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LAY ABSTRACT
Approximately 0.7% of Canadians are currently affected with inflammatory bowel
disease (IBD). The gut hormone serotonin, which regulates many normal functions, is
elevated in gut inflammation. Reduced serotonin levels decrease the severity of
inflammation. IBD pathology has been linked to a unique cell self-eating process called
autophagy. Using cell lines, mice, and samples from IBD patients, we assessed the
interactions between serotonin signaling and autophagy during gut inflammation. I found
that an increase in serotonin levels enhances the severity of gut inflammation by
inhibiting autophagy. We also established the connection between serotonin and
autophagy in the intestinal epithelial cells, and how this modulates epithelial cell function.
Furthermore, we demonstrated the establishment of an altered gut microbiota upon
disruption of the serotonin-autophagy axis in the epithelial cells, which subsequently
influenced gut inflammation severity. Thus, we identified one of the key triggers related

to the pathogenesis and severity of IBD.
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ABSTRACT
Autophagy, an intracellular degradation, and recycling process is essential in maintaining
cellular homeostasis. Dysregulated autophagy is linked to the pathogenesis of various
diseases, including inflammatory bowel disease (IBD) which consists of Crohn’s disease
and ulcerative colitis. In IBD, enterochromaffin cell numbers and one of its main product
serotonin (5-hydroxytryptamine; 5-HT) levels are elevated. Previously, we had shown
that tryptophan hydroxylase 1 deficient (ZTphl™) mice, with reduced gut 5-HT had
decreased severity of colitis. Here, we showed that gut 5-HT plays a vital role in
modulating autophagy and thus regulating gut microbial composition and susceptibility to
intestinal inflammation. 7phl” mice, had upregulated colonic autophagy via the
mammalian target of rapamycin pathway (mTOR), and decreased colitis severity. Tphl”
mice after 5-HT replenishment, and serotonin reuptake transporter deficient (SERT )
mice, which have increased 5-HT levels, showed converse results. Deletion of intestinal
epithelial cell-specific autophagy gene, Atg7, in Tphl “ mice (DKO mice) abolished the
protective effect of Tphl deficiency in colitis, decreased the production of antimicrobial
peptide, B-defensin 1 and promoted colitogenic microbiota. Furthermore, using cecal
microbial transplantation, we found that the colitic microbiota of the DKO mice
contributed to the increased severity of colitis. Supporting this pathway's translational
importance, we uncovered that 5-HT treatment of peripheral blood mononuclear cells
from both healthy volunteers and patients with Crohn’s disease inhibited autophagy via
the mTOR pathway. Our results in this thesis emphasize the role of 5-HT-autophagy-

microbiota axis in intestinal inflammation. Moreover, these findings suggest 5-HT as a
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novel therapeutic target in intestinal inflammatory disorders such as IBD that exhibit

dysregulated autophagy.
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Literature overview

1. Autophagy

Autophagy is a catabolic process of delivering and degrading cytoplasmic
constituents, organelles and infectious agents to the lysosome.'> Autophagy is a highly
conserved universal mechanism that participates in a range of physiological processes." It
is crucial in response to starvation, tissue remodeling, breakdown of cellular debris,
turnover of damaged organelles, tumour suppression, regulation of immunity, and cell
death.*” Basal autophagy contributing to routine cell turnover is maintained in most
tissues. Polyubiquitinated protein aggregates, formed during stress, aging, and disease are
cleared by the autophagic process. Additionally, during infection autophagy degrades
invading pathogens, suppresses the release of pro-inflammatory cytokines, participates in
antigen presentation and lymphocyte development.® There are three types of autophagy:
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA)."* In
macroautophagy double membrane-bound vesicles called autophagosomes are formed in
the cytoplasm that engulf cytoplasmic constituents and organelles. In microautophagy the
target components are directly engulfed and degraded in the lysosome. In CMA, cytosolic
chaperone heat shock cognate 70kDa protein (HSC70) binds to a KFERQ-like
pentapeptide motif of the target protein that promotes the translocation of the targets into
the lysosomal lumen across lysosomal membranes.*’ The mechanisms and functions of
macroautophagy has been extensively studied and linked to inflammatory bowel disease
(IBD) disease pathogenesis. I am focusing on macroautophagy and it will be referred to

