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ABSTRACT

The gut microbiota has been recognized for influencing human health and
immune homeostasis, with metabolites being a biochemical mediator of these functions.
The immune-modulatory effects of microbially-derived tryptophan metabolites
(MDTMs) have been demonstrated in various immune contexts, we report further
characterization of their effects in epithelial cells, macrophages, and T cells. We find the
MDTM indole acts as a potent inhibitor of TCDD mediated aryl hydrocarbon receptor
(AhR) signaling in colon epithelial cells and as an inhibitor of LPS-stimulated
inflammation in macrophages. The effects of indole on macrophages are AhR
independent, suggesting cell-type specific signaling mechanisms. Inhibition of
phosphatidylinositide-3’OH kinase (PI3K), c-JUN NH2-terminal protein kinase (Jnk),
p38 mitogen-activated protein kinase (MAPK), or Akt kinase pathways failed to ablate
the reduction of LPS-stimulated TNF accumulation by indole. Interestingly, we fail to
capture an indole-mediated reduction in Tnf mMRNA levels. Inhibition of proteasomal
and lysosomal degradation pathways also fail to ablate indoles effects. The microRNAs
miR-181b and miR-124 may act as repressors of TNF translation in macrophages.
However, we find no induction of their expression by indole.

To further probe the underlying signaling mechanisms of indole, we synthesize a
novel cell-impermeant molecule with an indole moiety covalently bound to bovine
serum albumin (I13B), limiting interactions to cell-surface mediated effects. We observe a

50-fold increase in the potency of 13B compared to indole, with 10 uM I3B having a



similar effect on TNF accumulation in macrophages as 500 uM free indole.
Transcriptome profiling and subsequent experiments demonstrate 13B functions in part
through NRF2.

In T cells, we find indole augments the differentiation of naive T cells to
regulatory T cells (Tregs) and inhibit differentiation to T helper 17 cells (Th17s).
Another MDTM, 5-hydroxyindole (5-HI), has opposing effects, inhibiting Treg and
augmenting Th17 differentiation. Transcriptome profiling suggests activation of IRF3
and IRF7 in indole-augmented Tregs, while 5-HI augmented Th17s exhibit signatures of
increased TNF and LPS mediated signaling pathways with a particularly high level of

1122 induction.
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1. INTRODUCTION

1.1. Background and Motivation

The human gastrointestinal (GI) tract is colonized by ~10% microorganisms
belonging to over 1,000 species, collectively termed the gut microbiotal?. The diversity
of microbial genes found in the human microbiome is roughly two orders of magnitude
greater than those found in the human genome, illustrating the potential for microbes to
contribute in increased functionally in the gut®. Indeed, the healthy intestinal microbiota
contributes to human health by facilitating efficient energy metabolism, breaking down
otherwise indigestible polysaccharides, and contributing to the detoxification of
xenobiotic compounds*. Non-pathogenic microbes present low levels of exogenous
bacterial and fungal signals, training immune cells sampling the intestinal milieu to
develop tolerance to innocuous colonizers®. Occupation of the Gl tract by symbionts also
contribute significantly to impeding colonization by pathogenic species®. More recently,
the intestinal microbiota has also been shown to play a central role in the development
and maturation of the immune system’.

The importance of the microbiota in human health is supported by numerous
studies showing that alterations in intestinal microbial composition (dysbiosis) is
associated with disease®'°. A precise definition of the core (or conserved) microbiota
among humans, and what constitutes dysbiosis is lacking; nevertheless, it is well
established that exposure to environmental toxicants, dietary perturbations, antibiotics,

and lifestyle have all been shown to alter the composition of the microbiota to different



degrees at different taxonomical levels?®-23, Microbiota dysbiosis is correlated with
different diseases such as obesity, diabetes, inflammatory bowel disease, and
cancer®1116.17.24 At the phylum level, increased abundance of Firmicutes and decreased
abundance of Bacteroidetes are associated with Crohn’s disease and ulcerative colitis®°.
The same is observed in genetically obese mice, suggesting relative populations of these
phyla play a critical role in multiple disease states?®. While these associations are
correlative, recently, causal relationships between microbiota dysbiosis and different
diseases such as obesity, type 2 diabetes and insulin response, ulcerative colitis, and
depression have also been established”27-30, Interestingly, the diseases associated with
microbiota dysbiosis are not restricted to the GI tract alone; cardiovascular diseases,
autism disorders, Parkinson’s disease, non-alcoholic fatty liver disease (NAFLD),
depression, and cognitive disorders have also been linked to dysbiosis®1®. As the
microbiota has been found to be rapidly altered by environmental and dietary factors,
targeting the microbiota and reversing or modulating dysbiosis is emerging as an
attractive option for therapeutic development for these conditions?%2L,

While several mechanisms have been proposed to explain the role of the
microbiota in the above-mentioned diseases, a common thread that is emerging is that
the microbiota is involved in modulating the chronic inflammation that is associated
with these diseases. Thus, the intersection of gut microbiota and inflammation presents
an avenue for mechanistic investigations of microbiota function.

