
treated a cohort of WT C57BL/6 or BATF3-/- mice that lack conventional DCs with
HBSS or LGG and found that LGG did not increase the number of CD8 T-cells in
BATF3-/- mice compared to wild-type (WT) controls (Figure 2.3H-J). Altogether, these
data support the conclusion that that LGG drives CD8 T-cell expansion and responses

via a DC-dependent mechanism.
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Figure 2.3: Lactobacillus rhamnosus GG primes and requires Dendritic Cells for

-cell responses. (A) Detection by flow cytometry of the number of

enhanced CD8 T

CD80+/CD86+ Dendritic cells (DCs) in C57BL/6 mouse bone marrow-derived DCs
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(BMDCs) following incubation with either HBSS, Bacillus cereus (BC), or Lactobacillus
rhamnosus GG (LGG) for 24 hours. (B) Quantification of CD11B+ and CD11C+ DCs in
the mesenteric lymph node (mLn) of C57BL/6J mice supplemented for 1-week with
either HBSS, LGG, or BC, (C) Representative flow cytometry analysis chart for
experiment described in (B). (D) Frequency of CD80+/CD86+ DCs in C57BL/6 mouse
BMDCs following incubation with either HBSS, BC, LGG, or heat killed (HK) LGG for 24
hours. (E) Quantification of CD11b and CD11c+ DCs in the mLn of C57BL/6J mice
supplemented for 1-week with carboxyfluorescein succinimidyl ester (CFSE) labeled
HBSS, BC, LGG, or HK-LGG. (F) Number of CD80+CD86+ DCs in mLn of mice
described in (E). (G) Number of CFSE+CD80+CD86+ DCs in mLn of mice described in
(E). (H) Flow cytometry analysis for the detection of CD8 T-cells in the mLn of
B6.129S(C)-Batf3mkmmj ) (BATF3-/-) or Wild-type (C57BL/6) mice administered either
HBSS or LGG by oral gavage for 1-week. (I) Representative flow cytometry analysis of
mice described in (H). (J) Quantification of effector CD8 T-cells of mice described in (H).
Statistical significance was tested by One-Way ANOVA for all experiments. *=p<0.05,
**=p<0.01, ***=p<0.001. n=3 for all BMDCs experiments. n=5 for (B), n=4/5 for (E-G),

and n= 3/4 for (H-J).
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Figure 2.4: LGG does not increase all immune cells. C57BL/6 mice from Figure 2.3D-G

which were administered HBSS, Lactobacillus rhamnosus GG (LGG), or Bacillus cereus (BC) for

one week were also analyzed by FCM for number of macrophages (A), number of neutrophils

(B), number of B-cells (C), and number of Tregs (D). Antibody array data from Figure 2.1 was

reanalyzed to look for colonic IL-10 levels (E). Statistical significance was tested by One-Way

ANOVA. NS=not significant
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LGG requires TLR2 signaling for DC priming and CD8 T-cell activation

Because we had determined that DCs were required for LGG’s effect on CD8 T-
cells and the observation that heat-killed LGG still retained the effect, we investigated
which elements within DCs are involved in sensing LGG and activating DCs. Previous
reports had demonstrated that some of LGG’s effect on the colonic epithelium occurred
via TLR2 signaling.2%22 Corroborating these reports, we detected transcript enrichment
of tIr2 in colonic tissue of mice fed LGG (Figure 2.5A). To first test the requirement of
TLRs for LGG-induced CD8 T cell expansion, we administered LGG, BC, or HBSS daily
to MyD88-/- mice for one week. Analysis of colonic lamina propria lymphocytes detected
no changes in total or cytotoxic CD8 T-cell numbers in MyD88-/- mice in response to
LGG compared to WT controls (Figure 2.6). This suggests that MyD88 is indeed
required for LGG-induced CD8 T-cell expansion. However, many TLRs and even IL-1
family cytokines can signal through MyD88. Thus, to test if TLRs and specifically TLR2
was required, we generated BMDCs from both WT and TLR2-/- mice and incubated
them with LGG, BC, or HBSS for 24 hours. We detected increased activation of WT
BMDCs with LGG incubation, but this effect was abrogated in TLR2-/- BMDCs (Figure
2.5B). To elucidate this further, we daily administered LGG or HBSS to TLR2-/- or WT
C57BL/6 mice for one week. Analysis by FCM showed no changes to number or
activation of DCs nor changes to total or effector CD8 T-cell numbers in LGG treated
TLR2-/- mice (Figure 2.5C-H). Altogether, these data point to the conclusion that LGG
is sensed by TLR2 on DCs, which thereafter increases DC number and activation,

culminating in the activation of a CD8 T-cell response.
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Figure 2.5: Lactobacillus rhamnosus GG requires TLR2 signaling for DC priming
and activation of CD8 T-cells. (A) RT-PCR analysis for the detection of tIr-2
transcripts in the colonic tissue of C57BL/6 mice supplemented with HBSS, Bacillus
cereus (BC), or Lactobacillus rhamnosus GG (LGG) or by oral gavage daily for 2 weeks.
(B) Detection of CD80+/CD86+ Dendritic cells (DCs) bone marrow-derived DCs

(BMDCs) derived from either wild type (C57BL/6) mice, or from TLR2-/- (B6.129-
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Tir2im7Kir/J) mice following incubation with either HBSS, Bacillus cereus (BC), or
Lactobacillus rhamnosus GG (LGG) for 24 hours. (C) Representative flow cytometry
plots from the analysis of MLNs from wild type (C57BL/6) mice, or from TLR2-/-
(B6.129-Tir2mKir/J) mice supplemented with HBSS or LGG for 1 week. (D)
Quantification of DCs in the mLn of mice described in (C). (E) Number of CD80+CD86+
DCs in MLNs of mice described in (C). (F) Quantification of T cells in mice described in
(C). (G) Quantification of CD8 T-cells in mice described in (C). (H) Quantification of
effector CD8 T-cells in mice described in (C). One-Way ANOVA was used for statistical
analysis and represented as *=p<.05, **=p<.01, ***=p<.001. n=>5 for 3a, n=3 for 3b, and

n= 4/5 for TLR2-/- experiments.
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Figure 2.6: MyD88 is required for LGG’s effect on CD8 T-cells. C57BL/6 WT or
MyD88-/- mice were treated with HBSS, Lactobacillus rhamnosus GG (LGG), or
Bacillus cereus (BC) for one week. At sacrifice, colonic lamina propria lymphocytes
were extracted and analyzed by FCM for quantification of the number of colonic
CD3+CD8+ T-cells (A) and the number of granzyme-B expressing CD8 T-cells (B).

Statistical significance was tested by One-Way ANOVA. *=p<.05
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LGG supplementation decreases colonic tumor burden in a genetic cancer model

In CRC, the CD8 T-cell immune response performs a critical function both in
microsatellite instability high colonic tumors, and in inherited Lynch Syndrome CRC.48
To examine if LGG supplementation influences colonic tumor burden in these contexts,
we used a model of Lynch Syndrome where intestinal specific MSH2 knockout mice are
generated.?® Both male and female intestinal specific MSH2 knockout mice were raised
until 7 months of age and then subjected to 6 weeks of either HBSS, LGG, or BC
supplementation. After 6 weeks, LGG-supplemeted animals exhibited significantly lower
colonic tumor burden compared to HBSS- or BC-supplemented mice (Figure 2.7A). In
addition, colons of LGG-treated mice were significantly longer than controls (Figure
2.7B). However, total tumor counts were generally low in the MSH2 model, and overall
histological analysis by H&E could not detected significant changes in LGG-treated mice,
probably due to the low tumor burden present (Figure 2.7C). Nevertheless, we detected
significantly increased mLn weight and increased total and effector CD8 T-cells in the
mLn of LGG-supplemented mice compared to controls (Figure 2.7D-F). Together, these
data illustrated that LGG expanded the CD8 T-cell population and significantly reduced

tumor burden in a genetic model of intestinal cancer.
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Figure 2.7: LGG supplementation decreases colonic tumor burden in a genetic
cancer model. (A) Intestinal specific MSH2 knockout mice were generated by crossing
Villin-Cre mice with MSH2'°*P until homozygosity. Intestinal specific MSH2 knockout
mice were raised to 7 months of age, whereupon the were supplemented with Hank’s
Buffered Salt Solution (HBSS), Lactobacillus rhamnosus GG (LGG), or Bacillus cereus
(BC) by oral gavage for 6 weeks. After 6 weeks of supplementation, quantification of
tumor burden was determined following removal and opening the colon longitudinally.
(B) Colon lengths of mice described in (A) measured from rectum to cecum before
removing colonic contents or any other manipulation. (C) Hematoxylin and Eosin (H&E)
sections of swiss-rolled colonic tissue with representative images of low-powered
(Upper Panels) and high-powered view (Lower Panels). Areas within lower panels

indicated by rectangle within the upper panels. (D) Weights of Mesenteric lymph nodes
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(mLn) in mice described in (A). (E) Flow cytometry analysis for the detection total CD8
T-cell numbers in mLn of mice described in (A). (F) Quantification of total effector CD8
T-cells from samples described in (E). One-Way ANOVA was used for statistical
significance with *= p<.05 and ***=p<.001 n=10/10/7 for HBSS, LGG, and BC
respectively. Groups were made up of approximately half male and female mice with

5/5/3 male mice for HBSS, LGG, and BC respectively.
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Therapeutic LGG administration attenuates tumors in a chemical colonic cancer
model

Because the intestinal specific MSH2 knockout mice did not generate many
tumors, we deemed that the model was not optimal to examine LGG-induced
modulation of T-cells infiltration into tumors. As an alternative and complementary
approach, we induced colonic tumors in mice through the well-established Dextran
Sulfate Sodium (DSS)-Azoxymethane (AOM) chemical model of colitis-associated
carcinoma. Previous studies on LGG in CRC models have always administered the
bacteria prophylactically.01.122.149.150 By contrast, we daily administered LGG, BC, or
HBSS after tumors had been established as outlined in the experimental design (Figure
2.8A). In LGG treated animals, we observed significantly lower clinical manifestation of
disease including less rectal bleeding or rectal prolapse (Figure 2.8B). At sacrifice, we
observed fewer visible colonic tumors in LGG-treated mice (Figure 2.8C). Furthermore,
hematoxylin and eosin (H&E) staining and subsequent histological analysis revealed
less dysplastic epithelium in LGG-treated colons (Figure 2.8D and E). Importantly,
immunofluorescent analysis for CD8 T-cells detected significantly more intra-tumoral or
intra-dysplastic epithelial CD8 T-cells in LGG-treated samples as compared to controls
demonstrating an LGG-induced boost to cytotoxic CD8 T-cell anti-tumor response
(Figure 2.8F and G). Together, these data show that therapeutic administration of LGG
reduced tumor burden in a mouse model of CRC and induced the recruitment of CD8 T-

cells into the tumor microenvironment.
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Figure 2.8: Therapeutic administration of LGG attenuates colonic tumor burden.
(A) Graphical representation of the experimental outline for the induction of colonic
tumors in C57BL/6 mice. Seven to eight-week-old male mice were injected with

azoxymethane (AOM) before being subjected to three rounds of 1-week exposure to 2%
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Dextran sodium sulfate (DSS) and 2-week recovery period. After three cycles of DSS,
and between weeks 8 and 10 of the experiment tumors begin to form within the colonic
epithelium of treated mice. At week 10, groups of mice were supplemented with HBSS,
Bacillus cereus (BC), or Lactobacillus rhamnosus GG (LGG) or by oral gavage daily for
a total of 6 weeks. Mice were sacrificed at week 16 (B) Incidence of rectal bleeding or
rectal prolapse between weeks 10 and weeks 16 (the treatment period) of mice
described in (A). (C) Quantification of tumor burden at sacrifice at week 16 following
removal of colon and opening the colon longitudinally with visual examination of the
colon of groups of mice described in (A). (D) Hematoxylin and eosin (H&E) sections of
swiss-rolled colonic tissue at 16 weeks of mice described in (A) with representative
images of entire colon (Upper Panels) and high-powered view (Lower Panels) of the
area shown in rectangle of upper panels. (E) Quantification of dysplastic epithelium in
mice at 16 weeks of mice described in (A). (F) Immunofluorescence analysis for the
detection of CD8 T-cells (green) DNA (Blue) within colonic polyps at 16 weeks of mice
described in (A). (G) Quantification of CD8 T-cells (green) within colonic polyps at 16
weeks of mice described in (F). One-Way ANOVA and Martel-Cox utilized for statistics
and represented as *=p<.05, **=p<.01, ***=p<.001. n= 14/7/14 for HBSS, BC, and LGG

respectively.
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LGG requires CD8 T-cells to elicit reduction of colonic tumor burden