as autophagy.
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The hallmark of autophagy is the synthesis of autophagosome, a double
membrane bound vesicle-containing portions of cytoplasm. Autophagosome formation
occurs through three main stages: initiation, nucleation and expansion of the isolation
membrane in the phagophore assembly site (PSA). The process of autophagy involves
more than 30 proteins.” The isolation membrane is also called phagophore. Stress signals
like nutrient limitation, specific cargo like defective organelles and microorganisms
activate the Unc-51 like autophagy activating kinase (ULK) complex through adenosine
monophosphate-activated protein kinase (AMPK) and mammalian target of rapamycin
(mTOR). AMPK activates autophagy while mTOR inhibits it. ULK1 complex recruits
class III phosphatidylinositol-3-kinase (PI3K) complex. The PI3K converts
phosphatidylinositol to phosphatidylinositol-3-phosphate (PI3P) at the phagophore
marking the nucleation stage. The PI3P serves as a platform for downstream autophagy
proteins to connect to the phagophore membrane, allowing it to be deformed and bent.
Two ubiquitin-like enzymes, autophagy related (Atg) 7 and Atgl0 activate and form the
third ubiquitin like enzyme, Atg12-5-16L1 complex. The PI3P binds to the Atgl2-5-16L1
complex. Simultaneously the protease Atg4 cleaves cytoplasmic microtubule-associated
protein 1 light chain 3 (LC3) to LC3-1. The ubiquitin-like enzymes Atg7, Atg3 and
Atgl2-5-16L1 complex conjugates phosphatidylethanolamine to the LC3-I protein to
form LC3-II. LC3-II is hydrophobic and is easily incorporated in the phagophore
membrane elongating and closing the phagophore membrane to form a double-membrane
autophagosome. In selective autophagy adaptor proteins such as p62 bind to ubiquitinated

proteins and organelles and attach them to LC3-II, bringing them into the autophagosome.
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p62 has been found to accumulate in autophagy deficient cells.® The autophagosome then
fuses with the lysosome mediated by proteins like lysosome-associated membrane protein
2 (LAMP2) to form autolysosome. In the final stage, the contents are broken down by
lysosomal hydrolases and released into the cytoplasm."””!"!

Autophagy in absorptive enterocytes prevent barrier invasion by pathogens like
Salmonella, adherent-invasive E. coli and opportunistic pathobiont Enterococcus
faecalis."*" Starvation induced autophagy decreases intestinal epithelial permeability that
maintains the barrier.'* Specialized epithelial cells like Paneth cells, goblet cells and
enteroendocrine cells (EECs) are also regulated by autophagy. In the Paneth cells of
Atgl6L1 and Atg5 hypomorphic mice, aberrant granule exocytosis interferes with the
release of antimicrobial peptides (AMPs). A similar change in Paneth cells in Crohn’s
disease (CD) patients carrying the Atgl6L1 risk allele was shown."” In Paneth cells of

intestinal epithelial cell (IEC) specific Atg7 conditional knockout (4tg7*=¢

mice,
granule size is reduced and lysozyme staining is decreased.'® In goblet cells, autophagy is
critical for the formation and secretion of mucin.'” Partial loss of autophagy in the Atg3 "
mice lead to goblet cell hyperplasia, disturbance in the secretory pathway and mucus
layer defect.'® Autophagy also regulates the differentiation of EECs from stem cells along

with the production of EEC peptide chromogranin.'”"