Seminal studies have associated the presence or absence of a few specific

microorganisms and their secreted products to diseases, for example, the association of
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Bacteroides Fragilis and its secreted Bacteroides fragilis toxin to colorectal cancer3:%,
However, a mechanistic understanding of how the microbiota modulates health and
disease is lacking. A common hypothesis that has been proposed is that metabolic
products produced by the microbiota signal to host cells to modulate their phenotypes
and responses. The microbiota is capable of directly synthesizing essential amino acids,
directly contributing to host nutrition*3, In addition to amino acids, one of the most
studied classes of microbiota-produced metabolites are short-chain fatty acids (SCFAS)
that are formed as a result of fermentation of indigestible polysaccharides in the
colon®#3, Bacterial production of the three most abundant SCFAs, butyrate, acetate, and
propionate, is critical to maintaining intestinal health, directly feeding the intestinal
epithelium and promoting growth and maintenance®. Microbially-derived secondary
bile acids are another class of metabolites that are involved in carbohydrate metabolism
and promotion of glucose tolerance.

Microbially derived amino acid metabolites are an emerging class of microbiota
metabolites that have also been shown to regulate immune homeostasis and tolerance in
the Gl tract®"3, Biosynthesis of microbially-derived tryptophan metabolites (MDTMs)
such as indole and indole-like molecules have demonstrated anti-inflammatory or
tolerance-promoting phenotypes in various immune cell types relevant to the Gl tract
(epithelial cells, macrophages, T cells) as well as in promoting epithelial barrier integrity
that indirectly modulates intestinal inflammation®-4¢. MDTMs are also detected in
circulation and in non-intestinal organs (e.g., liver), providing an additional mechanism

for modulating disease at distal sites*’. Indeed, MDTMs have demonstrated anti-
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inflammatory properties in hepatocytes, keratinocytes, and astrocytes*244454849 Since
~90% of dietary tryptophan is absorbed in the small intestine and metabolized by the
host, modulating the biosynthesis of molecules such as kynurenine and the
neurotransmitter serotonin are also possible mechanism through which the microbiota
may modulate host signaling in organs and tissue other than the GI tract>%>?,

It is important to note that while several microbiota metabolites have been
associated with beneficial health effects (i.e., amelioration of disease), some metabolites
are also implicated in the etiology of disease onset and progression. For example, the
microbiota has been shown to synthesize various trimethylamine precursors and these
metabolites have been associated with cardiovascular disease (CVD), atherosclerosis,
and thrombotic events!#1°254,

Targeted investigations of microbially-derived metabolites in different immune
cell types have yielded detailed information on the mechanisms through which these
metabolites exert their either beneficial or detrimental effects. Butyrate can directly
upregulate interleukin (IL)-18 production by the colonic epithelium, suppressing colonic
inflammation in vivo®. In the context of T cells, SCFAs have been shown to increase the
abundance and homeostatic function of colonic regulatory T cells (Tregs), a critical
immune cell in regulating intestinal inflammation®®. In macrophages, butyrate has been
shown to stimulate the differentiation of monocytes into macrophages, while decreasing
secretion of pro-inflammatory IL-6, IL-12, and nitric oxide upon lipopolysaccharide
(LPS) stimulation. Of the MDTMs, indole is perhaps the most abundant in the human

gut, with fecal concentrations being reported in the millimolar range®’-%°. Previous work
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in colonic epithelial cell lines have demonstrated that indole augments production of
anti-inflammatory IL-10 while downregulating tumor necrosis factor (TNF)-induced
expression of pro-inflammatory 1L-8, and upregulating expression of genes involved in
epithelial barrier function®“°. Previous work have also demonstrated other MDTMs,
such as indole-3-acetic acid and tryptamine, are capable of modulating macrophage
inflammatory responses in vitro, inhibiting the induction of Tnf, I11b, and Ccl2*.
However, phenotypic characterization of the effects of indole on macrophages and T
cells are lacking. One mechanistic pathway that has been identified for MDTMs is
signaling through the aryl hydrocarbon receptor (AhR). In epithelial cells, indole and
other MDTMs have demonstrated mild AhR agonist activity, and significant antagonistic
activity against the synthetic AhR ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)*®L, Alternatively, the anti-inflammatory effects of indole-3-acetic acid on
macrophages were found to be independent of the AhR, highlighting a potential for cell-
context dependent signaling mechanisms and the engagement of additional receptors by

MDTMs*,

1.2. Aims

This work will aim to address the knowledge gaps in the mechanistic
understanding of MDTM signaling in immune cells. Using indole as the prototypical
MDTM and two immune cell types (T cells and macrophages), we seek to further
delineate the involvement of the AhR in indole signaling, and to identify additional

signaling pathways that may be involved in facilitating immune regulation by MDTMs
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in a cell-context dependent manner. We propose three inter-related specific aims for this

problem.

1.2.1. Investigate mechanisms of indole mediated anti-inflammatory signaling in
macrophages and epithelial cells

In this Aim, we utilize epithelial and macrophage cell lines and primary cells to
characterize the effects of indole on pro-inflammatory cytokine production. We further
investigate the mechanisms (receptors and signaling pathway) underlying modulation of
inflammation using a range of genetically modified knockout cells and chemical
inhibitors. Lastly, we also quantify changes in microRNA (miRNA) gene expression as a
novel mechanism for indole-mediated modulation of inflammation in the above-

mentioned cell types.