Previous studies reported that LGG utilizes epithelial-specific mechanisms for
reduced tumor burden when administered preventatively. However, due to our
observation of higher infiltrating CD8 T-cells, we tested whether LGG requires CD8 T-
cells for its attenuation of colonic tumors when administered therapeutically. To this end,
we again performed a DSS-AOM experiment, but in conjunction with bacterial
administration, we intraperitoneally (IP) injected anti-CD8 antibodies or isotype control
antibodies to deplete CD8 T-cells (Figure 2.9A). First, we verified that an IP injection of
anti-CD8 antibodies would be able to deplete CD8 T-cells in the colon and mLn (Figure
2.10). Additionally, to mitigate variability in tumor burden induced by DSS-AOM between
groups, we performed colonic endoscopy on all mice before treatment to establish
baseline tumor burden. Furthermore, LGG treatment was shortened to four weeks
because humoral responses against IP injected antibodies may be detected after four
weeks. At sacrifice, we observed that LGG significantly reduces tumor burden as
compared to HBSS controls in isotype control treated mice. However, this effect was
significantly reduced when CD8 T-cells are depleted (Figure 2.9B and C). H&E staining
and histological analysis corroborated results and detected fewer dysplastic epithelium
when LGG was administered with isotype controls (Figure 2.9D and E). Likewise,
immunofluorescent analysis for CD8 T-cells confirmed our findings that LGG increases
intra-tumoral or intra-dysplastic epithelial CD8 T-cells in mice treated with isotype
controls and confirmed the depletion of CD8 T-cells within tumors in anti-CD8 antibody
groups (Figure 2.9F and G). Interestingly, LGG was able to somewhat reduce tumor

burden even when CD8 T-cells were depleted but to a significantly lesser extent
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compared to LGG with CD8 T-cells present. This lesser response in the absence of
CD8 T-cells may be due to reported influences of LGG on tumor burden via epithelial-
mediated mechanisms '4°-151, Together, these data suggest that the novel immune
mechanism initiated by LGG described in this manuscript plays a dominant role in

reducing colonic tumor burden when administered therapeutically.
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Figure 2.9: LGG requires CD8 T-cells to elicit strong reduction of colonic tumors.
(A) Graphical representation of the experimental outline for the induction of colonic
tumors in C57BL/6 mice. Seven to eight-week-old mice were injected with
azoxymethane (AOM) before being subjected to three rounds of 1-week exposure to 2%

Dextran sodium sulfate (DSS) and 2-week recovery period. After three cycles of DSS,
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and between weeks 8 and 10 of the experiment tumors begin to form within the colonic
epithelium of treated mice. Tumors were quantified by miniature colonoscope at week
10, before the start of treatment period at week 10, where groups of mice were
supplemented with HBSS, Bacillus cereus (BC), or Lactobacillus rhamnosus GG (LGG)
or by oral gavage daily for a total of 4 weeks period. Tumors were further quantified by
miniature colonoscope at week 14, at the end of the 4-week treatment period. In
addition, during the 4-week treatment period, groups of mice were administered either
an anti-CD8 or an isotype control weekly for 4 weeks. Mice were sacrificed at week 14.
(B) Numeration of tumor burden as detected by mature colonoscopy at weeks 10 and
week 14 of mice described in (A). (C) Quantification of tumor burden at sacrifice at week
14 following removal of colon and opening the colon longitudinally with visual
examination of the colons of groups of mice described in (A). (D) Hematoxylin and eosin
(H&E) sections of swiss-rolled colonic tissue at 14 weeks of mice described in (A) with
representative images of entire colon (Upper Panels) and high-powered view (Lower
Panels) of the area shown in rectangle of upper panels. (E) Quantification of dysplastic
epithelium in mice at 14 weeks of mice described in (A). (F) Immunofluorescence
analysis for the detection of CD8 T-cells (green) DNA (Blue) within colonic polyps at 14
weeks of mice described in (A). (G) Quantification of CD8 T-cells (green) within colonic
polyps at 14 weeks of mice described in (F). One-Way ANOVA utilized for statistics and
represented as *=p<.05, **=p<.01, ***=p<.001. n= 9/9/8/10 for HBSS-Isotype, LGG-

Isotype, HBSS-anti-CD8, and LGG-anti-CD8 respectively.
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Figure 2.10: Verification of CD8 Depletion by IP antibody injection in mice. C57BL/6J mice
were given 200ug of CD8 antibody or 200ug of Isotype Control antibody by IP and then
sacrificed two days later. Colon, mLn, and Spleen were analyzed by FCM for CD8 T-cells with
representative plots shown (A) and quantification of CD8 T-cells relative to total T-cells (B).

Statistical significance was tested by Student’s Unpaired T-test.
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2.4: Discussion

An increasing body of scientific literature reports on the role of the microbiome in
cancer development, in cancer therapy, and in augmenting currently approved
treatment modalities. In particular, a trio of manuscripts reported that the gut
microbiome influences efficacy of anti-PD-1 in metastatic melanoma patients.”>~’” They
reported that contrasting commensal microbial communities exist within anti—-PD-1
responding patients and non-responding patients. Data from these reports showed an
absence of lactobacilli in anti-PD-1 non-responding patients whereas lactobacilli was
present in responding patients. Furthermore, a subsequent manuscript reported that a
defined set of commensal microorganisms isolated from human feces were capable of
inducing CD8 T-cells in the intestine.” These reports established the principle that
members of the commensal microbiota can elicit immunomodulatory effects for the
benefit of patients undergoing cancer treatment. Based on these published data as
scientific premise, we reasoned that dietary supplementation with a human commensal
probiotic that harbors the capacity to elicit expansion of intestinal CD8 T-cells may be
efficacious at inhibiting tumor growth.

We reported a novel mechanism whereby a constituent of the human gut
microbiome and a widely used probiotic, LGG, activated a CD8 T-cell response. We
showed that administration of LGG to mice expanded the number of total and effector
CD8 T-cells in a response localized to the intestine. Indeed, LGG can also expand CD4
T-cells showing that both cell types are influenced by LGG. Moreover, the expansion of
CD4 T-cells may function in promoting the efficacy of the CD8 T-cells response as we

saw increased IL-12 by antibody array and RT-PCR. IL-12 is known to regulate
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granzyme-B expression which we observed was increased in CD8 T-cells from LGG-
treated animals. This expansion was dependent on DCs, and more specifically, required
TLR2 expression on DCs to expand T-cells. In contrast to previous reports that treated
LGG prophylactically91:149.151 'we showed that LGG given therapeutically in a mouse
model of colonic tumors can confer an anti-tumor response. To show that LGG-induced
expansion of CD8 T-cells was required for the anti-tumor response, we depleted CD8 T-
cells in conjunction with LGG administration and observed an attenuation of LGG’s anti-
tumor effect. These data support the notion that supplementation with LGG holds the
promise of augmenting cancer therapy when administered in combination with currently
approved therapeutics.

Published literature speculated that metabolites released by the microbiome may
be the mechanisms whereby certain gut microbes elicit their effects on T-cells.”® Indeed,
our research group reported that LGG can modify the hepatic transcriptome and other
distal host sites via the generation of gut microbe-derived metabolites.®'4% However, we
show conclusive evidence that LGG-induced expansion of T-cells requires TLR2
expression by DCs. Indeed, a recent report shows that enhanced immunotherapy by the
microbiome requires TLR2 and may be due to the same mechanism described in this
study.’®? Moreover, in heathy mice and in mice subjected to the DSS-AOM and MSH2
models, LGG increased the CD8 T-cell response by about two-fold with no detectable
negative pathological damage to the normal colonic epithelium. Importantly, this effect
was preserved when heat-killed LGG was administered indicating that the metabolic
activity of LGG was not required for this response. In addition, in vitro studies where

BMDCs were exposed to pure cultures of LGG detected TLR2-dependent activation of
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DCs. These data point to the conclusion that TLR2’s sentinel action allows DCs to
sense a heat-resistant LGG microbe-associated molecular pattern (MAMP), and that
this is the most likely stimulatory mechanism of DCs in our studies. Therefore, we
speculate that under healthy conditions, LGG-activated DCs will likely sample LGG-
derived proteins and products. As well as other bacterial proteins and products
generated by the extant microbiome and the healthy colonic epithelium. Notably,
despite the ensuing increase of CD8 T-cells that we detected, no pathological tissue
damage was observed, possibly due to the inhibitory mechanisms against normal host
factors. Indeed, we did detect a non-significant increase in IL-10 by antibody array
which may aid in preventing immunopathological damage in healthy mice. Alternatively,
when tumors are present, LGG-activated DCs will also sample mutated host proteins,
and the responding CD8 T-cells will initiate an anti-tumor response. In this situation, we
do not discount the possibility that LGG and the extant microbiome may synergize and
augment T-cell activation and the anti-tumor response. Nevertheless, we show that
LGG induced a potent anti-tumorigenic response, without any negative effects during
the DSS-AOM model and during homeostatic conditions. We propose that these data
serve as pre-clinical evidence for the rational use of LGG in relevant clinical situations.
The data reported here contrasts with some published reports on immune
response to lactobacilli, but importantly are consistent with several published data
investigating the immunomodulatory activity of LGG.'"-234" Previous reports on the anti-
inflammatory influences of LGG showed that LGG expanded regulatory T-cell
populations in the gut and in the bone marrow.® In that report, it was shown that LGG-

induced anti-inflammatory mechanisms via the generation of the short-chain fatty acid,
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butyrate. Interestingly, it was reported that LGG itself does not produce butyrate, but
provides a substrate (lactic acid) to other members of the microbiome such as Clostridia
sp. that convert lactate to butyrate.® Of note, in the current study, we administered LGG
daily but did not detect any changes in the levels of IL-10 or number of regulatory T-
cells in our models. However, direct contact of LGG with immune cells in vitro induce
pro-inflammatory responses, which illustrate that LGG can evoke pro-inflammatory
responses in certain contexts. In our hands, observations of LGG’s immunomodulation
consistently showed a pro-inflammatory context under both homeostatic conditions and
colonic cancer but these effects might change depending on the disease context.
Additionally, many reports illustrating that lactobacilli and LGG are protective in settings
of chronic inflammation show that this protection is mediated through effects on the
colonic epithelium.%:147.153 Therefore, LGG'’s effects on the epithelium must be
considered as well to fully understand all dynamics at play.

Since contrasting commensal microbial communities exist within anti—PD-1
responding patients and nonresponding patients, and because responding patients
have a more robust microbiome-induced CD8 T-cell response’?, it is practical to
speculate about the extent to which further supplementation with LGG or any other CD8
T-cell inducing bacteria may enhance immunotherapy efficacy and breath. Due to
heterogeneity in microbiome community structures across cultural and ethnic
populations, employing 16S rDNA-based methodology to identify a human microbiome
community structure that induces an elevated basal CD8 T-cell response in all
individuals may be challenging. This would be further confounded, if, as was previously

reported, a consortium of bacteria is necessary to expand CD8 T-cell numbers in the
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intestine.”® Until keystone bacterial species that expand CD8 T-cell numbers in the
intestine are identified and are faithfully detectable, the lack of clearly defined
microbiome that enhances CD8 T-cell responses will continue to be a barrier to
progress in this field. Nevertheless, as dietary supplementation with LGG is relatively
cheap and easy to administer, the question may be asked if it would be recommended
that all patients undergoing immunotherapy for colonic cancer should be supplemented
with LGG or a similar CD8 T-cell enhancing bacterium or consortium of bacteria.
Indeed, a report showed that Lactobacillus acidophilus lysates can synergize with anti-
CTLA4 immunotherapy in mice if administered immediately after colitis.”* This could be
considered for non-responding immunotherapy patients, especially as there appears to
be little to no negative effects of LGG supplementation in our mouse models of
tumorigenesis as well as no evidence of increased bacteremia by lactobacilli over the
last few decades despite the increasingly widespread use of probiotic supplements that

include lactobacilli.'®®
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2.5: Conclusion

Together, we show data to support the use of bacteria-based modalities to treat
CRC. This approach of using probiotics was previously reported to limit tumor burden
only when the beneficial bacteria was administered prophylactically.'01.122.149-151 /g
show data that therapeutic administration of LGG limits tumor burden, thereby offering a
potential interventional therapy for CRC in conjunction with other modalities. Before the
use of beneficial commensal bacteria in clinical trials, it is necessary to fully understand
the host mechanisms at play. Our identification of the mechanism of how LGG elicits its
efficacious effects on CRC adds to the growing body of scientific evidence for utilization
of probiotics in cancer treatment and may directly inform decisions related to dosing and

timing for the use of LGG in CRC clinical trials.
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Microbial metabolite delta-valerobetaine

Is a diet-dependent obesogen

Ken H. Liu't, Joshua A. Owens?t, Bejan Saeedi®', , Catherine E. Cioffi2, Moriah
P. Bellissimo®, Crystal Naudin?, Trevor Darby?, Samuel Druzak®*, Kristal Maner-Smith#,
Michael Orr', Xin Hu', Jolyn Fernandes', Mary Catherine Camacho?, Sarah Hunter-
Chang?, David van Insberghe?, Chunyu Ma', Thota Ganesh®, Samantha Yeligar'-’,
Karan Uppal’, Young-Mi Go', Jessica A. Alvarez®, Miriam B. Vos?, Thomas R. Ziegler®,
Michael H. Woodworth8, Colleen S. Kraft®8, Rheinallt M. Jones?, Eric Ortlund*, Andrew

S. Neish3T, Dean P. Jones't

" Division of Pulmonary, Allergy, Critical Care and Sleep Medicine, Department of Medicine, Emory
University School of Medicine, Atlanta GA. ? Department of Pediatrics, Emory University School of
Medicine, Atlanta GA. 3 Department of Pathology and Laboratory Medicine, Emory University School of
Medicine, Atlanta GA. 4 Department of Biochemistry, Emory University School of Medicine, Atlanta GA.
5 Division of Endocrinology, Metabolism, and Lipids, Department of Medicine, Emory University School
of Medicine, Atlanta GA.

6 Department of Pharmacology and Chemical Biology, Emory University School of Medicine, Atlanta GA.
"Atlanta Veterans Affairs Health Care System, Decatur GA. & Division of Infectious Disease,

Department of Medicine, Emory University School of Medicine, Atlanta GA

TThese authors contributed equally to this work

Synopsis: This chapter is under secondary revision at the journal of Nature
Metabolism. This chapter establishes a causative mechanism as to how a metabolite of
the microbiome, delta-valerobetaine, can inhibit fatty-acid oxidation resulting in
increased adiposity in murine models of obesity and correlates with obesity in humans.