Furthermore, autophagy in the
intestinal epithelium was found to reduce the severity of endotoxin-induced inflammatory
response and thus contributing to the maintenance of intestinal homeostasis.*’

Immune cells play key roles in the pathogenesis of IBD. Autophagy regulates

functions of innate and adaptive immune cells such as formation of transepithelial
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protrusions, antigen sampling and presentation, dendritic cell (DC) maturation, major
histocompatibility complex II (MHC II) loading, T and B cell proliferation.*>*
Autophagy has crucial roles on the transcription and degradation of pro-inflammatory
cytokines like interleukin (IL)-1p and IL-18. Saitoh et al. reported increased production of
lipopolysaccharide (LPS) induced IL-1f and IL-18 in Atgl6L1 deficient mice
macrophages.* This group also found that Atgl6L1 deficient chimeric mice generated by
transplantation of fetal liver cells into irradiated C57BL/6 (CD45.1) mice have increased
susceptibility to dextran sulphate sodium (DSS) induced chemical colitis as demonstrated
by acute weight loss and severe distal colon inflammation.

Autophagy and gut microbiota are important factors in the development of IBD.
The composition and diversity of gut microbiota in IEC specific Atg5 conditional
knockout (4rg5"*) and Arg7""“ mice have recently been shown to be highly
different.***” In the Arg5""“ mice, beneficial anti-inflammatory bacteria such as the
mucin-degrading Akkermansia muciniphila and members of the Lachnospiraceae family
are reduced. Pro-inflammatory bacteria such as Candidatus athromitus and potential

AIEC
5

Pasteurellaceae pathogens, on the other hand, are enhanced in the Atg mice.

Similarly, Atg7""*¢

mice showed a larger bacterial burden, with more colitogenic bacteria
such as Prevotella and Bacteroides fragilis.***’ However, the relationship between host
autophagy and microbiota is bidirectional. Microbiota-derived metabolites have been
shown to influence intestinal inflammation via the autophagy pathway. By suppressing

Atgl6L1, LC3-II, and p62 expression, trimethylamine N-oxide, a gut microbiota derived

metabolite, boosted IEC nucleotide-binding domain, leucine-rich-containing family, pyrin
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domain-containing-3 (NLRP3) inflammasome activity.”® The mTOR signaling pathway
has a key role in microbiota associated immune regulation and intestinal disease
development.”® The intestinal microbiota and its metabolites regulate various
physiological functions of the host and maintain homeostasis through the mTOR
pathway, which controls many cellular processes, autophagy being one of them.” A
probiotic strain of Bifidobacterium attenuates various gastrointestinal (GI) disorders
including chronic relapsing IBD and initiates autophagy in the IECs probably through the
Atgl2-5-16L1 pathway,’® further highlighting the importance of interaction between
microbiota and autophagy in IECs. Nevertheless, the upstream regulators of the
autophagy-microbiota axis remain to be determined.

Recently, genome-wide association studies (GWAS) scan involving 735 CD
patients and 368 controls identified an increased risk of developing CD in individuals
with nonsynonymous single nucleotide polymorphism (SNP) in the Atgl16L1 locus.”’ The
T300A variant of the Atgl6L1 gene resulted in the production of defective autophagy
protein that was more prone to caspase-3 mediated degradation. This resulted in defective
stress activated autophagy and xenophagy, thus establishing a state of chronic
inflammation.>® Additionally, another autophagy gene immunity related GTPase family
M (IRGM) has also been linked with CD.*~* These two polymorphisms are responsible
for dysfunctional autophagy, which propagates the inflammatory process in IBD.
Autophagy prevents an exaggerated pro-inflammatory response in the gut by influencing
immune response to the commensal bacteria and by regulating cytokine secretion.’>*°

Different research groups reported pharmacological inhibition of mucosal autophagy by
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rapamycin or other mTOR-inhibitors resulted in reduction of intestinal inflammation in

experimental models of colitis and in severe refractory CD. All these studies concluded

37-39

that enhancing autophagy in the gut is protective against colitis. Further, elaborated

role of autophagy in intestinal immune response and inflammation has been discussed in

the paper below.