1.2.2. Investigate mechanisms of anti-inflammatory potentiation of a synthesized
indole derivative

Based on prior work showing that indole signaling is AhR-dependent in mouse
and human epithelial cells but independent of the AhR in murine macrophages, we seek
to delineate the receptor and downstream signaling elements involved in mediating
indole signaling. To further investigate mechanistic signaling of indole, we develop a
synthesis scheme for generating a cell-impermeant indole derivative and use it to test the
contribution of cell-surface mediated signaling in the observed attenuation of

inflammation. We characterize the anti-inflammatory effects of this novel compound in
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macrophages and utilize transcriptome profiling to identify signaling pathways specific

to this molecule.

1.2.3. Investigate mechanisms of indole and 5-hydroxyindoles effects on T cell
differentiation

Prior work has shown that two MDTMs, indole and 5-hydroxyindole, augment or
inhibit the differentiation of naive T cells into Tregs and Th17 cells, respectively.
However, the underlying mechanisms and pathways are not known. In this Aim, we use
transcriptome profiling to characterize the mRNA signature of T cells that are

differentiated into Tregs or Th17 in the presence of indole and 5-hydroxyindole.

1.3. Innovation and Significance

While the contribution of the microbiota to human health and disease is well
documented, a mechanistic understanding of their effect is lacking®’. In this work, we
demonstrate the anti-inflammatory effects of various MDTMs in cell contexts that have
not previously been reported. We also identify a possible novel role for miRNA-
mediated effects in MDTM modulation of inflammation in macrophages. The synthesis
of an indole derivative for specifically investigating cell surface interactions of MDTMs
is also novel and not been previously described. This research reagent will enable future
studies to partition intracellular vs cell-surface mediated effects of MDTMs. Similarly,
this study goes beyond phenotypic characterization of responses to identifying signaling

pathways involved in two immune cell types: macrophages and T cells. In macrophages,



we identify an axis between the transcription factor, NRF2, and indole signaling. In T
cells, we find that indole augments regulatory T cell differentiation and identify the
transcription factor, IRF3, as a novel mediator for indole signaling. These results lay the
foundation for further investigation into IRF3 and type I interferon signaling in Treg

differentiation and function.



2. LITERATURE REVIEW

2.1. Human Microbiota

The human body plays host to mutualistic microbes with some major sites of
colonization being the gut, the oral cavity, and the skin®. Mutualistic skin microbial
communities can have large inter-individual variability, however, longitudinal studies
find that populations within individuals remain relatively stable over time®. Various
ecological niches of the skin harbor adapted microbes, with oily skin regions like the
face being dominated by lipophilic bacteria, i.e., members of the genus
Propionibacterium, and moist skin regions like the crook of the elbow being dominated
by bacteria that thrive in high humidity environments, i.e., the genus Staphylococcus.
Symbiotic microbes at the epidermis can function to train the cutaneous immune system
and inhibit colonization by pathogens, with the common colonizer Staphylococcus
epidermidis inhibiting colonization by the opportunistic pathogen Staphylococcus
aureus®®®, Culture supernatants from S. epidermidis inhibited production of pro-
inflammatory cytokines in wounded mouse skin, with the component lipoteichoic acid
alone demonstrating potent inhibitory activity in vitro®.

More than 700 species have been identified in the human oral microbiome and
dental plaques are estimated to harbor roughly an order of magnitude more bacteria than
the skin®’. Two critical sites for the development of the common diseases, periodontitis
and dental caries, are the subgingival crevice and the tooth surface®®%°. For a given

individual, the subgingival community consists of ~60 high abundance species, while the
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tooth surface is dominated by ~14 species®’. Facultative anaerobes of the genera
Streptococcus and Gemella are commonly found at both sites, while the aerobic Rothia
dentocariosa preferentially colonizes the tooth surface. In the development of dental
caries, dysbiosis at the tooth surface can be triggered by various factors, including
increased consumption of fermentable sugars®®. The increased exposure to nutrients can
drive commensals to become opportunistic pathogens, leading to expansion of biofilm
communities on the tooth and increase in localized acid production. The high pH
environment leads to demineralization of tooth enamel and selection for acidophilic
colonizers, leading to dysbiosis and the development of dental caries. Hypotheses for the
development of periodontitis mirror a similar pathology but inducing dysbiosis in
communities within the subgingival crevice. While individual species have been
associated with dental caries and periodontitis, i.e. Streptococcus mutans and
Porphyromonas gingivalis, respectively, the oral microbiome in disease are commonly
characterized in the absence of these keystone species, suggesting the conditions are a
result of ecological niches developed in dysbiosis rather than being caused by individual
pathogens’®. Furthermore, administration of P. gingivalis in antibiotic treated mice alone
was unable to induce periodontitis, while pre-colonization with the common commensal
Streptococcus gordonii followed by P. gingivalis lead to alveolar bone loss?.