Microbial metabolite delta-valerobetaine is a diet-dependent obesogen.
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Summary

Obesity and obesity-related metabolic disorders are linked to the intestinal
microbiome. Here, we show the microbiome-derived metabolite, &-valerobetaine (VB) is
a diet-dependent obesogen that is increased with phenotypic obesity and is correlated
with visceral adipose tissue mass in humans. VB is absent in germ-free mice and their
mitochondria but present in conventionalized mice and mitochondria. Mechanistic
studies in vivo and in vitro show VB is produced by diverse bacterial species and
suppresses mitochondrial fatty acid oxidation through decreasing cellular carnitine and
mitochondrial long-chain acyl-CoAs. VB administration to germ-free and conventional
mice increases visceral fat mass and exacerbates hepatic steatosis with Western diet
but not control diet. Thus, VB provides a molecular target to understand and potentially

manage microbiome-host symbiosis/dysbiosis in diet-dependent obesity.
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3.1: Introduction

The ongoing world-wide epidemic of obesity and its comorbidities is a major
health challenge.'%15” While there are multiple contributing factors, emerging evidence
links the epidemic to unfavorable changes in the composition and activity of the
intestinal microbiota.'*8-16" Given the complexity of an individual’s interacting genetic
background, microbiome, and diet, application of new technologies to study these
interactions may be key to personalized obesity management.'6?

Metabolomic profiling complements metagenomic methods by enabling detection
and measurement of tens of thousands of small molecule components/products of both
the microbiome and diet. In principle, this can be used for monitoring of intestinal
microbiota functions in digestion of dietary macromolecules and synthesis of diverse
metabolites that may impact human metabolism.'®31%4 For example, epidemiological
and experimental evidence shows microbial products such as lipopolysaccharide,
phenylacetic acid, and methylamines contribute to development of insulin resistance,
hepatic steatosis, and cardiovascular disease.'®>-%° Intriguingly, untargeted
metabolomic analyses of germ-free (GF) and conventional (C) mice with a reconstituted
or intact microbiome further reveal approximately 10% of the circulating mammalian
metabolome is of microbial origin; the majority of these metabolites are unidentified and
without defined functions.''® 170 Therefore, identification and characterization of these
microbially-derived metabolites may provide insight into how the microbiome regulates
host metabolism and bioenergetics.

Among the known functions of microbiome-derived metabolites, quorum sensing

compounds such as N-acyl lactones support communication within and between
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prokaryotic members of the microbiota.’”" Interestingly, recent evidence for bi-
directional communication between the microbiome and host mitochondria in metabolic
health and disease raises the possibility that specific chemical signals also mediate a
functional cross-talk between the microbiome and host mitochondria.’”? Bi-directional
communication is supported by reports of microbial metabolite effects on host
mitochondrial function and metabolism, and mitochondrial genetic effects on the
composition of the microbiome.?>173.174 |f the obesity epidemic is a consequence of
changes to an evolved microbiome-host symbiosis affecting energy metabolism, then
knowledge of the underlying chemical communication mechanisms may be key to

remediation.
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3.2: Methods
Animals

Germ-free (GF) male and female Swiss-Webster mice (Taconic Biosciences)
were raised in germ-free isolators and fed sterilized mouse chow (Envigo 2019S Teklad
Global 19% Protein Extruded Rodent Diet) and sterilized water ad libitum at the Emory
University Gnotobiotic Animal Research Facility. Conventionalized (CV) mice were
transferred to bedding from conventional Swiss-Webster (S) mice at three weeks of age
and maintained for 3 weeks while paired GF mice were maintained in germ-free
isolators. After three weeks, luminal contents from the cecum and colon, portal vein
serum, and intact livers were collected for mitochondrial isolation, RNA-sequencing and
metabolomics. Data for GF and conventional C57BL6J (jax.org/strain/000664) mice
(Jackson laboratories, identical housing as Swiss-Webster) are provided as indicated.
RNA-Sequencing

Analyses were conducted at the Yerkes NHP Genomics Core. RNA was
collected and extracted from PAXgene tubes using on-column DNase digestion and
assessed for integrity and quantity using an Agilent Bioanalyzer (Agilent Technologies)
and a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Libraries were
prepared using the lllumina TruSeq mRNA stranded kit. Briefly, 500—1,000 ng of globin-
depleted RNA was used for library preparation. ERCC synthetic spike-in controls 1 or 2
(Ambion) were added to each total RNA sample and processed in parallel. Amplified
libraries were validated using the Agilent 4200 TapeStation and quantified using a Qubit
fluorometer. Libraries were normalized and pooled, followed by clustering on a HiSeq

3000/4000 flowcell using the lllumina cBot. The clustered flowcell was then sequenced
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on the lllumina HiSeq 3000 system employing a single-end 101-cycle run, with
multiplexing to achieve approximately 20 million reads per sample. Gene IDs were
annotated for 41,128 gene IDs (ENSEMBLID) and mapped to 23,568 genes (mus
musculus) in DAVID. Transcript abundance was estimated using htseq-count v0.6.1p1
and differential expression analyses were performed using DESeq2, with FDR
adjustment using Benjamini-Hochberg. A combination of bioinformatics tools was used
for data analysis including the molecular signature database (MSigDB —
http://software.broadinstitute.org/gsea/msigdb/index.jsp) and Ingenuity Pathway
Analysis. Data are publicly available at the Gene Expression Omnibus: GSE145012.
High-resolution metabolomics (HRM)

Cytosolic and mitochondrial fractions from GF (n = 6)/CV (n = 6) liver were
prepared by differential centrifugation.'”® Serum and fractionated cytosol and
mitochondria were mixed with 2x volume of ice-cold acetonitrile-internal standard
solution. Liver and luminal contents were weighed and mixed with 10x volume of ice-
cold 20% water/80% acetonitrile-internal standard solution. Tissue samples were
homogenized using a pellet pestle prior to the next step. Samples were vortexed, and
placed on ice for 30 minutes prior to centrifugation at 14,000g for 10 minutes at 4°C to
precipitate proteins. Supernatants were transferred to autosampler vials and stored at -
70°C prior to instrumental analysis.

Untargeted high-resolution mass spectrometric profiling was performed using a
Dionex Ultimate 3000 UHPLC system coupled to a Thermo Scientific Velos LTQ-
Orbitrap (metabolite identification studies), Thermo Scientific High-Field Q-Exactive

(HFQE) (liver, liver mitochondria, liver cytosol, portal vein) or Thermo Scientific Fusion
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(cecum, colon, ex vivo incubations, isotope tracer).’”® On the Fusion and HFQE, an LC
column switching method using a reversed phase C18 column (Higgins Targa C18 2.1
mm x 50 mm, 3 yM particle size) and a HILIC column (Waters XBridge BEH Amide XP
HILIC column 2.1 mm x 50 mm, 2.6 uM particle size) were used for the analytical
separation of extracts prior to high-resolution mass spectrometry analysis with
HILIC/ESI+ and C18/ESI- at 120k resolution while of ions between 85-1,275 m/z. A
similar LC column switching method 10 minute and 20-minute reversed phase C18 and
HILIC separation methods with 10 cm columns with ESI+ was used on the Velos-
Orbitrap for confirmation. Raw files are available on Metabolomics Workbench (doi etc).
Data processing, statistics, and feature selection

Peak detection, noise removal, alignment, and quantification was performed
using apLCMS, with downstream quality control performed by xMSanalyzer."”7-17°
Each metabolic feature was characterized by its m/z ratio, retention time, and peak
intensity. Statistical analysis was performed using R-packages limma for differential
expression analysis and diffexp for linear regression implemented in /Im() function in R
3.4.0.18% Benjamini-Hochberg FDR-corrections were applied for limma and Imreg
analyses. For pathway enrichment analysis, differentially expressed metabolites with a
raw p-value of less than 0.05 were used with mummichog software.'®’ Pathway
enrichment significance in mummichog 2.0 was based permutation testing with a p <
0.05. Metabolite names in mummichog were converted to KEGG IDs using
http://csbg.cnb.csic.es/mbrole/conversion.jsp. Spearman correlations and heatmaps
were performed and prepared using Metaboanalyst 4.0.

Metabolite Identification and Quantification
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Detected metabolites were referenced against an in-house reference library
established with authentic chemical standards and matched within 5 ppm of the
confirmed mass and within 10s of the confirmed retention time.'®? Features of interest
were visually inspected to ensure chromatographic and spectral peak quality. When no
standard was available, MS isotopic ratios and MS/MS spectra were referenced against
online spectral libraries or in silico ion dissociation spectra. Tandem MS? spectra were
collected for target features on either Thermo Scientific Velos-Orbitrap, High-Field Q-
Exactive, or Fusion mass spectrometers using collisional induced dissociation (CID) or
high-energy collisional induced dissociation (HCD). MS2 spectra were matched to
experimental online mass spectral databases mzCloud and METLIN or in silico
predicted fragmentation patterns from metfrag to identify candidate structures.
Standards were purchased when commercially available or synthesized as described
below.'83.184 Reference standardization was used for quantification of identified
metabolites.

Synthesis of 5-valerobetaine and valine betaine

5-Valerobetaine (VB) was synthesized as described previously.'® Briefly, 5-
bromovaleric acid (Sigma-Aldrich) and 1 molar equivalent trimethylamine (20% in EtOH)
were stirred for 24h under vacuum at room temperature. The precipitate containing
trimethylamine HBr salt was removed by filtration and the filtrate was evaporated under
vacuum and recrystallized with cold isopropanol and acetonitrile. MS: 160.1332 m/z
ESI+ (MS2: 101.0597, 60.0809). 'H NMR (Extended data 3) (400 MHz, D20) 5 3.15
(multiplet, 2H), 5 2.91 (singlet, 9H), 6 2.27 (triplet, 2H), & 1.64 (quintuplet, 2H), & 1.46

(quintuplet, 2H). Elemental analysis (as VB-HBr salt) was C 37%, H 8%, N 5%, Br 31%.
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Valine betaine was synthesized as previously described.'® L-Valine and methyl iodide
were stirred for 48h in anhydrous methanol in the presence of excess potassium
bicarbonate. The precipitate was dried and washed with ice-cold methanol. MS:
160.1332 m/z ESI+ (MS2: 60.0809).
Ex-vivo fermentation

Cecal contents from conventional or GF mice were collected and immediately
placed in either De Man, Rogosa, and Sharpe media (MRS broth — Oxoid, CM0359) or
degassed Tryptic Soy Broth (Millipore 22092) in oxygen evacuated headspace vials.
Samples were incubated at 37°C were collected in triplicate over a 24-h time period and
prepared for metabolomics analysis as above.
Ex-vivo microbial metabolism assays

Bacteria were purchased from ATCC and/or isolated in our laboratory and were
cultured in specified liquid media. Samples were collected at baseline and again at 18
hours after incubation at 37°C. Lactococcus lactis Subsp. cremoris (LC, ATCC 19257),
Lactobacillus rhamnosus GG (LGG, ATCC 53103), Lactobacillus paracasei (HA274),
and Lactobacillus rhamnosus (HA-114, HA-111, R0011) were grown in MRS broth
(Oxoid, CM0359). Bacillus cereus, Listeria monocytogenes (LM), and Streptococcus
salivarius (ATCC13419) were grown in brain heart infusion (BHI) media. E. coli (K12)
and Salmonella typhimurium (SL1344) were grown in Luria Broth (LB). Bifidobacterium
longum (BL, ATCC15707) was grown anaerobically using Oxyrase for Broth (Sigma,
SAEO0013) in reinforced clostridial media.

VB dose response experiments in HepG2 cells: metabolomics analysis
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HepG2 cells (ATCC) were used between passages 8-15 and grown in EMEM
(ATCC) supplemented with 10% FBS and 0.5% Penicillin/Streptomycin (P/S). Cells
were grown to 90% confluence in 3.5 cm cell culture dishes and treated with
experimental compounds (VB, meldonium, propionylcholine, carnitine) in EMEM
supplemented with 0.5% FBS and 0.5% penicillin/streptomycin. Cells were washed with
ice cold Hank’s Buffered Salt Solution (HBSS) and harvested by scraping on ice using
200 pL of ice-cold 20:80 water:acetonitrile containing 9 stable isotope internal standards
and centrifuged at 14,0009 for 10 minutes at 4°C. Supernatants were transferred to
autosampler vials and maintained at 4°C until instrumental analysis.

VB dose response experiments in HepG2 cells: Stable Isotope Palmitate Tracer Assay
13C16-palmitic acid (Sigma-Aldrich 605573) was dissolved in 150 mM NaCl after
heating to 70°C and slowly mixed with prewarmed (37°C) FFA-free BSA (Sigma-Aldrich
A4602) solution in 150 mM NaCl with stirring to produce a 1 mM palmitate to 0.17 mM
BSA ratio. HepG2 cells were grown in 12-well cell culture plates to 80% confluence.
Cell media was replaced with EMEM containing 0.5% FBS for 12 h £ VB prior to
treatment with labeled palmitic acid. Cells were washed twice with pre-warmed HBSS
and media was replaced with EMEM containing 0.5% FBS, 200 uM labeled palmitate,
and either vehicle, 50 uM VB, 40 uM etomoxir, or 50 uM carnitine. At each time point,
cells were washed once with ice cold HBSS and harvested by scraping on ice using 200
ML of ice-cold 20:80 water:acetonitrile containing 9 stable isotope internal standards and
centrifuged at 14,0009 for 10 min at 4°C. Supernatants were transferred to autosampler

vials and maintained at 4°C until analysis. Data were analyzed using xCalibur
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QuanBrowser for carnitine and labeled palmitate, palmitoyl-CoA, palmitoylcarnitine,
acetyl-CoA, and acetylcarnitine.
VB dose response experiments in HepG2 cells: Mitochondrial Respiration Assays

Oxygen consumption (OCR) was measured in the human hepatoma HepG2 cell
line using a Seahorse XFe96 analyzer (Agilent Technologies). For assessments of
respiration linked to oxidation of glucose and glutamine, cells were cultured on 96-well
cell culture microplates and treated overnight with 0, 1, 3, 10, 30, 100 uM VB in DMEM
with 0.5% FBS. Cells were then washed 1x with 100 uM pH 7.4 Seahorse XF DMEM
(Agilent Technologies) in 0.5% FBS and media was replaced with XF DMEM
supplemented with fuel substrates and VB or vehicle. The media was supplemented
with 10 mM glucose, 2 mM GlutaMAX, and 1 mM pyruvate + VB.