1.1 Role of autophagy in immune activation and intestinal inflammation

AUTOPHAGY: ROLES IN INTESTINAL MUCOSAL HOMEOSTASIS AND
INFLAMMATION

Published in Journal of Biomedical Science. Volume 26. Issue 1. Pages 1-14. 2019
https://doi.org/10.1186/s12929-019-0512-2

Sabah Hagq, Jensine Grondin, Suhrid Banskota & Waliul I. Khan

Reproduced with permission of the publisher © 2019
Copyright by SpringerNature under the Creative Commons CC BY license

In this review, we summarized how autophagy, the cell recycling process, maintains
intestinal homeostasis. In the human gut, autophagy plays a vital role in many aspects of
the innate and adaptive immunity. Particularly, autophagy critically regulates the
intestinal epithelium. In addition, it is also involved in maintaining a healthy gut
microbiota. Any perturbations in this process of autophagy results in inappropriate
immune response and uncontrolled inflammation. In this review, we have also focused on
autophagy and its role in the pathogenesis of IBD. This review is very relevant to my
research project focused on how disruption of the autophagic process in the colon and
IECs contributes to the pathogenesis of intestinal inflammation.

SH collected literature, designed and wrote the manuscript. JG edited and prepared
manuscript for submission. SB edited and WK edited, revised and designed the
manuscript. All authors read and approved the final manuscript.
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Sabah Hag'?, Jensine Grondin', Suhrid Banskota™? and Waliul I. Khan'?"

Abstract

and in the control of inappropriate inflammation.

The intestinal mucosa is a site of multiple stressors and forms the barrier between the internal and external environment.
In the intestine, a complex interplay between the microbiota, epithelial barrier and the local immune system maintains
homeostasis and promotes a healthy gut. One of the major cellular catabolic processes that regulate this homeostasis is
autophagy. Autophagy is required to maintain anti-microbial defense, epithelial barrier integrity and mucosal immune
response. Dysregulation of the autophagy process causes disruption of several aspects of the intestinal epithelium and
the immune system that can lead to an inappropriate immune response and subsequent inflammation. Genome-wide
association studies have found an association between several risk loci in autophagy genes and inflammatory bowel
disease. The aim of the current review is to provide an update on the role of autophagy in intestinal mucosal physiology

Keywords: Autophagy, Intestinal mucosa, Epithelium, Immune response, Inflammation, Microbiota

Introduction

Autophagy or “self-eating” is the catabolic process of deli-
vering cytoplasmic constituents, organelles and infectious
agents to the lysosome for degradation [1]. It is a highly
conserved mechanism that takes place in all eukaryotic cells
and participates in maintaining normal physiology [1].
During starvation, growth factor deficiency or high-energy
demand, autophagy is induced to generate energy that
supports metabolic processes [1]. Apart from starvation,
autophagy is critical in responding to a diverse range of
stressors namely, hypoxia, infection, endoplasmic reticulum
(ER) stress, tissue remodeling, cellular debris breakdown,
turnover of damaged organelles, tumor suppression, im-
mune response, and cell death [2, 3]. Basal autophagy ie.
the baseline level of autophagy maintained as a housekeep-
ing function in all cells, contributes to routine cell turnover
and is important for the maintenance of cellular homeosta-
sis [1, 4]. Autophagy results in the clearance of polyubiqui-
tinated protein aggregates, which are formed during stress,
aging, and disease. Autophagy also degrades invading
pathogens, modulates the release of pathogen induced
pro-inflammatory cytokines and participates in antigen
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presentation and lymphocyte development [2, 3]. Further-
more, this process is essential in maintaining intestinal bar-
rier integrity, anti-microbial defense and mucosal immune
response [5]. Even though autophagy is a survival me-
chanism, it can lead to cell death either in association with
apoptosis or as an alternative mechanism [6]. The various
roles of autophagy in regulating homeostasis and inflamma-
tion are extremely significant in the context of the intestinal
mucosa, where most of the stressors are likely to converge
[5]. The intestinal mucosa is constantly exposed to the gut
microbiota and food particles since it is adjacent to the gut
lumen. The epithelial and the resident immune cells of the
mucosa are essential for defense against these antigens.
Dysregulation of autophagy has been implicated in the
pathogenesis of various diseases, including inflammatory
bowel disease (IBD) [7]. The two major forms of IBD,
Crohn’s disease (CD) and ulcerative colitis (UC), are serious
chronic inflammatory conditions of the human bowel [7].
In spite of decades of research, IBD pathophysiology is not
fully understood. The development and course of IBD are
affected by several factors, including genetic susceptibility
of the host, the intestinal microbiota, other environmental
factors, and the host immune system [8]. Genome-wide
association studies (GWAS) revealed that polymorphisms
in autophagy genes contribute to the development of IBD
[9]. Therefore, understanding the role of autophagy in