The colonic microbiota is estimated to harbor two orders of magnitude more
bacteria than the oral microbiome?. In addition to this, the ileum, jejunum, and
duodenum are also major sites of colonization in the Gl tract. Inter-individual variation

in compositions is large, but nonetheless, the phyla Firmicutes and Bacteroidetes have
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been found to be the most abundant in human fecal samples, representing roughly 60%
of the microbiota’?. Within the phylum Firmicutes, the genera Faecalibacterium and
Lachnospiraceae are most abundant, while Bacteroides are the predominant genus
within the Bacteroidetes phylum. These compositions as well as total populations vary
along the intestinal tract, with a trend of increasing abundance traversing from the
duodenum to the distal colon®. While the colon and ileum contain large populations of
the phylum Bacteroidetes, the jejunum is composed largely of the phylum Firmicutes, in
particular Streptococci, and the phylum Proteobacteria”™"*. Though the colon and ileum
bear similarities, the colonic microbiota contains a larger proportion of the Clostridium
cluster X1Va. These differences exist in part due to oxygen gradients along the Gl tract,
with levels being higher towards the duodenum and diminishing towards the colon”.
This may explain the selection for the dominant facultative anaerobes in the jejunum,
and the dearth of extreme obligate anaerobes that are otherwise abundant in the colon,
e.g., Faecalibacterium prausnitzii. Another selective factor along the Gl tract is the
relative abundance of various nutrient resources. The small intestine has high exposure
to carbohydrates digestible by both the host and microbiota. In contrast, the colon
receives the resistant starches that are not digested by the host or the small intestinal

microbes, and hence are substrates for SCFA synthesis by the colonic bacteria.

2.1.1. Intestinal microbiota dysbiosis
Dysbiosis or alterations in the composition of the intestinal microbial community

has been associated with several diseases, both in the Gl tract and elsewhere in the body.
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Diseases that are reported to have a microbial component include obesity, T2D,
atherosclerosis, cardiovascular disease, autism spectrum disorder, Parkinson's disease,
depression, Crohn's disease, colitis, rheumatoid arthritis, colorectal cancer, and
NAFLD®®. While a majority of the studies have reported associations between changes
in the composition and disease, whether these associations are causative in nature is not
fully understood’®. Because of a limited ability to manipulate and measure changes in
the native gut microbiota, many experiments to-date have been correlative in nature.
However, experiments that recapitulate disease phenotypes by transfer of the disease-
associated microbiota to germ-free or gnotobiotic mice have been used to infer causative
roles of the microbiota. For example, transfer of dysbiotic microbiota from diet-induced
obese mice or penicillin-treated mice into germ-free mice resulted greater mass and fat
gain relative to the transfer of unperturbed microbiotal”’. Similarly, transplantation of
fecal microbiota from humans with major depressive disorder resulted in depression-like
behavior in germ-free mice compared to mice colonized with the fecal microbiota of
healthy patients?®. Mendelian randomization has also been used to infer a causal
relationship between (i) the SCFA, propionate and risk of T2D, (ii) abundance of the
family Oxalobacteraceae and protection from rheumatoid arthritis, and (iii) abundance of

the genus Bifidobacterium and protection from ulcerative colitis?*%,

2.1.1.1. Microbiota and obesity
The global prevalence of obesity has increased in the past 50 years and

projections of obesity prevalence in the United States estimate 48.9% of adults will be
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obese by 20307778, A defining feature of obesity is excess adiposity and is a risk factor
for metabolic and cardiovascular diseases. Alterations in gut microbial composition and
decreased diversity of the microbiota have been associated with obesity!"?":7983 The
fecal metagenome of obese individuals is characterized by lower diversity, lower
richness of microbial genes, and increase in the capacity for energetic metabolism of
dietary compounds relative to non-obese individuals'’#2, At the phylum level, the
abundance of Firmicutes relative to Bacteroidetes is increased in obese mice and human
patients, though contradictory results have been reported!’84 The presence and
abundance of Akkermansia muciniphila that belongs to the phylum Verrucomicrobia has
also been correlated with decreased body weight and obesity in humans and mice®.
Despite some conflicting evidence with the microbiota associations, obesity-associated
microbiota have demonstrated transmissibility, with germ-free mice colonized by the
fecal microbiota of obese mice or humans having greater increases in adiposity*’8. Co-
housing of obese and lean littermates leads to increased colonization by Bacteroidetes in
obese mice that correlated with a decrease in obesity phenotypes®.. Interventions in mice
via oral gavage with Bacteroides thetaiotamicron or A. muciniphila attenuated diet-
induced weight gain and improved metabolism in obese mice®®, Interestingly, a
clinical trial in overweight or obese volunteers, supplementation with heat-killed A.
muciniphila decreased weight and fat mass, while supplementation with live cultures did
not induce significant changes®’. Dietary intervention in overweight or obese individuals
with a energetically-matched Mediterranean diet led to concurrent changes in microbial

composition, with increases in Bacteroides uniformis and Bacteroides vulgaris, and
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improvement in blood cholesterol levels’. These results suggest the gut microbiota may
have causative contributions to obesity, and that dietary and probiotic interventions may

have therapeutic potential.