For assessments of fatty acid oxidation, cells were serum-starved overnight with
or without VB. After washing, media was replaced with Krebs Heinseleit Buffer (KHB)
containing 200 uM BSA-conjugated palmitate (Agilent Technologies) in the absence of
supplemental glucose, GlutaMAX, pyruvate, or carnitine. KHB was prepared from pH
7.4 sterile filtered water containing 111 mM NacCl, 4.7 mM KCI, 2 mM MgSOQs, and 1.2
mM NaH2PO4. VB (0, 10, 50 uM final concentration) or etomoxir (40 uM final
concentration) were added to the assay medium prior to assessments of oxygen
consumption (OCR) and extracellular acidification rate (ECAR).

To evaluate mitochondrial function, a MitoStress test kit (Agilent Technologies)
was used with respiration assays. Three consecutive respiration measurements were
acquired every 10 minutes for every experimental condition prior to and after injections

of Oligomycin (1.5 uM final concentration), FCCP (1 uM final concentration), and
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Rotenone/Antimycin A (0.5 uM final concentration). Basal respiration (OCR prior to
injection of mitochondrial inhibitors), ATP production (difference in OCR after addition of
oligomycin), maximal respiration (OCR after addition of FCCP) and spare capacity
(difference in OCR between basal and maximal respiration) were calculated using the
Seahorse XF Cell Mito Stress Test Report Generator
(https://www.agilent.com/en/products/cell-analysis/cell-analysis-software/data-
analysis/seahorse-xf-cell-mito-stress-test-report-generators).
Animal VB model

Animal experiments were performed under approved Emory University IACUC
animal protocols. For experiments with fed mice, conventional C57BL6J mice (Jackson
laboratories) were injected IP with 100 L saline vehicle, 100 yL 10 mM VB (10 mg/kg),
or 100 yL 100 mM VB (100 mg/kg) once a day for one week. For experiments in fasted
conventional mice, animals were treated with the same doses for three days and then
fasted for 12 hours prior to sample collection. For the 8-week study in conventional
mice (C57BL6J), 8-week old mice were given a Western Diet (Research diets D12079b)
or standard chow ad libitum and injected IP daily with 50 mg/kg VB or PBS vehicle. For
the 6-week study in GF mice (C57BL6J), animals were maintained in the Emory
Gnotobiotic Animal Core (EGAC) within Emory’s Health Science Research Building
Vivarium. At 6 weeks old, GF mice were transferred into hermetically sealed IsoCage
bioexclusion systems (Techniplast) and given a Western Diet (Research diets D12079b)
or standard show (Labdiet Rodent 5001) ad libitum and injected IP with 25 mg/kg VB or
PBS vehicle. The diets were doubly irradiated and vacuum sealed to prevent

contamination. None of the diets used for conventional or GF mouse experiments
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contained VB. Information on the diet composition is provided in supplemental
information. All manipulation of mice were performed under BSL-2 conditions in a
sterile laminar flow hood. Mice were periodically monitored by microbial fecal testing to
ensure GF status. At the end of each treatment period liver, heart, brain, adipose, cecal
and colonic contents and serum were collected for characterization. Fasting plasma
insulin, resistin, glucagon, IL-6, TNF-alpha, and MCP-1 was measured via Milliplex
Mouse metabolic hormone panel (Millipore, Burlington, MA) on the Luminex 200
instrument (Millipore).

Histology (Oil Red O, Hematoxylin and Eosin) analysis

Oil red O staining for neutral lipids was performed on 8-10-micron mouse liver
sections prepared using a Cryostat. Images were taken on a Nikon Eclipse 50i at 20x
magnification and red density was quantified in ImagedJ software.

Liver samples were removed upon sacrifice and fixed in 10% formalin overnight
followed by transfer to 70% ethanol with subsequent processing and embedding into
paraffin. 5-micron sections were cut and underwent H&E staining as performed by the
Emory University Cancer Tissue and Pathology core. Stained slides with a minimum of
3 sections were examined in a blinded fashion by a board-certified pathologist for
hepatic steatosis. Scoring was as follows: 0 = 0-5% steatosis, 1 = 5-33% steatosis, 2 =
33-66% steatosis, 3 = >66% steatosis. Average scores were taken from multiple
sections per sample.

Triglyceride quantification
Triglycerides were quantified in tissues using a triglyceride assay kit (Abcam

65336). 50 mg of liver tissue was homogenized in 1 mL of assay buffer and diluted
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100x prior to addition of lipase. After 20 minutes, the triglyceride probe was added.
After incubation for 30 minutes, the plate was read fluorometrically (535/587 nm) and
quantified using the provided standard calibration curve.

Lipidomics analysis

Chemical reagents and HPLC grade organic solvents (methanol, chloroform,
acetonitrile, isopropanol, butylated hydroxytoluene, ammonium formate, and formic
acid) were purchased from Sigma Aldrich (St. Louis, MO, USA). A mixture of
deuterated synthetic lipid standards, SplashMix (Avanti Polar Lipids, Alabaster, AL,
USA) was used as an internal calibrant.

Lipids were extracted according to a modified Bligh and Dyer lipid extraction
protocol. Briefly, 50 yL plasma or 100 mg tissue sample was homogenized in 1 mL
methanol:chloroform (2:1). 10 ul of each sample was reserved and used to create a
tissue specific pooled quality control (QC) sample. To the remaining homogenate, 10
pL internal standard was added. Samples were vortexed for 30 minutes and
subsequently centrifuged for 10 minutes at 4000 rpm to pellet any precipitated protein.
The supernatant was collected and phases were separated by the addition of 500 uL
100 mM sodium chloride solution. Addition of sodium chloride in lieu of water was used
to aid the complete partition of amphiphilic lipids to the organic phase. The organic
phase was retained, dried under nitrogen gas, and the weight of recovered lipids was
recorded. The extracted lipids were reconstituted in 500 yL methanol:chloroform (1:1)
prior to injection into the mass spectrometer. Blank samples were prepared by diluting
SplashMix 1:100 (Avanti Polar Lipids Inc. Alabaster, AL, USA) in 1:1 viv

methanol:.chloroform. QC samples were prepared in the same manner as samples.
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Ten microliters of reconstituted lipid extract was injected into a Thermo ID-X
(Waltham, MA, USA) equipped with a Vanquish Duo UHPLC System (Thermo;
Waltham, MA) for LC/MS analysis. Chromatographic separation of lipids was achieved
using a Thermo Accucore C18 (100 x 4.6mm; 2.6 uym) using a 10 minute linear gradient
of the following binary solvent system: Solvent A water: acetonitrile (40:60 v/v; mobile
phase A) and Solvent B isopropanol: acetonitrile (90:10 v/v; mobile phase B) containing
10 mM ammonium formate and 0.1% formic acid. Data dependent MS/MS (DDA) were
performed in both positive and negative ionization modes for monitoring diagnostic ions
for identification. Full MS scans were collected at 120,000 resolution while MS/MS data
was collected using 30,000 resolution.

Lipidomics data were processed using proprietary software LipidSearch (Tokyo,
Japan), permitting the alignment and identification of lipid species from the DDA,
MS/MS fragment data. First, full scan MS data was searched for monoisotopic
precursor ions. Second, MS/MS fragment ion data was then scanned against a
database for identification of lipids. Finally, MS/MS quality filters were used to provide
headgroup specificity and fatty acyl chain information to identify specific lipid classes
and species.

VB dose response experiments in HepG2 cells: Luciferase Reporter

To test the effect of VB on PPAR-alpha driven gene regulation, we performed
luciferase reporter assays. HepG2 cells, grown in DMEM containing 10 % stripped-
FBS, were passed into 96- well clear bottom TC-treated microplates. Cells were
transfected at ~60 % confluence per manufacturer instruction. Briefly, 1 ng well™" of

pSG5 vector containing full-length human PPARa receptor, 100 ng well-1 PPAR-
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response element-driven firefly luciferase reporter (PPAR-response element X3-TK-luc),
and 50 ng well™! constitutive Renilla luciferase reporter (phRLtk) were mixed with
Optimem and Fugene. Twenty-four hours following transfection, media was changed to
DMEM containing 0.5 % FBS in the absence of glutamine, glucose or pyruvate. Cells
were treated with either VB or PPARa agonist WY 14643. One day post-treatment,
firefly and Renilla luciferase activity was detected using the Dual-Glo Luciferase Assay
system (Promega) and read on a BioTek Synergy 4. Data were plotted as
bioluminescence generated from firefly luciferase divided by bioluminescence
generated from Renilla luciferase, normalized to vehicle treatment for each well, and
plotted using GraphPad Prism (v8).
Emory Pediatric Liver Biopsy Data Repository

The Emory Pediatric Liver Biopsy Data Biorepository is an ongoing cross-
sectional cohort study of children who provided data and biospecimens prior to
undergoing a clinically-indicated liver biopsy for suspected liver disease or monitoring of
a liver disease, as previously described.'®” Exclusion criteria were fever with in the past
two weeks, renal disease or insufficiency, or pregnancy. The analytical sample was a
sub-group of 74 participants ages 7-19 years old who were enrolled between 2007 to
2015, had a clinical diagnosis of NAFLD after exclusion of other liver diseases. A
physical examination and fasting blood collection were performed prior to liver biopsy.
Liver biopsies were reviewed by pathologists in a blinded manner, and were scored
based on grade of steatosis (<5% = 0, 5-33% = 1, 34-66% = 2, >66% = 3), steatosis
location (Zone 1, Zone 3, azonal, panacinar), lobular inflammation (0 = No foci, 1 =<2

foci per 200 x field, 2 = 2-4 foci per 200 x field, 3 = > 4 foci per 200 x field), portal
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inflammation (0 = none, 1 = mild, 2 = more than mild), hepatocyte ballooning (0 = none,
1 = few, 2 = many), and fibrosis stage (0 = none, 1 = periportal or perisinusoidal, 2 =
perisinusoidal and portal/periportal, 3 = bridging fibrosis, 4 = cirrhosis). All study
protocols were approved by the Emory University and Children’s Healthcare of Atlanta
Institutional Review Boards and written informed consent and assent were obtained.

Multiple linear regression adjusted for age (years), sex, and race/ethnicity were
used to examine associations of steatosis grade, based on liver biopsy scores, with
plasma VB levels. This was done with steatosis grade as a continuous variable (1, 2, or
3) to assess the dose response, and as a categorical variable to compare VB levels in
those with moderate and severe steatosis compared to mild steatosis. VB was log-
transformed for analysis. Regression analysis was conducted in R Statistical Software
(v3.5.3).
Center for Health Discovery and Well-Being (CHDWB) Cohort

This cohort includes adults who were primarily employed by Emory University or
Emory Healthcare systems at the time of enroliment. Individuals employed for greater
than two years were invited to join the study from an alphabetized list and underwent
extensive phenotyping as previously described.'8 General exclusion criteria were
presence of a poorly controlled chronic disease, an acute illness within 12 weeks of
study visit, currently pregnant or breastfeeding, or a history of malignancy within the
previous five years.’™ Two subsets of the cohort (n = 179 and 214) with high-resolution
metabolomics data were included in this study.'®® Body composition and visceral
adipose tissue (VAT) were determined using a Lunar iDXA densitometer and

CoreScan™ software (GE Healthcare, Madison, WI, USA), which automatically
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quantifies VAT and has been validated against computed tomography *. Peripheral
blood samples were drawn by trained nurses and fasting insulin and glucose levels
were measured commercially (Quest Diagnostics, Valencia, CA). The homeostatic
model assessment of insulin resistance (HOMA-IR) was calculated as fasting insulin
(uIU/mL) x fasting glucose (mg/dL) divided by 405.1%1

Multiple linear regression analyses, adjusting for age, race, and sex, were used
to test for associations between VB with VAT and HOMA-IR. VAT and HOMA-IR were
log-transformed for analyses. Analyses were conducted in JMP Pro (version 14, SAS
Inc, Cary, NC).
PREMIX Fecal Microbiota Transplantation Clinical Trial Cohort

All participants enrolled in PREMIX (ClinicalTrials.gov identifier: NCT02922816)
had at least one clinical infection with a target multi-drug resistant organism (MDRO) as
well as demonstration of persistent post-infection colonization by MDRO positive stool
culture on differential and selective media. To minimize potential variability in donor-
specific effects, all FMT doses were sourced from a single stool donor, who was well
known to the investigators. The donor was thoroughly screened with questionnaires,
blood, urine, and stool testing for behavioral risk factors and potentially transmissible
pathogens including MDROs and E. coli pathotypes. Study visits were conducted in 36-
day cycles with visits on Days 1, 15, and 36, with additional stool sample collection on
Day 2. Participants were randomized 1:1 to an observation cycle (Cycle 0) with
administration of polyethylene glycol prep alone or an FMT cycle (Cycle 1) with prep
followed by FMT delivered as retention enema (Fig. 5a). Most participant characteristics

were balanced by randomization with exception of sex. Participants with growth of any
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MDRO in stool culture at Day 36 of Cycle 0 or Cycle 1 proceeded to Cycle 1 or Cycle 2
respectively, with intent to allow all participants to be treated with up to two FMTs and
half of participants to serve as their own controls. Of the 16 participants enrolled, 11
completed at least one full visit cycle. Ten participants received at least one FMT and
were evaluable for response. Of these ten, eight individuals had samples available for
plasma metabolomics with samples collected at day 1, 15, and 36). Of these eight
individuals, 6/8 (75%) were female, 7/8 (88%) were white, 3/8 (38%) were Hispanic and
their median age was 62 years old (IQR 53-70).