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.



Ph.D. Thesis — S. Haq; McMaster University — Medical Sciences

Hagq et al. Journal of Biomedical Science (2019) 26:19

intestinal homeostasis and pathogenesis of inflammation is
important to the development of new strategies in preven-
tion and/or treatment of intestinal inflammatory diseases.

The purpose of the review is to provide the readers
with an update on the mechanisms of autophagy and
present understanding on the role of autophagy in intes-
tinal homeostasis and inflammation. The role this
process plays during the inflammatory response in both
patients and in experimental models will also be exam-
ined. In addition, the emerging relationship between gut
microbiota and autophagy has also been discussed due
to its significance in the context of gut inflammation
and possible future therapies.

Mechanisms of autophagy

Autophagy comprises three major intracellular pathways
in eukaryotic cells: macroautophagy, microautopahgy, and
chaperone-mediated autophagy (CMA). These pathways
share a common destiny of lysosomal degradation but
differ mechanistically [1, 2]. In macroautophagy, double
membrane-bound vesicles called autophagosomes are
formed that engulf cytoplasmic constituents and organ-
elles. The autophagosomes fuse with lysosomes, where the
contents are degraded. Microautophagy, by contrast, in-
volves direct engulfment and degradation of the target
components in the lysosome. Microautophagy is import-
ant in the maintenance of organelles and membranes, as
well as, cell survival during starvation. However, it is not
clear whether it occurs simultaneously with macroauto-
phagy or if it is simply a compensatory mechanism for
macroautophagy to clear the excess metabolic materials
[10]. In CMA, cytosolic chaperone heat shock cognate 70
kDa protein (HSC70) binds to a KFERQ-like pentapeptide
motif of the target protein. HSC70 then associates with
lysosome-associated membrane protein 2A (LAMP2A)
resulting in its oligomerization. This promotes the trans-
location of the targets across lysosomal membranes into
the lysosomal lumen [2]. Among the three autophagy
pathways, macroautophagy has been extensively studied
and linked to many intestinal physiological and patho-
logical processes. In this review, we will focus on macro-
autophagy and, from this point on, this process will simply
be referred to as autophagy.

The mechanisms of autophagy have been studied ori-
ginally in the yeast model. Since autophagy is highly
conserved, the pathways found in yeast can be translated
to mammalian cells [5]. The mechanism has been sum-
marized in Fig. 1. The central upstream regulators of au-
tophagy are mammalian target of rapamycin complex 1
(mTORC1) and adenosine monophosphate-activated
protein kinase (AMPK). AMPK activates the process of
autophagy where as mTORCI1 inhibits it. Nutrient suffi-
ciency and growth factor stimulation activates mTORC1
resulting in inhibition of autophagy [11, 12]. On the
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other hand, starvation, growth factor withdrawal and ER
stress activate AMPK that, in turn, inhibits mTORC1
and activates autophagy [11, 12]. The opposing roles of
mTORC1 and AMPK in the autophagy pathway are due
to phosphorylation of Unc-51 like autophagy activating
kinase (ULK1) at two different sites [13]. Some of the
other upstream regulators of autophagy pathway are
class I phosphatidylinositol-3-kinase (PI3K), p53, death
associated protein kinase and hypoxia inducible factor 1
(HIF-1) [14].