2.1.1.2. Microbiota and inflammatory bowel disease

Inflammatory Bowel Diseases (IBD) are intestinal disorders that are often
typified as Crohn’s disease (CD) or ulcerative colitis (UC) and involve chronic gut
inflammation®. In Europe and North America, IBD has a prevalence of roughly 800
cases and 600 cases per 100,000, respectively, and incidence in some more recently
industrialized countries has been on the rise for decades®. While the precise etiology of
these diseases remain to be elucidated, symptoms are known to arise from multi-
directional signaling between the gut microbiota, the host, and environmental factors®.
Analysis of colonic material from IBD patients reveal decreased abundance of
Firmicutes and Bacteroidetes and increased abundance of Fusobacteria and
Proteobacteria'?*%!, While causation can be difficult to prove, particularly in complex
systems with bidirectional signaling, a Mendelian randomization study design was used
to elucidate the causal association between low abundance of the phylum Actinobacteria
and UC®. Significant alterations in many classes of microbially-derived or microbially-
modified compounds are also observed in diseased states, particularly a decrease in
SCFAs, and increase in acylcarnitines and primary bile acids®’. Host genetics can also
directly affect gut microbial composition and metabolite composition. The knockout of a

gene with known susceptibility loci for IBD, caspase recruitment domain family member
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9 (CARDY9), significantly altered gut microbial composition and the presence of
MDTMs in mice®2. While IBD is currently an incurable condition, microbiota-targeted
interventions have shown promise for amelioration of disease. Administration of F.
prausnitzii or its culture supernatants attenuated experimental colitis and repaired
dysbiosis in mice®. Fecal microbiota transfer (FMT) from healthy donors into patients
with active UC induced disease remission and increase gut microbial diversity®*. Dietary
interventions that altered the microbiome of children with mild to moderate CD have

also been able to attenuate disease®.

2.1.2. Microbially-derived metabolites

A healthy gut microbiota provides the host with several functional benefits,
including maintaining intestinal homeostasis via protective activation of toll-like
receptors (TLRs), detoxification of xenobiotic compounds, and the metabolism and
synthesis of dietary metabolites belonging to a wide range of chemical classes®®%. In
particular, the metabolism of polysaccharides that are otherwise indigestible by the host
organism is critical in energy homeostasis, and the resulting metabolic activity results in
the synthesis or secretion of multiple compounds, including essential amino acids such
as tryptophan, vitamins, secondary bile acids, choline derivatives, SCFAs, and
MDTMs!>33:38.98-101 It s now widely accepted that metabolites produced by the
microbiota are involved in mediating a majority of the beneficial effects associated with

the microbiota.
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2.1.2.1. Short-chain fatty acids

The best studied class of microbial metabolites is SCFAs, the obligate products
of anaerobic fermentation of host-indigestible polysaccharides®. The colon epithelial
cells of humans and other mammals supply roughly 70% of their energy intake via the
oxidation of these compounds, which is roughly 10% of the total caloric intake®,
Concentrations of total SCFAs in the proximal colon in healthy adults are in roughly the
100 mM range, with a wide margin of variability based on diet and environmental
factors®>192, The primary SCFAs produced by gut microbial fermentation are acetate,
propionate, and butyrate, with acetate typically being the most abundant®®. A decrease in
the abundance of butyrate-producing bacteria in the Gl tract has been correlated with
T2D, while a diet high in indigestible polysaccharides was shown to increase the
abundance of SCFA producing bacteria in the colon and attenuate T2D%1%, Similarly, a
decrease in the levels of butyrate-producing bacteria such as F. prausnitzii and
Roseburia intestinalis have been correlated with IBD%31%. Combined treatment with
mixtures of the major SCFAs have been shown to increase the abundance and
homeostatic function of colonic regulatory T cells (Tregs), a critical immune cell in
regulating gut inflammation®. Individual treatment with butyrate has been shown to
promote peripheral Treg generation, augmenting differentiation of naive CD4" cells into
Tregs and attenuating T-cell dependent experimental colitis in mice®®%, Similarly,
propionate also augmented peripheral Treg differentiation, reduced splenic Th17
populations in murine models of hypertensive cardiovascular damage, and

simultaneously increased Treg populations while decreasing Th17 populations in
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multiple sclerosis patients'®”1% While acetate was not found to promote peripheral Treg
generation in standard mice, acetate treatment was found to increase Treg populations
and suppressive capability after induction of allergic airway disease!®®. In contrast to
microbially produced SCFAs, long chain fatty acids (LCFAS) are abundant directly from
dietary sources. In a murine model of multiple sclerosis, LCFA supplementation
decreased intestinal SCFA levels that correlated with an increase in intestinal Thl and
Th17 populations!*?. Clinical interventions for IBD based on SCFA modulation have
demonstrated mixed results, however, some of the positive outcomes from SCFA
enemas and the promotion of SCFA production via prebiotics or probiotics warrant
further investigation into therapeutic potential of SCFA modulation in Crohn’s disease

and ulcerative colitis'®.