Data availability

The data that support the findings of this study are available on request from the

corresponding authors.
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3.3: Results
6-Valerobetaine (VB) is a microbiome-derived mitochondrial metabolite

To identify microbial metabolites that could impact mitochondrial function, we
split a cohort of germ-free (GF) mice into two groups at three weeks of age. For the
next three weeks, one group remained GF while the other group was conventionalized
(CV) by exposure to bedding from conventional (C) mice (animals with an intact
microbiome). We compared the metabolome of liver and liver mitochondria from CV
mice compared to GF mice (Figure 3.1). The top discriminatory metabolite had an
accurate mass m/z of 160.1332 by ultra-high-resolution mass spectrometry (Figure
3.1a), corresponding to predicted elemental composition CsH1sNO2. This metabolite
was found in liver and other tissues, portal and peripheral circulation, and cecal
contents of conventional but consistently absent in germ-free mice (Figure 3.1b; Figure
3.2a). Authentic standard co-elution and MS/MS experiments show the identity of
160.1332 m/z to be &-valerobetaine (VB) (Figure 3.1¢c). Concurrent analyses of
propionylcholine and valine betaine, similar molecules with identical elemental
compositions, conclusively excluded these structures (Figure 3.3). VB was not present
in the mouse diet and was not detectable in other samples collected from GF mice
(Figure 3.2b). Concentrations of VB in conventional mice were in the millimolar range
in the cecum, with somewhat lower concentrations in the colon (Figure 3.1d).
Concentrations were 9-26 uM in the portal vein, with higher concentrations in the liver
(75-190 umol/kg wet weight) and lower concentrations in the peripheral plasma (2-10

uM) indicating tissue accumulation (Figure 3.1d).
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To determine whether intestinal microbes produce VB, we performed ex vivo
incubations of cecal contents from conventional and GF mice. LC-MS/MS analyses
show only conventional cecal contents produced VB whereas GF cecum contents did
not (Figure 3.1e). Incubations of candidate microbes from diverse taxa of gram positive
and gram negative pathogenic and commensal bacteria, including lactobacilli, E. coli,
Salmonella typhimurium (SL1344), anaerobic Bifidobacterium longum, and others
showed that VB is produced by monocultures of different and diverse microbes (Figure
3.1f). The presence of VB in different tissues and isolated mitochondria of mice with an
intact microbiome therefore reflects microbial production, followed by absorption and

distribution.
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Figure 3.1: &-Valerobetaine (VB) is a microbiome-derived mitochondrial
metabolite. a) Volcano-plots of ultra-high-resolution mass spectrometry of extracts
from germ-free (GF, blue, n = 6) and conventionalized (CV, red, n = 6) mouse liver and
liver mitochondria show a metabolite with accurate mass m/z 160.1332 is higher in CV
mouse liver and liver mitochondria. The accurate mass allows prediction of an
elemental composition CsH1sNO2. The horizontal broken line is at limma p-FDR = 0.05,
and the vertical broken line is at fold-change (FC) equal two. A list of differentially
expressed annotated features is provided in Supplementary Table 1. b) Targeted
analysis of m/z 160.1332 shows the presence of this metabolite in liver, portal vein, and
cecum of mice with intact microbiome (red extracted ion chromatograms) but not in
germ-free mice (blue extracted ion chromatograms). Other tissues are shown in
Supplemental Fig. 1. ¢) Experimental confirmation that the chemical structure of m/z
160.1332 is VB is provided by co-elution and fragmentation pattern of m/z 160.1332 for

experimental sample and synthesized standard. High-resolution tandem mass spectral
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analysis shows the characteristic fragmentation pattern of m/z 160.1332 includes the
trimethyl ammonium product ion, m/z 60.061. VB standard was synthesized and
structure confirmed by 'H-nuclear magnetic resonance spectroscopy. Other
metabolites with elemental composition identical to valerobetaine, i.e., valine betaine
and propionylcholine, are excluded by criteria for co-elution and fragmentation. d)
Concentration of valerobetaine is highest in cecum and colon, with concentrations in
portal vein, peripheral plasma and liver showing transport and tissue uptake. e) Proof
that VB is generated by the microbiome is obtained by mass spectrometry detection of
time-dependent increase in m/z 160.1332 in ex vivo incubation of cecum contents of
mice with intact microbiome. Cecum contents from germ-free mice did not generate
VB, and control incubation of mouse food showed no generation of VB. f) Multiple
species of commensal and pathogenic bacteria generate VB as shown by time
dependent increase in VB (m/z 160.1332) in monocultures. Species included
Lactococcus lactis Subsp. cremoris (LC, ATCC 19257), Lactobacillus rhamnosus GG
(LGG, ATCC 53103), Lactobacillus rhamnosus (HA-114, R0011), Bacillus cereus (BC),
E. coli (K12), Streptococcus salivarius (SS), Listeria monocytogenes (LM), Salmonella
typhimurium (SL1344), and Bifidobacterium longum (LM). At least 4 replicates of each
monoculture were generated for sample analysis. This experiment was designed to test
for generation of VB and used different culture conditions for different species;

consequently, the relative productions may not be representative of enteric generation.

90



Lung
N
N
S
N 0
o C
®Qe
o
s £
©
-
—
0.4 1.4
Min
2.5%107,
N~
D
wn
z =
£ hac
c © o
2 o ~
£ (<]
<
o
I ©
o.0pl— | .
50 100 150 2

m/z

160.1332 m/z

Brain
>
=
(2]
C
(0]
Q
=
e
04 1.4
Min
1.5%108,
N~
(]
[Ye)
2 =]
2 e
< © o
gl o ~
= Q
S
o
Ico
onl r- 1 r
50 100 150 2|

m/z

mC
H GF

Conventional
cecal contents

GF
cecal contents

Chow

Intensity 5e5 Intensity 8e6

Intensity 5e5

160.1332 m/z hed 30

160.1332

101.0596
160.0809
.I ] ! L .
50 100 150 200
m/z
160.1331
60.0808
50 100 150 200
m/z
160.1332
60.0811
50 100 150 200

m/z

Figure 3.2 Valerobetaine (VB) is present in the lung and brain of conventional

mice but not germ-free mice. Mass spectrometric analysis of VB in a) lung and brain

of conventional (C) and germ-free (GF) mice and b) lon dissociation spectra (MS/MS)

analysis of 160.1332 m/z in cecal contents and mouse diet. VB was not present in GF

cecal contents or chow diet.
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Figure 3.3: Confirmation of metabolite identity for 160.1332 m/z. Co-elution of
experimental samples with authentic standard shows 160.1332 m/z observed in
conventional and conventionalized mouse tissues and human plasma is d-valerobetaine
(VB). Propionylcholine (retention time 2 minutes) and valine betaine (retention time 4
minutes) standards did not co-elute with the observed peak that is present only in CV
animals (retention time 7-8 minutes in left panels and 16 minutes in right panels.).
Additionally, MS/MS analysis can differentiate propionylcholine (no 60.0809 m/z
fragment ion) and valine betaine (no 101.0600 m/z fragment ion) from VB. VB standard

(middle right) produced a peak that co-eluted with the experimental sample (top right)

and produced the identical MS/MS spectra as the experimental sample.
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VB decreases mitochondrial fatty acid oxidation and increases lipid accumulation
in host tissues

We performed dose-response experiments with VB in vitro (Figure 3.4a) and in
vivo (Figure 3.4e) to examine metabolic effects of VB. The mitochondrial carnitine
shuttle was the top metabolic pathway associated with VB in human HepG2 cells
(Figure 3.4a). At 10 uM, equivalent to VB present in conventional mouse portal
circulation, the cell content of carnitine was decreased to half that of control cells. The
carnitine shuttle employs carnitine for transport of long-chain fatty acyl chains into
mitochondria for fatty acid p-oxidation. Under culture conditions mimicking fasting (no
glucose/glutamine), VB elicited a dose-dependent decrease in palmitate-dependent
mitochondrial oxygen respiration (Figure 3.4d). The effect of VB on inhibition of
palmitate-dependent oxygen consumption rate was confirmed by stable isotope tracer
studies of palmitate metabolism, which showed that VB inhibits formation of '3C+e
palmitoylcarnitine from '3C+s palmitate and decreases the formation of 3C, acetyl-CoA
(Figure 3.4e). Rescue experiments showed that addition of carnitine restores cellular
carnitine and formation of palmitoylcarnitine (Figure 3.5a). Thus, VB inhibited
mitochondrial long-chain fatty acid metabolism through effects on carnitine and
operation of the carnitine shuttle. Control experiments for studies of palmitate-
dependent O2 consumption rate showed that when glucose, glutamine, and pyruvate
are present at high concentration in the culture media, VB caused little decrease in
basal O2 consumption rate, ADP-linked O2 consumption rate, spare capacity, or non-
mitochondrial respiration (Figure 3.5b). This shows the effect of VB on fatty acid -
oxidation for mitochondrial energy production is dependent on the availability of other

(glucose/glutamine) fuel substrates.
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To test whether VB treatment could inhibit mitochondrial FA oxidation in vivo, we
performed short-term VB treatment experiments in conventional mice. VB treatment
increased circulating and hepatic VB (Figure 3.6a and b). Similarly, as observed in
cells, the carnitine shuttle was the top metabolic pathway associated with VB treatment
in mice (Figure 3.6¢c and d). VB treatment decreased circulating (Figure 3.4b) and
hepatic (Figure 3.4c) carnitine (Figure 3.6e-g). Decreases in systemic carnitine were
accompanied by increased carnitine in the urine (Figure 3.6h). Furthermore, VB
treatment altered circulating and systemic acylcarnitine and acyl-CoA profiles (Figure
3.4f, Figure 3.6). In whole tissue, VB increased hepatic palmitoyl-CoA (Figure 3.4f)
and decreased other short, medium, and long-chain acylcarnitines and CoAs under
fasted conditions. In mitochondria, VB decreased the abundance of long-chain fatty
acyl-CoAs and carnitines (Figure 3.4g, Figure 3.69), consistent with accumulation of
long-chain acyl-CoAs accumulating in cytoplasm and decreased carnitine-dependent
transport of long-chain acyl groups into mitochondria for long-chain fatty acid 3-
oxidation. There was no difference in circulating or hepatic VB between the fasted or
fed state (Figure 3.6i). VB also decreased circulating and hepatic B-hydroxybutyrate, a
product of mitochondrial B-fatty acid oxidation (Figure 3.7). Additionally, liver
triglycerides, the storage form of excess lipids, increased after fasting in both male and
female mice (Figure 3.4h), and Oil Red O staining of liver showed VB treatment
increased macrosteatotic lipid deposits, especially under fasted conditions (Figure
3.4h). Finally, lipid profiling showed that VB treatment increases triacylglycerol and

diacylglycerol species in liver, heart, and brain (Figure 3.8). Taken together, these data
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show VB causes systemic carnitine insufficiency, resulting in a decrease in

mitochondrial long-chain fatty acid -oxidation and tissue fat accumulation.
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Figure 3.4: Valerobetaine (VB) decreases fatty acid oxidation and increases lipid
accumulation in host tissues. a) Experimental in vitro characterization of VB activity
in HepG2 cells. b) VB alters carnitine shuttle metabolism (p < 0.05, mummichog
pathway enrichment analysis) and decreases carnitine and acylcarnitines in cultured
cells treated with 12h with VB at indicated concentrations (n = 8 each concentration).
Spearman correlation analysis with Bejamini-Hochberg FDR corrections were used to
identify metabolites with a dose-response relationship with VB-treatment. c)
Mitochondrial palmitate-dependent O> consumption rate is inhibited by VB. HepG2 cells
were incubated for 12 h without glucose, glutamine and pyruvate and studied with either
vehicle or VB at 10 or 50 uM. Effect of VB is most pronounced in the spare capacity
measured after addition of the uncoupler FCCP. Data presented are 6-8 technical
replicates + standard error of the mean. d) VB decreases formation of labeled acetyl-

CoA from labeled palmitate in cultured cells (n = 3). e) Experimental in vivo
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characterization of VB activity in mice. Mice of each sex were given daily intraperitoneal
injection with saline (n = 5), VB at 10 mg/kg (n = 3), or VB at 100 mg/kg (n = 8) for 1
week. f, g) VB decreases circulating and hepatic carnitine in mice. Mice of each sex
were given daily intraperitoneal injection with saline (n = 5), VB at 10 mg/kg (n = 3) or
VB at 100 mg/kg (n = 8) for 1 week. Kruskal-Wallis test with Dunn’s multiple
comparisons test to identify pairwise differences s in GraphPad Prism 6.0. Serum male
(KW statistic — 9.021, p = 0.0029); female serum carnitine (KW statistic 10.98, p =
0.0004); male liver carnitine (KW statistic 11, p = 0.0003); female liver carnitine (KW
statistic 10.83, p = 0.0004). h) VB is correlated with increased hepatic palmitoyl-CoA
and palmitoylcarnitine in the fasted state. Spearman correlations for selected
metabolites in carnitine shuttle metabolism and VB for f and g. i) VB is correlated with
decreased mitochondrial long chain acylcarnitine and CoAs. j. k) VB exacerbates
hepatic steatosis in male and female mice under fasted conditions as measured by Oil
Red O staining (p < 0.05, 1-tailed t-test) and triglyceride analysis (p < 0.05, 1-tailed t-
test). Mice of each sex were given daily intraperitoneal injection with saline (n = 5) or