One of the hallmarks of autophagy is the formation of
autophagosome, a double membrane bound vesicle con-
taining portions of cytoplasm. Autophagosome formation
occurs through initiation, nucleation and elongation of the
isolation membrane in the phagophore assembly site (PAS).
The origin of the isolation membrane is unclear and is
thought to be derived from either the ER, the Golgi or the
plasma membrane. The ULK complex composed of ULK1,
autophagy-related protein 13 (Atgl3), focal adhesion kinase
family interacting protein of 200kDa (FIP200) and
autophagy-related protein 101 (AtglO1), initiates autopha-
gosome formation in the PAS. In the nucleation stage, the
ULK1 complex recruits beclin-1, autophagy-related protein
14 (Atgl4), vacuolar protein sorting 15 (Vps15) and class
III phosphatidylinositol-3-kinase (PI3K) to the PAS [15].
Class III PIBK converts phosphatidylinositol to
phosphatidylinositol-3-phosphate (PI3P) at the PAS. PI3P
forms a platform for the binding of the downstream au-
tophagy proteins to the isolation membrane of the forming
autophagosome and allows this membrane to be deformed,
bent and expanded. During the elongation stage
autophagy-related protein 12-5 (Atgl2-5) conjugate is ac-
tivated by the enzymes autophagy-related protein 7 (Atg7)
and autophagy-related protein 10 (Atgl0). Atgl2-5 forms a
complex with autophagy-related protein 16L1 (Atgl6L1)
that associates with isolation membrane and functions as
an ubiquitin-like enzyme. The Atgl2-5-16L1 complex is
required for the lipidation of the microtubule-associated
protein 1 light chain 3 (LC3-I) with phosphatidylethanol-
amine (PE) to form LC3-II [16]. The lipidation of LC3-I to
LC3-II is catalyzed by the enzymes Atg7 and Atg3 [17].
LC3-1I is hydrophobic which allows for easier incorporation
into, elongation of the isolation membrane, and closure of
the autophagosome [17]. Selective autophagy is an autopha-
gic process where cytoplasmic components are selected,
tagged and delivered to the forming autophagosome, where
as non-selective autophagy focuses on the bulk degradation
of cytoplasmic components [18]. In selective autophagy,
adaptor protein like p62 binds to ubiquitinated proteins
and organelles, attaches them with LC3-II that helps bring
them into autophagosome [17, 18]. In the final stage of its
formation, the autophagosome fuses with the lysosome to
form autolysosome, a process mediated by proteins like
Rab7, syntaxin 17, vesicle-associated membrane protein 8



Ph.D. Thesis — S. Haq; McMaster University — Medical Sciences

Hagq et al. Journal of Biomedical Science (2019) 26:19 Page 3 of 14

Extracellular signals: bacterial products, o
& r withdrawal, hormones, ¢ Activation
nutrients and oxygen deficie == tnivition

/
&

-

\
D -
4

1
at PAS

Isolation
\ membrane

LC3-I1
- & % )
Autolysosome ‘ Autophagosome
LC3-I

Fig. 1 Mechanisms of macroautophagy. Stress signals activate AMPK and inhibits mTORC1. mTORC1 is inhibited by AMPK and activated by
growth factor induced PI3K-Akt pathway that initiates autophagy. 1. Initiation: Activated AMPK and inhibited mTORC1 initiates ULK complex. 2.
Nucleation: ULK complex recruits kinase complex to the PAS that results in the production of PI3P at the isolation membrane. 3. Elongation: PI3P
recruits downstream Atg proteins for elongation of the membrane. Atg12-5 forms a complex with Atg16L1 that associates with isolation
membrane. The Atg12-5-16 L1 complex along with Atg7 and Atg3 are required for the formation of LC3-ll from LC3-l. The LC3-Il mediates the
elongation and completion of the autophagosome. 4. Fusion: Autophagosome fuses with the lysosome to form the autolysosome. Lysosomal
enzymes degrade the contents of the autolysosome. In selective autophagy, adaptor proteins like p62 binds to ubiquitinated proteins and
organelles, attaches them with LC3-Il and brings them in the autophagosome for degradation