2.1.2.2. Secondary bile acids

Cholesterol is metabolized into primary bile acids by the liver!'!, Secreted
primary bile acids can be transported to the Gl tract where enzymes of microbial origin
catalyze further modifications to yield secondary bile acids. Gut dysbiosis and
subsequent perturbation of secondary bile acid levels have been correlated with
pathologies including liver diseases, cancers, and pathogenic infection!'?1t7 In
antibiotic treated mice, adoptive transfer of the bile acid metabolizing commensal
Clostridium scindens inhibited subsequent Clostridium difficile infection. This correlated
with a concomitant increase in the relative abundance of genes involved in the

biosynthesis of secondary bile acids and was ablated by co-administration with the bile
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acid sequestrant cholestyramine, suggesting antimicrobial properties of the secondary
bile acids themselves!'®. Conversely, increased levels of circulating secondary bile acids
have been associated with NAFLD and non-alcoholic steatohepatitis*23, Furthermore,
secondary bile acids inhibited Cxcl16 chemokine expression and subsequent recruitment
of natural killer T cells with anti-tumor properties in various murine models of liver
cancer!*, In addition, Cxcl16 expression was inversely correlated with levels of the
secondary bile acid, glycolithocholate, in human liver samples from liver cancer
patients. Metagenomic analyses also identify enriched expression of bile acid enzyme
expression in fecal samples from colorectal cancer patients, further implicating a role for

secondary bile acids in cancer!®,

2.1.2.3. Tryptophan metabolites

Tryptophan is an essential amino acid that cannot be produced by mammalian
hosts and needs to be supplied through the diet. Dietary tryptophan is metabolized by
both the mammalian host and the gut microbiota. More than 95% of tryptophan is
relegated to the host-mediated kynurenine pathway that ends in the production of NAD™*
(Figure 2.1) L. The other major pathway in mammalian tryptophan metabolism is the
serotonin pathway. The vast majority of serotonin in the human body is produced by
enterochromaffin cells in the in the lumen of the Gl tract. Serotonin is a neurotransmitter
that is involved in several biological processes including cognition, food intake, and
emotional processing!8. Tryptophan that does not get absorbed in the small intestine is

metabolized by the microbiota in the colon to form a broad range of MDTMs that

18



contain an indole moiety (Figure 2.1). Indole is produced as a result of tryptophanase
activity that is encoded by the TnaA gene in many bacteria. More than 80 bacterial
species including Bacteriodes thetaiotaomicron have been documented to produce high
levels of indole!!®. Analysis of the human metagenome identified more than 300
bacterial genes with putative tryptophanase activity. These genes were distributed
largely in uncharacterized commensals, and bacteria belonging to the phyla
Bacteroidetes and Firmicutes!?’. The reaction catalyzed by tryptophanase results in the
generation of indole, ammonia, and pyruvate as an energy source!?!, If tryptophan
availability is limiting, competition between the kynurenine, serotonin, and microbial
indole pathways may be one mechanism facilitating cross-talk along the gut-brain
axis'?2. Low tryptophan levels and elevated serum kynurenine to tryptophan ratio are

associated with Crohn’s disease?31%4,
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Figure 2.1. Microbially-derived tryptophan metabolites. (a) Bacterial tryptophanases
catalyze the conversion of L-tryptophan to indole, pyruvate, and ammonia. (b) Known
metabolites of L-tryptophan in the human body. Compounds with black arrows are
microbially-derived while compounds with red arrows are host-derived. Bacterial phyla
and genera known to produce a metabolite are listed, with genera underlined.

Studies have found median fecal indole concentrations in human fecal samples to
be approximately in the low millimolar range®”%, with one study reporting values
ranging from 0.3 to 6.64 mM in healthy adults®. The indole that is generated from
tryptophan can be further modified into other metabolites, such as hydroxyindoles,
indoxyl sulfate, and MDTMs, such as indole-3-propionic acid and indole-3-aldehyde

(1Ald), can be derived from tryptophan through alternative pathways*’'?°. Formation of

some of indole metabolites are completely host dependent: conversion of indole to
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indoxyl is mediated by mammalian cytochrome P450 2E1, followed by sulfotransferase
1A1 mediated sulfation to form indoxyl sulfate!?612’, Conversely, some of the
biotransformation reactions involving indole are present in both the microbiota and the
host: mammalian CYP11A1 can directly covert indole to 5-HI while gut bacteria can
convert 5-hydroxytryptophan to 5-HI28:129,

Production of MDTMs in the Gl tract is likely to involve co-metabolism between
the microbiota and the host. For example, while indoxyl sulfate biosynthesis from indole
is purely host dependent, formation of indole itself is microbiota dependent, resulting in
abrogation of circulating indoxyl sulfate levels in germ free mice*’. It should be noted
that multiple routes exist to produce MDTMs. For example, members of the genus
Lactobacillus can directly produce IAld without the production of indole?#245125.130.131,
Similarly, tryptamine can be produced directly from tryptophan through the tryptophan
decarboxylase enzyme and multiple enzymatic routes to produce indole-3-acetate (both
from tryptophan and indole) have been recently reported3133,

Several in vitro and in vivo studies have demonstrated a role for indole in
modulating inflammation in multiple models, ranging from suppressing diet-induced
non-alcoholic fatty liver disease and liver inflammation, to protecting against dextran
sodium sulfate induced colitis and promoting intestinal epithelial function, to reducing
central nervous system inflammation in a murine model of multiple sclerosis3940:42:48:49,
Administration of IAld in mice also attenuated experimental colitis, inhibited fungal

growth in candidiasis, alleviated central nervous system inflammation in experimental
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autoimmune encephalomyelitis, and inhibit skin inflammation in a dermatitis

m0d9|42'45'125'130’131.