VB at 100 mg/kg (n = 5) for 3 days + fasting. Scale bar represents 100 um.
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Figure 3.5: VB inhibits mitochondrial fatty acid oxidation. a) Stable isotope tracer
study to examine the immediate effect of VB treatment on cellular mitochondrial fatty
acid oxidation. 12 hour pretreatment with VB (green) decreased the formation of
labeled acetyl-CoA (bottom right) by approximately 75% compared to vehicle (blue).
Addition of carnitine back to cells pretreated with VB for 12 hours (purple) restored the
carnitine-dependent formation of mitochondrial acetyl-CoA. Co-treatment of VB with the
addition of stable isotope-labeled palmitate (red) decreased the formation of labeled
acetyl-CoA by approximately 25% compared to vehicle. Data for VB, carnitine, and
other metabolites are shown to illustrate VB treatment does not affect uptake of labeled
13C16 palmitate (top middle), or the conjugation of labeled palmitate to CoA (bottom
middle). VB treatment decreased carnitine approximately 20% after one hour (bottom
left) and these changes drive decreased formation of labeled palmitoylcarnitine (top

right) and labeled acetyl-CoA (bottom right). Each data point represents the average of
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3 biological replicates * standard deviation. b) The effects of VB on mitochondrial
respiration is dependent on the availability of fuel substrates. In the presence of

glucose and glutamine, VB does not decrease basal respiration or spare respiratory

capacity.
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Figure 3.6: VB causes systemic alterations to carnitine metabolism in mice. a, b)
Increases in circulating and hepatic VB following VB treatment in conventional mice. c,
d) Metabolomics analysis shows VB alters carnitine shuttle metabolism in male and

female mice (p < 0.05, mummichog pathway enrichment analysis). e-g) VB elicits a
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systemic carnitine deficiency in fasted and fed mice and decreases circulating and
tissue carnitine and acylcarnitines. VB elicits differential effects on acylcarnitine and
acyl-CoA metabolism in different tissues depending on fasted or fed status. Correlation
heatmaps are based on Spearman’s correlation values. H) Time course of urinary
carnitine and VB following VB treatment (at time 0) in conventional mice. VB treatment
increases urinary carnitine at 2h and 6h. Urinary VB is stable at 0, 2, 6, 24h time points
in PBS-treated mice. i) Fasting does not change circulating and hepatic VB compared

to fed mice.
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Figure 3.7 Valerobetaine (VB) decreases circulating and hepatic beta-
hydroxbuyrate. a) Mass Spectrometry was performed on both serum and liver samples
for both male and female mice with either vehicle or VB at two different concentrations.
Statistical analysis was performed through Kruskal-Wallis analysis with Dunn’s multiple

comparisons tests.
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Figure 3.8: VB alters neutral lipid profiles liver, heart, and brain of male and
female mice. a) Samples of heart, liver, and brain from both male and female mice

were analyzed for neutral lipids by untargeted lipidomic profiling.
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VB treatment increased adiposity in GF and conventional mice on a Western Diet
VB effects in fasting are particularly intriguing as a mechanism causing obesity
because decreasing mitochondrial B-oxidation of lipids mobilized from adipose tissue
during fasting could cause a long-term increase in fat deposition. Therefore, we tested
whether long-term VB treatment could increase weight gain and adiposity in mice. We
tested this in both GF and conventional mice, with or without a high fat/sugar Western
diet (WD), since previous studies showed that GF-mice were protected from WD
induced obesity.’®? In GF-mice, VB was dosed parenterally to achieve concentrations
similar to VB concentrations observed in untreated conventional mice which also
resulted in carnitine concentrations equivalent to conventional mice (Fig 3.9a,b). Six
weeks of VB treatment increased weight gain in GF mice fed a WD (Fig. 3.10a),
characterized by increased adipose tissue fat mass (Fig. 3.10b-d), with substantial
increases in perigonadal visceral (VAT), posterior subcutaneous (SubQ), and
interscapular brown adipose (BAT) compartments compared to GF mice administered a
WD alone. Furthermore, VB treatment exacerbated the development of hepatic
steatosis in these mice (Fig. 3.10e, f). Similarly, we found that VB increased adipose
tissue fat mass (VAT, SubQ, BAT) in conventional mice after 8-weeks (Fig. 3.10h-j)
with the WD. The relative increases were most pronounced in white adipose
compartments (VAT, SubQ) where fat mass in VB-treated GF and conventional mice on
a WD was increased over 80% compared to WD alone. We also observed trends for
increase in severity of hepatic steatosis and total body mass in VB-treated conventional
mice with the WD, but these did not reach a significant difference after 8 weeks (Fig.

3.10g, k, 1). Although WD-fed mice gained more weight than control-fed mice, no
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differences in circulating VB were observed between WD or control diet-fed mice (Fig
3.9¢). These effects were not observed in GF or conventional mice fed the control diet,
and were not associated with increased inflammatory markers (IL-6, TNF-a, MCP-1)
changes to insulin signaling (insulin, glucagon, resistin) either with the WD or the
addition of VB to the WD in conventional mice (Fig 3.11). Thus, the long-term
consequences of VB inhibition of mitochondrial B-oxidation of fatty acids in conjunction
with a WD causes pronounced effects on increasing visceral adipose tissue mass in

both GF and conventional mice.
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Figure 3.9: a) Comparison of VB in GF mouse serum and liver after treatment with 25
mg/kg VB with conventional mice (control chow diet). Samples were analyzed after 6
week treatment with VB and normal conventional mice. b) Comparison of carnitine in
mouse serum and liver after treatment with 25 mg/kg in GF mice with conventional
mouse (control diet) data for comparison. Carnitine is decreased in conventional mice
compared to GF mice. VB treatment to GF mice led to serum and liver carnitine
concentrations equivalent to conventional mice. (Two-tailed unpaired student t-tests:
Serum GFCD vs. GFCD+VB p = 0.0001, GFCD vs. Conventional CD p < 0.0001,
GFCD+VB vs. Conventional CD p = 0.395; Liver GFCD vs. GFCD+VB p < 0.0001,
GFCD vs. Conventional CD p < 0.0001, GFCD+VB vs. Conventional CD p = 0.6559) c)
Comparison of circulating VB in conventional mice (male M, female F) between Western
diet (WD) and control chow (Two-tailed unpaired student t-tests: CD male vs. WD male

p = 0.4982; CD female vs. WD female p = 0.1653).
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Figure 3.10: Long-term valerobetaine (VB) treatment in GF and conventional mice
a) GF mice were administered PBS or VB in conjunction with a control diet (CD) or
western diet (WD) for 6 weeks with body weight recorded as percent weight gain. (2-
way repeat measures ANOVA with multiple comparisons per day, VB treatment with
WD F =17.19, p = 0.0032, AUC p-value = 0.0028; VB treatment with CD F = 0.4609, p
= 0.5164, AUC p-value = 0.5164) Weight of b) visceral adipose tissue (VAT), c¢)
Subcutaneous white adipose tissue (SubQ), d) brown-adipose tissue (BAT) in GF mice
after 6 weeks. e) Representative liver hematoxylin and eosin (H&E) stains for each GF
group under 40x magnification. Scale bar represents 50 um. f) Scoring of hepatic
steatosis from H&E from GF mice. g) Conventional mice were administered PBS or VB
in conjunction with a CD or WD for 8 weeks with body weight recorded as percent
weight gain. Weight of h) VAT, i) SubQ, j) BAT in conventional mice after 8 weeks. (2-

way repeat measures ANOVA with multiple comparisons per day, VB treatment with
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WD F =1.218, p = 0.3019, AUC p-value = 0.1462; VB treatment with CD F = 0.4609, p
= 0.5164, AUC p-value = 0.4917) k) Representative liver H&E stains for each
conventional group under 40x magnification. Scale bar represents 50 um. 1) Scoring of
hepatic steatosis from H&E from conventional mice. One-way student’s t-test (n =5, p

< 0.05) used for comparisons unless otherwise noted.
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Fig 3.11: Glucose Intolerance and Inflammatory markers in VB treated animals. a)
Plasma biomarkers of glucose tolerance/insulin resistance (insulin, glucagon, resistin) in
conventional mice after 8 weeks of VB treatment. (One-way ANOVA with Sidak’s
multiple comparisons: Insulin male F = 1.648, p = 0.2205; Insulin female F = 1.034, p =
0.4059; Glucagon male F = 0.5165, p = 0.6772; Glucagon female F = 1.723, p = 0.2025;
Resistin male F = 4.747, p = 0.0149 [CD vs. CDVB not significant, WD vs. WDVB not
significant]; Resistin female F = 2.687, p = 0.0814) b) Plasma biomarkers of
inflammation (IL-6, TNF-alpha, MCP-1) in conventional mice after 8 weeks of VB
treatment. (One-way ANOVA with Sidak’s multiple comparisons: IL-6 male F = 0.9316,
p = 0.4497; IL-6 female F = 1.646, p = 0.2185; TNF-alpha male F = 1.645, p = 0.2186;
TNF-alpha female F = 3.241, p = 0.0499 [CD vs. CDVB not significant, WD vs. WDVB
not significant]; MCP-1 male F = 2.467, p = 0.1021; MCP-1 female F = 2.048, p =

0.1477)
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VB drives transcriptional regulation of lipid and mitochondrial metabolism in liver
To further elucidate VB orchestration of microbiome-mitochondria interactions
regulating host metabolism, we compared transcriptional responses in GF mice to
microbiome acquisition (CV) with transcriptional responses to VB treatment. Since VB
was the top microbiome-derived metabolite identified in CV mouse liver, we predicted
that transcriptional responses observed in conventionalized mouse liver could be
directly attributed to the introduction of VB into GF mice. RNA-seq analysis showed that
microbiome acquisition in GF mice upregulated mitochondria and lipid
metabolism/transport pathways linked to activation of Ppar-a (Fig. 3.12a, Fig 3.13a).
More specifically, genes encoding mitochondrial energy production and fatty acid
oxidation [Sdh, Nduf, Atp5f, Cyc1, Cox5a, Vdac, Hadh, Acsl, Eci, Acaa], TAG
biosynthesis [Agpat, Dgat2, Gpat3], and lipoprotein export [Apoa, Apob, Apoc, Apoe,
Mttp, Pdia3,4,6] were increased in CV mice (Fig. 3.12b). Upregulation of many of these
genes is linked to transcriptional activation of Ppar-a (Agpat2, Apoc2, Acot1, Acsl5,
Sdhd, Hmgcl, Crat, Cyp4a14). As VB elicited a dose-dependent increase in PPAR-a
response element-linked luciferase activity in cultured cells (Fig. 3.12¢), we expected
VB to elicit similar responses in mice. Indeed, VB-treatment in control diet fed GF mice
altered the expression of mitochondria associated genes, and increased expression of
genes related to lipid metabolism linked to activation of Ppar-a (Fig. 3.12d, e). More
specifically, genes encoding for transcription factors important for regulation of fatty acid
metabolism [Ppara, Pparg, Rxra, Crebbp, Fxr, Sirt1, Ppargc1b], mitochondrial energy
production and fatty acid metabolism [Sdha, Hadha, Hadhb, Slc27a5, Cpt1a, Acox1,

Acadl, Eci2, Fads, Acadl], TAG biosynthesis [Agpat3, Dgat2], and lipoprotein export
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[Apob, Apoa5] were upregulated by VB treatment with the control diet. Furthermore,
many of these changes were linked to activation of Ppar-a regulated genes [Cyp4a1i4,
Ncoa2, Cptla, Crebbp, Chd9, Nr1d1, Apoa5, Med17, Rxra, Pparg, Hmgcs2, Ppara,
Ppgargc1b, Tead3] (Fig. 3.12e). Conversely, VB treatment in WD-fed GF mice
downregulated mitochondria, lipid, and Ppar-a related genes (Fig. 3.12f, Fig 3.13b) —
illustrating how diet quality impacts transcriptional responses to VB. Taken together,
these data show how microbially-derived VB interacts with dietary factors to drive
transcriptional regulation of lipid processing and mitochondrial energy metabolism in the

liver.
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Fig. 3.12: VB participates in microbiome-mitochondria communication to
reprogram host lipid metabolism. a) Mitochondria and lipid pathways are the top
transcriptome pathways upregulated in conventionalized (CV) mice (n = 6 per group).
Pathway analysis of transcripts increased (p-FDR < 0.05, FC > 2) in CV mouse liver.
Results from differential expression analysis were filtered with a FDR < 0.05 and
increased by 2-fold in CV mice over GF and overrepresentation analysis performed
using Enrichr and MSigDB. b) Gene expression for mitochondrial energy metabolism,
FA uptake, FA oxidation, TAG biosynthesis, and lipoprotein assembly and export are
increased in CV mice. Many of these changes were linked to activation of Ppar-a
Green nodes indicate Reactome pathways or gene ontologies, grey node represents
transcription factor enrichment and red edges/nodes indicate increased transcript
abundance in CV mice. c) VB treatment elicits a dose-dependent increase in PPAR-

response element linked luciferase activity in HepG2 cells. The calculated ECso for VB
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is 14 uM, similar to concentrations observed in the portal circulation of conventional
mice. Data for Wy14643, a synthetic PPAR-alpha agonist (ECso = 1.9 yM), shown for
comparison. Data are displayed as the mean + standard deviation of 3 biological
replicates. d) Mitochondria and lipid pathways are upregulated in GF mice treated with
VB (n = 5 per group). Pathway analysis of transcripts increased (raw p-value < 0.05,
FC > 2) in CV mouse liver. Overrepresentation analysis was performed using Enrichr
and MSigDB. e) Gene expression for mitochondria and lipid pathways linked to Ppar-a
activation are upregulated by VB treatment in GF mice with the control diet. Green
nodes indicate Reactome pathways or gene ontologies, grey node represents
transcription factor enrichment and red edges/nodes indicate increased transcript
abundance in VB treated mice (control diet). Network plots prepared in Cytoscape
3.7.1. f) Mitochondria and lipid pathways were downregulated by VB treatment in GF

mice with the Western diet.
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Fig 3.13: Ppar alpha targets are transcriptionally changed by VB. Transcription
factor enrichment analysis shows that Ppara target genes are upregulated by a)
microbiome acquisition and VB treatment in control diet fed GF mice. Ppara target
genes are downregulated by VB treatment in Western diet (WD) fed GF mice. b) VB
treatment in WD fed mice downregulates genes linked to Ppara which function in

mitochondria and lipid processing pathways.
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Clinical associations of plasma VB with microbiome transplantation and obesity-
related phenotypes in people