(VAMPS) and LAMP2. The inner membrane and contents
of the autolysosome are broken down by enzymes such as
hydrolases and released into the cytoplasm, thus complet-
ing the process of autophagy [1, 14]. This brief overview of
mammalian autophagy pathways demonstrates the com-
plexity of the process (Fig. 1). It should be mentioned that,
recent discoveries of alternative autophagic pathways such
as the Atg5/Atg7 independent autophagy pathway, suggest
that different autophagy pathways and autophagy-related
molecules may exist in different types of cells [19]. These
differences may be due to variances in stressors or in func-
tions of specific cell types. For example, in the intestine the
mechanism and molecules associated with the process of
autophagy may be altered in specialized secretory epithelial
cells such as Paneth, goblet and enteroendocrine (EE) cells
in comparison with absorptive epithelial cells. However, fur-
ther investigation is needed to elucidate this notion.

Autophagy in intestinal epithelium

The intestinal epithelium, the barrier between the lumen
and intestinal mucosa, is constantly exposed to food and
microbes and acts as the first line of defense against mi-
crobial invasion [5, 20]. Intestinal epithelial cells (IECs),

as well as, the specialized epithelial cells such as enter-
oendocrine (EE) cells, goblet cells, Paneth cells, micro-
fold (M) cells and tuft cells make up this single layer
that acts as the site of digestion and absorption [3]. Basal
autophagy in M cells is relatively low compared to other
epithelial cells since the function of M cells is simply to
transport antigens from the gut lumen through the epi-
thelial layer to the underlying Peyer’s patches. However,
when mice are exposed to stresses such as cigarette
smoke, autophagy is induced in both M cells and follicle
associated epithelium. Even though, in the Peyer’s
patches of the murine ileum, autophagy levels are in-
creased in response to cigarette smoke exposure, some
of the downstream autophagy proteins does not show a
significant increase compared to the air exposed control
mice. It is thought that smoking results in oxidative
stress that induces autophagy to repair the cell damage
[21]. It can be assumed that the findings in B and T cells
might be applicable to the PP since PP is in fact an ag-
gregate of lymphoid follicles with germinal B cell center
surrounded by T cell zone. Since the relationship
between autophagy and M cells and tuft cells has not
been explored sufficiently, future research needs to be
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conducted in this area. In the intestine, a sensitive bal-
ance between tolerance and defense is required to main-
tain homeostasis. The conserved process of autophagy
plays a critical role in maintaining this balance by regu-
lating the functions of these different types of cells in
the mucosal layer [5].