2.1.2.4. Trimethylamine metabolites

Choline, phosphatidylcholine, carnitine, and betaine are among the dietary
compounds that the gut microbiota can utilize as a carbon source, releasing
trimethylamine (TMA\) as a by-product of metabolism**>. TMA-monooxygenases,
primarily expressed in the mammalian host liver, oxidize TMA to trimethylamine-N-
oxide (TMAOQ). While a TMA-monooxygenase has been characterized in the
methanotrophic species Methylocella silvestris, such enzymatic activity has not been
identified in abundant human symbionts, suggesting microbial dependent effects on
TMAO levels may be mediated primarily through TMA synthesis'®*. Plasma levels of
TMAO have been associated with risk of cardiovascular disease (CVD), atherosclerosis,
and thrombotic events!*1%5254, Dietary supplementation of TMAO in mice promoted
atherosclerosis, reduced reverse cholesterol transport, and stimulated platelet hyper-
reactivity*1>* However, at least one study did not find an association between plasma
TMAO levels in mice and atherosclerosis, but did observe a correlation with plaque
instability®®°. In support of a causative role of the microbially dependent TMAO levels
and CVD, transfer of cecal microbiota from pro-atherosclerotic mice into choline-fed
germ-free mice induced faster thrombus formation than the transfer of a low-TMAO
producing microbiota®. Outside of CVD, an overabundance of choline-TMA lyase

genes was observed in the fecal microbial metagenome of colorectal cancer patients*3,
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2.2. Macrophages

Macrophages are immune effector cells that are the most abundant immune cell
type in the intestinal lamina propria®*’. Macrophages can arise from terminal
differentiation of circulating monocytes and infiltrate tissue. In addition, resident
macrophages are also seen in many tissues in the body, for example, Kupffer cells in the
liver, microglia in the brain, and adipose tissue macrophages. However, tissue-resident
and circulating macrophage populations can differ in their origin. While monocytes in
peripheral blood originate from bone-marrow derived progenitor cells, some tissue-
resident macrophages are independently maintained populations originating from yolk-
sac derived cells in early life®, These localized macrophages develop highly specialized
functions. For example, intestinal macrophages contributing to wound healing and the
proliferation of the epithelium as well as maintaining tolerance to commensals and
symbionts'¥,

In general, macrophages function by secreting signaling cytokines,
phagocytosing pathogens and damaged host cells, and presentation of appropriate
antigens for activation of other immune cells. Circulating monocytes and macrophages
migrate towards exogenous molecular patterns, such as LPS signaling the presence of
potentially pathogenic bacteria, and endogenous molecular patterns, such as heme
released from damaged erythrocytes in need of phagocytic recycling'#°. Chemokines
secreted by other immune cells can also induce monocyte/macrophage migration and
adhesion. Monocyte chemoattractant protein-1 (MCP-1) and interleukin-8 (IL-8) are two

chemokines that are produced by different cell types including epithelial cells and
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macrophages themselves and are typically upregulated in pro-inflammatory
environments'#142 Like the aforementioned molecular patterns, MCP-1 is a strong
inducer of macrophage/monocyte chemotaxis to sites of inflammation while IL-8 is
involved in macrophage adhesion.

Macrophages may also be further polarized after differentiation and are often
characterized as either classically (M1) or alternatively (M2) activated'*3. This
polarization is often driven by T-cell derived cytokines, with T-helper 1 (Th1) cells
producing interferon-y (IFN- y) and T-helper 2 (Th2) cells producing interleukin 4 (IL-
4). The combination of LPS and IFN- y are strong drivers for pro-inflammatory M1
polarization with increased capacity to secrete pro-inflammatory cytokines and pathogen
clearance, while IL-4 drives M2 polarization and a wound-healing associated phenotype
with increase capacity to secrete the anti-inflammatory cytokine interleukin-10 (IL-
10)43,

Aberrant M1 macrophage activity can induce tissue damage at sites of
inflammation and be pathogenic in immune-driven diseases. Macrophage mediated
chronic low-grade inflammation is a hallmark of diet-induced obesity!*414°. Adipose
tissues of obese individuals express increased levels of MCP-1, inducing macrophage
infiltration and proliferation within adipose tissues'*®. This increase in MCP-1 secretion
can be induced by the gut microbiota via a mechanism dependent on toll-like receptor 4
(TLR4), the primary receptor for LPS recognition'4’. Obese individuals are estimated to
have adipose tissues with a population comprised of roughly 40% macrophages, while

lean individuals may have less than 10%*8. Obesity can induce polarization of
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infiltration macrophages towards the M1 phenotype, resulting in increased secretion of
tumor necrosis factor (TNF) and other pro-inflammatory cytokines capable of promoting
insulin resistance, a defining characteristic of T2D and metabolic syndrome!®.