To test whether qualitative changes in the microbiome could impact circulating
VB in humans, we measured circulating VB in participants of a clinical trial of fecal
microbiome transplantation (FMT) at Emory University Hospital. Participants were
randomized 1:1 to initial bowel purge with polyethylene glycol (prep) or prep plus fecal
enema (FMT) (Fig. 3.14a), with longitudinal follow-up. In both randomization groups,
circulating VB increased in most individuals after the procedure (Fig. 3.14b). We also
observed increases in plasma short-chain acylcarnitines (Fig. 3.14c) and decreases in
long-chain acylcarnitines (Fig. 3.14d).

To test whether VB was associated with obesity-related phenotypes in humans,
we measured plasma VB in 130 obese individuals [Body Mass Index (BMI) > 30 kg/m?]
without overt disease compared to 84 individuals from the same cohort with BMI < 30.
The results show that average VB concentrations in the obese individuals is 40% higher
than non-obese individuals (Fig. 3.14e). Extraction of plasma VB concentrations from a
previously published dataset?® of adults (n = 179, mean age 50 years, males = 63,
females = 116) with measures of visceral adipose tissue mass (VAT) shows a positive
correlation of plasma VB with VAT (8 = 3.7E+04 £ 1.1E+04, p = 0.0006), independent of
age, race, and sex (Fig. 3.14f). This relationship is also maintained when controlling for
total body fat, suggesting that VB association in humans occurs with both adipose
tissue mass and BMI. Similarly, a study of serum VB in youth with biopsy-proven
NAFLD (n = 74, mean age 14 y, males = 54, females = 20) ?* shows an association of

plasma VB with hepatic steatosis (Fig. 3.14g). Circulating VB levels were 40% higher
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with severe steatosis (>66% steatosis) compared to mild steatosis (<33% steatosis; 3 =

0.328, p = 0.03, linear regression adjusted for age, sex, and race).
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Figure 3.14. Clinical associations of plasma VB with microbiome manipulation
and obesity-related phenotypes in people. a) Fecal microbiota transplantation (FMT)
clinical trial design at Emory University Hospital. b) Circulating VB increases in 11 out
of 15 cycles following treatment. c¢) Circulating propionycarnitine increases in all cycles
following treatment. d) Circulating palmitoylcarnitine decreases in 10 out of 15 cycles
following treatment. e) In a subclinical population of individuals without diagnosis of
disease, obese individuals (n = 130) have higher VB concentration than non-obese
individuals (n=84) (One-tailed t-test (p = 0.0213) with Welch’s correction, F, DFn, Dfd:
20.79, 129, 83, p < 0.0001). f) Plasma VB is correlated with increased central adiposity
in adults (Visceral Adipose Tissue mass, n =179, p = 0.00006). g) Plasma VB is
positively associated with severity of hepatic steatosis in adolescents (n = 74, = 0.345,

p <0.02).
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Fig 3.15: Urinary carnitine is correlated with urinary VB in humans (n = 143,

Pearson’s R 0.754, p < 0.00001).
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Fig 3.16: (Ng, Ng, N¢)-trimethyllysine (TML) is a precursor to 6-valerobetaine (VB).
(Ne, Ne, Ne)-trimethyllysine (100 mg/kg) or ("3C Ng, 3C Ng, 3C Ne¢)-trimethyllysine (25
mg/kg) was orally gavaged into conventional mice. The formation of unlabeled VB
(160.1332 m/z) from TML and labeled VB (163.1431 m/z) from isotopically labeled TML
is shown here along with accurate mass MS1 and ion fragmentation spectra consistent
with VB and labeled VB. Chromatograms and spectral peaks corresponding to serum

sample collected from mice treated with TML (red) or LTML (blue) for three days.
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3.4: Discussion

Here, we describe the discovery of a single microbiome-derived metabolite,
delta-valerobetaine (VB), absent in GF-mice, which regulates host metabolism by
decreasing systemic carnitine and suppressing mitochondrial fatty acid oxidation. GF
and conventional mice treated with VB were more susceptible to diet-induced obesity,
as they gained more weight, had increased adipose tissue mass and hepatic steatosis
when fed a WD. VB treatment in control diet fed GF and conventional mice did not
result in these changes. With the control diet, VB treatment caused upregulation of
genes related to lipid metabolism and transport. However, with the WD, VB treatment
led to downregulation of genes related to lipid metabolism and fatty acid oxidation.
Circulating VB increased in people following microbiome manipulation procedures that
replenished the microbiota, and increased circulating VB was positively associated with
obesity-related phenotypes in humans (BMI, central adiposity, and severe fatty liver).
Taken together, the results of this present study shows that VB is a microbially-derived
molecule that causes diet-dependent obesity in mice and may be a causal factor driving
obesogenic mechanisms in humans.

The possible dependence of the relationships upon diet, as found in mice, cannot
be directly tested in these retrospective human studies. Evidence for common
mechanisms is provided, however, by correlations between urinary VB and urinary
carnitine as well as increases in circulating VB following microbiome manipulation in
humans. There was a positive correlation between urinary VB and carnitine in human
populations (Fig 3.15), consistent with our data showing that VB treatment increased

urinary carnitine elimination in mice. Previous studies showed that VB is a substrate for

119



the carnitine transporter (OCTN2), which is highly expressed in the kidney.'% Therefore,
VB decreases the efficiency of renal carnitine reuptake and increases in VB likely
increase urinary carnitine elimination in humans. Furthermore, patterns observed in
VB-treated mice were mirrored in humans undergoing microbiome manipulation with
FMT. Circulating VB increased following FMT with associated changes to circulating
acylcarnitine profiles. These data show that microbiome manipulation in humans can
alter circulating VB concentrations with potential downstream effects on lipid
metabolism.

The mechanistic basis for VB effects through the carnitine shuttle has
widespread implications for human health. Carnitine regulates glucose and lipid
metabolism, and declines in free carnitine are accompanied by an accumulation of
medium and long-chain acylcarnitines in muscle and obesity in aging.'®*-'% Carnitine
supplementation is beneficial for obesity, fatty liver and glucose utilization.97-290
Accumulation of incompletely oxidized acylcarnitines is associated with obesity and
insulin resistance, potentially exacerbated by chemicals that decrease cellular carnitine,
cause mitochondrial dysfunction and decrease hepatic fatty acid oxidation.201202
Therefore, assessment of interactions of VB with the carnitine system may provide a
way to simplify use of VB measures for management of obesity.

Use of clinical VB measures to guide diet and health management will require
consideration of complex interactions between diet and microbiome composition. VB
from dietary sources has both positive and negative health implications.?%32%4 VB from
ruminant microbes is relatively high in ruminants and improves nutritional value of milk

by increasing acylcarnitine content.2°> Conversely, trimethyllysine, a precursor to VB
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(Fig 3.16), is high in foods (e.g. red meat) associated with poor metabolic health and
increased in people at risk for cardiovascular diseases.?%62%7 Whole grain diets, which
do not contain VB but increase circulating VB in humans through pre-biotic effects on
gut microbial composition such as increasing Lactobacillus and increasing the
Bacteroidetes/Firmicutes ratio, are associated with decreased risk of cardiometabolic
disorders, type 2 diabetes, and weight gain.?°® Therefore, effective use of VB measures
in management of obesity will require evaluation in the context of diet and microbiome.
This interpretation is consistent with potential use for NAFLD, where circulating VB is
increased and hepatosteatosis is potentiated by a high-fat diet.?%®

There is increasing recognition that the eukaryotic host and its associated
microbiome function as a biological unit, termed holobiont, and are subject to
evolutionary pressures, which include agricultural shifts and changes in dietary patterns.
Phylogenetic and evolutionary evidence show eukaryotic mitochondria are descendent
from an ancient bacterial endosymbiont.?'® Thus, VB modulation of carnitine-dependent
fatty acid oxidation may reflect an evolutionarily conserved phenomenon linking the
microbiome to mitochondrial function. The results of our study show that VB
participates in mitohormesis, a process by which a minor impairment increases gene
expression of mitochondrial systems which improve metabolic function of
mitochondria.?!" Comparative analysis of GF/CV mouse liver transcriptomes shows that
microbiome increases expression of many genes for mitochondrial bioenergetics and
lipid homeostasis. With this interpretation, lipid accumulation caused by the presence of
VB in CV animals drives activity of Ppar-a pathways, which control mitochondrial

bioenergetics and lipid metabolism.?'2213 Indeed, in control diet fed GF mice, VB
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treatment increased expression of Ppar-a linked genes regulating mitochondrial function
and lipid processes. This can explain why VB did not augment body composition
phenotypes with the control diet (and even decreased weight gain in control diet female
mice. However, in the context of excess fats and sugars characteristic of a WD, this
microbiome-mitochondria axis is overwhelmed with the addition of VB. As a result, VB
worsens the effects of a WD on body composition (increased weight gain and
adiposity), with associated downregulation downregulation of Ppar-a linked genes
regulating mitochondrial bioenergetics and lipid metabolism. Since the addition of VB to
WD-fed GF mice caused GF mice to gain weight similar to WD-fed conventional mice,
our data show that the lack of microbially-derived VB in GF mice is a factor that protects
them from WD-induced obesity. This is further supported by our observation that
circulating and hepatic carnitine is increased in GF mice compared to conventional
mice, and the addition of VB to GF mice caused serum and liver carnitine to be
equivalent to carnitine levels observed in conventional mice. The effects on body
weight are more pronounced in GF mice since C/CV mice are adapted to the presence
of VB (as evidenced by comparative transcriptome analysis of GF and CV liver) and
potential effects of other microbial metabolites on host bioenergetics. In recognition of
this, it cannot pass without notice that improved quality of maize with high lysine
content,?'* which is helping to erase global malnutrition, may have contributed to the
global obesity epidemic through increased content of the VB precursor, trimethyllysine,
which could further shift the intricate balance between microbially derived VB and
mitochondrial bioenergetics beyond what homeostatic mechanisms can compensate

for.
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3.5: Conclusion

In conclusion, d-valerobetaine (VB), a gut microbe-derived molecule, orchestrates
microbiome-mitochondrial communication to control energy metabolism and augment
visceral adiposity in the context of a Western diet. Measures of VB, along with
carnitine, may provide a key approach to guide use of prebiotic and probiotic
interventions and dietary management for excessive adiposity. Such an approach may
be unavoidable if the obesity epidemic is a consequence of an evolved microbiome-
human symbiotic relationship that is shifting due to global agricultural or environmental

change.
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Chapter 4

General Discussion

Synopsis: This chapter serves as a discussion for the thesis in its entirety. First, we will
summarize the findings reported in both chapter 2 and chapter 3. Then, we will begin to
dissect the immediate questions raised from these results and how they pertain to their
respective fields. From chapter 2, we will discuss the role the microbiome will play in
immunotherapy and immune responses as well as the future approach to the
microbiome in cancer treatment. From chapter 3, we will dissect the role of gut
microbiome-derived metabolites in metabolic disease treatment as well as the
evolutionary foundation for these interactions. Finally, we will extrapolate our data as
well as other reports to speculate about the gut microbiome field as a whole and its

future.
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4.1: Immunotherapy and the Gut Microbiome

First, in chapter 2, we showed that the bacteria, Lactobacillus rhamnosus GG
(LGG), could modulate a mucosal CD8 T-cell immune response. This modulation
occurred through a novel microbiome-mediated TLR2:DC axis. This was shown through
utilization of knockout mice to illustrate the requirement for both DCs and the presence
of TLR2 on DCs for LGG to be able to induce CD8 T-cells. Furthermore, we were able
to use this modulation of CD8 T-cell activation in settings of colorectal cancers to
reduce tumor burden and increase intra-tumoral CD8 T-cells. This modulation was
critical to tumor reduction as depletion of CD8 T-cells removed the majority of LGG’s
effect on tumor burden. Altogether, we showed that LGG could attenuate colonic tumor

burden through its orchestration of the mucosal immune response (Figure 4.1).
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Figure 4.1: Graphical abstract depicting Lactobacillus rhamnosus GG effects on

CD8 T-cells and colorectal cancer as published in CMGH .2
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After illustrating the robust ability of the microbiome to initiate immune responses
and reduce tumor burden in an immune-mediated manner, one main question is
whether microbial interventions should be used in conjunction with cancer
immunotherapy. Though not tested in this thesis, other groups have illustrated that there
is indeed a relationship between the gut microbiome and immunotherapy responses.’>~
7 Furthermore, recent groups has shown that indeed LGG can synergize with
immunotherapy in models of melanoma and that TLR2 is important for
immunotherapy.?'-152 Because of these reports and our data, it is reasonable to discuss
the role that supplementation or microbial interventions that enhance CD8 T-cells
responses may enhance immunotherapy efficacy and breadth. Due to heterogeneity
between individuals and their particular microbiome community structures across
different cultural and ethnic populations, utilization of a 16S rDNA sequencing or
shotgun metagenomic approaches may prove difficult. Indeed, this is further
confounded by the report that a consortium of different bacteria may be necessary to
expand CD8 T-cell responses.”® Until the particular consortium or individual bacteria
that expand CD8 T-cells has been identified and can be easily detected, the gap in
knowledge of a clearly defined microbiome that expands CD8 T-cell responses will be a
barrier to the cancer immunotherapy field.

However, administration of probiotics, their lysates or products, and even
potentially fecal-microbial transfers (FMTs) may hold promise in removing the need for
sequencing of the microbiome if these approaches can faithfully produce the desired
response. As we report in this thesis, we have shown that single administration of the

bacteria, Lactobacillus rhamnosus GG, can induce CD8 T-cells and mount an anti-
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tumor immune response. Many other groups have reported that single administration of
other bacteria can have similar anti-tumor effects but through different epithelial
mechanisms.101.102215.216 However, there may be a potential risk in administering large
doses of live bacteria to cancer patients though in our opinion the risk is relatively small.
For proof of this small risk, studies and clinical trials have shown that despite a dramatic
increase of probiotic usage by the general public over the past twenty years there has
been no increase in lactobacilli-induced bacteremia and no documented adverse events
in at-risk groups. 15217

Despite any form of risk, there may not be a need to administer live bacteria.
Indeed, our results suggest that LGG does not need to be viable to induce its
immunomodulatory activity. Though we did not directly test if heat-killed LGG could
reduce tumor burden, another group has shown that lysates from Lactobacillus
acidophilus could enhance CTLA-4 targeted immunotherapy.'>* Administering heat-
killed bacteria or only one particular product of bacteria would reduce the risk of adverse
events while still promoting a microenvironment that increases immunotherapy efficacy.
Furthermore, the field is moving to discover potential metabolites that are produced by
the microbiome that may be mediating increased immunotherapy rates. For example, a
recent study has shown that the bacterial metabolite inosine can increase T-cell
responses in vitro and in vivo and can synergize with immunotherapy.?'® These reports
and our data suggest that bacterial products or metabolites could be administered in
conjunction with immunotherapy without risk of unintentional harm or unnecessary

signal transduction of different pathways that needed for immunotherapy.
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Finally, if finding potential metabolites or products proves too challenging,
another alternative could be fecal-microbial transfers (FMTs). Utilizing microbiome
sequencing, the ideal microbiome community structure for immunotherapy could be
discovered. Once known, administration of the microbiome to cancer patients using a
FMT in conjunction with immunotherapy could improve response rates. In agreement
with this logic, a recent phase one clinical trial concluded that FMTs held promise in
increasing patient immunotherapy rates in melanoma patients that had previously been
refractory to immunotherapy. In addition, they observed increased immune cell numbers
and upregulated pro-inflammatory immune pathways.?'” Now, large scale usage of this
approach may prove difficult and the microbiome that produces the best immunotherapy
response rates may not be beneficial after cancer remission. Alternatively, as we have
proposed single administration of a probiotic in this thesis, it is important to note that
exogenous administration of LGG does not cause colonization of the microbiome.
Indeed, after three weeks, LGG is no longer detectable in the colon of mice and can
only become a permanent member of the microbiome if administered early in life.?9
This allows administration of LGG to occur through immunotherapy treatment, and after
remission, LGG administration can be discontinued with no long-term risks.

In this thesis, we proposed the utilization of a single probiotic administration that
expands CD8 T-cells through the well-known bacterial sensing toll-like receptors.
However, we do not discount the possibility that other known and unknown pathways
might be a target of the microbiome, but the TLR2 pathway is indeed shaping the
mucosal immune environment and aiding in anti-tumor immune responses. As

previously mentioned, many bacterial metabolites are unknown in structure and function
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and should be the intense investigative focus as another way the microbiome is shaping

immunotherapy responses. Indeed, the entirety of the microbiome and its targets should

be considered and investigated as the field continues to move forward in dissecting the

role of the microbiome and immunotherapy.

Now, what will the future of immunotherapy and the gut microbiome look like? As

the cost for sequencing continues to decrease, there is a renewed sense in the

healthcare and biotechnology fields of personalized or precision medicine.??° Television

and internet advertisements are already trying to convince recently diagnosed cancer

patients to get their tumors sequenced. Indeed, recent publications have focused on

utilization of RNA-sequencing to predict patient outcomes to immunotherapy as well as

to predict the right combination of treatment to prevent reoccurrence of disease.??'-223

Therefore, is the next logical step to begin sequencing the tumor and the microbiome to

move the field into personalized
medicine? We would argue that one
more -omic approach is necessary
which is metabolomics. With the
combination of sequencing and
metabolomics, not only will we know
which pathways to target and what the
microbiome community structure to
potentially modify, we will know which

microbial metabolites are present and
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Figure 4.2: Cross-Disciplinary approach for
the future of personalized tumor treatment

how they may be modifying the tumor microenvironment, immune cells, and the tumor
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itself. Utilization of cross-disciplinary approaches will give greater knowledge into the
right treatment course for a particular patient as well as continue research in the
multitude of unknown metabolites coming from the microbiome and how they are

affecting host physiology (Figure 4.2).

4.2: Microbiome-derived metabolites, metabolic disease, and evolution

In chapter 3, we reported that the microbiome produces a metabolite known as
valerobetaine (VB). Interestingly, increasing concentration of VB to cells correlated with
a decrease in the molecule, carnitine. Through depletion of carnitine, VB effectively
inhibits long-chain fatty acid oxidation. Indeed, VB administration to mice alters the
metabolome as well as altering metabolic-related transcripts that align with a reduction
in oxidation of fatty acids. Furthermore, VB administration to germ-free or conventional

mice in conjunction with a high fat diet resulted in increased weight gain, adiposity, and
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Figure 4.3: Graphical Abstract depicting delta-Valerobetaine (VB) effects on

carnitine and host physiology.
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hepatic steatosis. Most importantly, VB correlates with increased visceral fat, obesity,
and hepatic steatosis in humans illustrating that the effects we see in the murine models
are true in human physiology as well. Altogether, VB is a diet-dependent obesogen that
causes increased weight gain and adiposity when on a high-fat diet due to its depletion
of carnitine (Figure 4.3).

These results raise very interesting scientific as well as societal questions. As
previously discussed in chapter 3, almost 10% of host metabolites are microbial in
origin.""® If one metabolite can significantly worsen metabolic disease then there should
be an intense investigative focus on this wave of hundreds of unknown metabolites that
are coming from the gut microbiome. However, this proves difficult as many different
disciplines are needed to identify, produce, evaluate, and test these microbially-derived
metabolites. As mentioned above, one potentially easier way to analyze these
metabolites is through cross-platform analysis. This approach combines different -omic
technologies such as genomic, proteomic, lipidomic, and metabolomic technologies. In
combination, these approaches could reveal individual, unknown metabolites and then
map these metabolites to different pathway changes. These in silica pathway analyses
could then be analyzed and verified functionally through both in vitro and in vivo model
systems. Indeed, this cutting-edge approach is beginning to be used in different settings
to predict metabolite changes and their role in disease though this approach for gut
microbiome derived metabolites is still in its infancy.??4-227 In our case, identification of
VB and its potential targets occurred relatively quickly. However, testing of VB in both
cell culture and mouse models as well as validation of our mechanism took much

longer. Altogether, a cross-platform analysis as well as in vivo testing and validation
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could help to identify this wave of microbially produced metabolites and what their roles
are in different metabolic diseases.

With the identification of VB and its drastic effect on fatty-acid oxidation by the
mitochondria, it raised the question as to the evolutionary reason for this occurrence.
Though we do not have empirical evidence, one potential evolutionary pressure in
inhibiting long-chain fatty acid is to give preferential beta-oxidation of short-chain fatty
acids. Short-chain fatty acids are produced by the gut microbiome, and to force a
symbiotic relationship, microbes could produce VB in conjunction with short-chain fatty
acids (SCFAs) to force the preferential burning of their products over long-chain fatty
acids. If true, microbes that produced both SCFAs and VB would exist in greater
symbiosis with their host possibly increasing survival and replication of these microbes.
In support of this, we tested Bifidobacterium longum which produces SCFAs, and
discovered that it produced high levels of VB. This theory could be one possibility of the
evolutionary pressure for the microbiome to produce VB.

Another potential evolutionary reason for the production of VB is due to cross-talk
between the gut microbiome and its ancestral cousin, the mitochondria. Production of
VB could be the result of the battle over nutrients. Production of VB by certain microbes
could prevent neighboring bacteria species to utilize fatty acids as energy this gives a
greater chance of survival to the bacteria that produce VB. As a consequence of this
billions of year old battle, modern-day mitochondria are still susceptible to VB and
potentially other bacterial metabolites coming from the microbiome which this

phenomenon being termed the mitochondria-microbiome axis.%6-222-230 |ndeed, the
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microbiome-mitochondria axis is beginning to be further researched and needs to be
considered as a possibility of metabolic disease.

Outside of basic science questions, our results raise certain societal questions.
Corn is the most produced crop in the United States and due to hybrid varieties as well
as genetic modification is now high in lysine.?®' The result of high-lysine crops has
improved the nutritional values of these crops and increased the caloric count of these
crops. However, we have evidence that the precursor for VB is a methylated derivative
of lysine known as tri-methyl lysine. This means that by modifying our crops to contain
more lysine, we have also increased the amount of the precursor for VB.

However, throughout our data, we show that VB has minimal or zero detrimental
effects if on a standard diet. The negative ramifications of VB can only be observed
when the mice are placed on a high fat diet. Accordingly in humans, we detected a
higher concentration of VB in obese individuals compared to lean individuals. This
suggests that VB does indeed correlate with increased adiposity in humans. But if
humans are similar to our murine experiments, the diet of the obese individuals would
need to be high in fat for detrimental effects by VB to be observed. However, this does
not explain why obese individuals have greater concentration of VB than lean
individuals. In our opinion, there are two simple answers to explain this observation.
One, the diet of obese individuals is not only high in fat but also high in the precursor for
VB, trimethyl lysine. Secondly, obese individuals could have a microbiome that
produces more VB than lean individuals as the microbiome has been document to be
different between these two populations.'113 Though both explanations are

reasonable, if the first answer plays a greater role in the increase in VB, it raises
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questions on the benefits of increasing lysine in crops if this act is exacerbating the

obesity epidemic.

4.3 The Future of Gut Microbiome Research

Over the past decade, there has been a dramatic evolution in gut microbiome
research. Initially, investigators could simply report on changes in the community
structure between populations, knockout mice, or different disease settings and this was
considered ground-breaking. Some of the most highly cited papers published in the late
2000’s investigated the microbiomes between obese and lean individuals, the “average”
microbiome, and how diet or age effects the microbiome.?7:229.232.233 |n the past five
years, the most highly cited paper have shown the effects of the microbiome on
immunotherapy.”>~"7 In the most recent years, this has shifted to the microbiome and
everyone’s organ of interest such as the gut-brain axis, gut-bone axis, gut-liver axis, and
others.®234235 Al of these reports demonstrate the enormous potential of the gut
microbiome and its products to impact host physiology and disease but what will the
future of gut microbiome research look like?

Like many other fields, the microbiome research space will continue to advance
through utilization of multiple -omic approaches. The combination of these large dataset
producing tools will enable a greater analysis and understanding of the gut microbiome.
Additionally, more investigators will try to remove the microbiome as a potential
confounding factor in their experiments. To do this, littermate controls as well as
gnotobiotic approaches will become standard across all fields. Though utilization of

germ-free mice is an extremely powerful tool, the germ-free system is inherently artificial
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as no animals exist in a germ-free state naturally. However, mice with a defined
microbiome will become more commonplace and utilized to ensure the effects reported
are not due to shifts in the microbiome between experimental and control groups.

It is our opinion that the microbiome field will begin to exert much of its
investigative focus on microbially derived metabolites. For a decade, many groups have
focused on the well-known microbially-derived products such as SCFAs and indoles.
However, similar to our discovery of the effects of VB, more groups will try to decipher
the wave of unknown metabolites that are being produced. These metabolites may
positively or negative impact dozens of different disease states and may hold clinical
promise in the treatment of those diseases.

To close, the gut microbiome and its complex relationship with the host continues
to be investigated and refined. We report that administration of a single bacteria,
Lactobacillus rhamnosus GG, can modify CD8 T-cell responses and exert anti-tumor
immunity in settings of CRC. Additionally, one microbially-derived metabolite, delta-
valerobetaine, can inhibit fatty acid oxidation culminating in increased obesity. These
two examples add to the growing body of evidence of ways in which the gut microbiome
impacts host physiology. The mystery of the microbiome has only begun to be solved

and many more opportunities for research and many more questions still exist.
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