Dysregulation of intestinal macrophages have been implicated as a causative
factor in IBD. Intestinal macrophages are a heterogeneous population and can originate
from circulating monocytes as well as self-maintained populations'#*>°, Gut microbial
signals are critical for maintaining homeostatic levels of monocyte-derived intestinal
macrophages, as germ-free mice are significantly depleted in these populations'*®. These
localized macrophages play a critical role in maintaining tolerance to gut symbionts and
dietary antigens, in part by IL-10 secretion, driving regulatory T cell (Treg) expansion,
and limiting epithelial absorption of exogenous toxins®!"13, Genetic analysis of IBD
patients reveal enrichment of loci associated with monocyte differentiation or activation
and macrophage-LPS response®. Similarly, susceptibility genes for IBD are
differentially expressed in macrophages after phagocytic sampling of apoptotic epithelial
cells, suggesting functional deficiencies in efferocytosis in the gut may contribute to
etiology®™. Function and differentiation of macrophages can be directly regulated by
microbially-derived metabolites, with butyrate driving macrophage differentiation from
circulating monocytes, inhibiting LPS-induced nitric oxide, IL-6, and IL-12 secretion,
while increasing pathogen resistance!®6%7,

In addition to butyrate, the MDTM indole-3-acetate inhibits LPS-stimulated
expression and secretion of pro-inflammatory TNF and MCP-1 4, Furthermore, ablation

of the AhR in CD11c expressing cells (primarily expressed in dendritic cells and
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macrophages) resulted in epithelial barrier dysfunction and increased susceptibility to
experimental colitis'®®,

Taken together, there is significant evidence that macrophages are a critical
immune effector cell type involved in the etiology of multiple inflammation-mediated
diseases, and gut microbial dysbiosis can contribute to aberrant macrophage function

and differentiation, in part through altered microbial metabolite signaling.

2.3. T Cells

T cells comprise a diverse population of immune effector and helper cells critical
for maintenance of adaptive immune responses and immune memory. They originate
from bone marrow progenitor cells that migrate to the thymus where they begin to
express the T-cell receptor (TCR), CD4, and CD8°. The ability of T-cells to respond to
a massive repertoire of exogenous antigens is dependent on the diversity of TCR
sequences. Segments of the TCRa and TCR genes of immature T-cells undergo
rearrangement facilitated by recombination activating gene (RAG) 1 and 2 while in the
thymus, with the theoretical potential to generate on the order of 10*° unique TCRs'°,
These T-cells undergo positive selection for their ability to bind major histocompatibility
complex (MHC) class I or class I molecules presented by thymic epithelial cells, that
then drive differentiation into CD4*CD8 or CD4°CD8" subtypes'®:12, MHC class |
molecules are expressed at the cell surface by all nucleated cells and present intracellular
protein fragments, whereas MHC class 11 molecules are primarily present at the surface

of antigen presenting cells, displaying exogenous antigens. Affinity for MHC class |
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drives CD4°CD8" differentiation, while affinity for MHC class Il drives CD4*CD8"
differentiation®. These single positive T-cells then undergo negative selection for TCR
affinity towards self-antigens presented by thymic dendritic cells (DCs), with high
affinity binding initiating apoptosis. This combination of positive selection for MHC
binding and negative selection for self-antigen recognition selects for helper (CD4") and
cytotoxic (CD8™) T cell populations that are immunocompetent while remaining self-
tolerant®®2, After affinity maturation, young adults are estimated to have a lower bound
of 100 million unique TCR binding sequences, allowing for broad yet targeted
recognition of foreign antigens®®*. Affinity-matured T cells can migrate from the thymus
to the spleen, lymph nodes, mucosal sites, or persist in circulation'*. In the periphery,
cognate antigen recognition drives clonal expansion, further differentiation into
specialized subsets, and cytokine secretion. For example, CD8" cytotoxic T cells secrete
cytotoxic compounds such as perforin and granzymes to facilitate pathogen clearance,
while CD4" helper cells secrete cytokines to signal immune status'®>1%. Post-infection,
most of the expanded T-cells undergo apoptosis, while a small subset persists as memory
T-cells that function to maintain long-term immunity to subsequent pathogen exposure.
Within the helper T cell lineage, there exists four major subpopulations: T-helper
1 (Th1), T-helper 2 (Th2), T-helper 17 (Th17), and T-regulatory (Treg) cells (Figure
2.2). When naive CD4" T cells (Th0) are activated by DCs presenting its cognate
antigen, the fate of its differentiation into a given subtype is largely determined by the

presence and concentration of cytokines within its vicinity®®.
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Figure 2.2. Ex vivo helper T cell differentiation. Activation of naive CD4* T cells by
antigen presenting cells can be simulated ex vivo using antibodies for TCR co-receptors,
CD3 and CD28. Addition of recombinant cytokine milieus drive differentiation towards
specific subtypes, with four major lineages depicted. Master transcription factors for
each type are depicted along with functions and classical cytokines produced.
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