Intestinal epithelial cells

Epithelial cells are the first line of defense in host tissues
against various invading gut microbiota and pathogens
[22, 23]. In IECs, autophagy is activated in response to in-
vasive bacteria, such as Salmonella enterica, Enterococcus
faecalis and Shigella, in order to inhibit their replication,
invasion and dissemination. The activation of autophagy is
indicated by the presence of autophagosomes in the epi-
thelial cells marked by LC3 puncta [23-25]. The inter-
action between autophagy and the toll-like receptors
(TLRs) signaling pathway has also been studied in the
IECs in vitro. It has been shown that IECs have high levels
of autophagy that is not upregulated upon stimulation of
TLR-2 or 4 or 5. However, when basal autophagy is si-
lenced by Atg7 siRNA transfection in the IEC lines, there
is decreased TLR-2, or 4 or 5 mediated interleukin 8
(IL-8) production [26]. On the contrary, Fujishima and his
group have shown up-regulation of expressions of inter-
leukin 1B (IL-1B) and tumor necrosis factor a (TNF-a)
mRNA by lipopolysaccharide (LPS) in Afg7 deficient
murine small intestinal epithelium compared to control
epithelium [27]. These contrasting findings between
in vitro and in vivo systems suggest for taking caution in
extrapolation of in vitro findings in relation to biological
system and warrants further studies on the role of auto-
phagy in intestinal epithelium. Furthermore, intestinal
epithelial barrier integrity is regulated by autophagy [28-30].
Autophagy increases tight junction barrier function in
Caco-2 IECs by enhancing the lysosomal breakdown of pore
forming tight junction protein claudin-2 [28]. Similarly, au-
tophagy activation in porcine IECs by rapamycin demon-
strates a partial rescue of non-essential amino acid
deprivation induced barrier dysfunction [29]. On the con-
trary, rapamycin mediated induction of autophagy in Caco-2
IECs has opposite effects on intestinal barrier function. In-
creased autophagy causes reduced transepithelial electrical
resistance, enhanced paracellular permeability and disrup-
tion of zonula occludens-1 and occludin [30].

Paneth cells

Among the specialized cells of epithelial layer, the import-
ance of autophagy in Paneth cell function has been exten-
sively studied and has been emphasized in the context of
CD. Paneth cells, located in the crypts of Lieberkuhn of the
small intestine, store and secrete anti-microbial peptides
(AMPs), such as lysozyme, a-defensin and phospholipase
A2. The AMPs contribute to the maintenance of healthy
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gut microbiota [31]. Autophagy is an important regulator
of Paneth cell function. AfgI6L1 and AtgS hypomorphic
mice have abnormal granule exocytosis in Paneth cells that
interferes with the secretion of AMPs and bacterial killing
[32]. Autophagy gene deficient Paneth cells also show in-
creased expression of genes involved in peroxisome
proliferator-activated receptor signaling and production of
leptin and adiponectin, both of which are involved in intes-
tinal injury response. Similar changes in Paneth cells in CD
patients carrying the A#gI6L1 risk allele have been reported
[32]. Different groups have provided similar evidence of re-
duced granule size and decreased lysozyme staining in
Paneth cells in IEC specific Afg7 conditional knock out
(KO) mice [33], in Atg4B null mice [34] and in AtgI6LI
T300A knock in mice [35]. The secretion of lysozyme from
Paneth cells during bacterial infection takes place through
an autophagy-based alternative secretion pathway triggered
by bacteria-induced ER stress [36]. However, a study found
that mouse enteral starvation induces autophagy in Paneth
cells, decreases AMP production and increases transloca-
tion of bacteria to mesenteric lymph nodes [37]. These
contradictory findings may be explained as an attempt of
the Paneth cells to maintain vital functions at the expense
of the physiological function of autophagy. During starva-
tion, induced autophagy results in the synthesis of new con-
stituents. These new constituents are used for production
of proteins essential for cell survival instead of proteins
such as AMPs. Other factors such as a change in the mi-
crobial composition during starvation could also influence
Paneth cell AMP activity [37]. The aforementioned
evidence emphasizes the importance of autophagy in regu-
lation of Paneth cell function and AMP generation, pack-
aging and secretion [38].

Goblet cells

Goblet cells are specialized cells that are responsible for
the production and preservation of the protective mucus
blanket by producing high molecular weight glycopro-
teins known as mucins. This mucus layer is an import-
ant component of the intestinal anti-microbial systems
that effectively separate the gut microbiota and intestinal
epithelium and help maintain homeostasis. Up to 21 dif-
ferent mucin genes have been identified in humans, and
the majority of their homologues have been recognized
in mice and rats [39]. Among these mucin genes, MUC2
(Muc2 in mice) is the major gel forming mucin in the
gut, which is the most important factor determining
goblet cell morphology [40]. Muc2 deficient mice
develop spontaneous colitis and are more susceptible to
dextran sulphate sodium (DSS) mediated model of col-
itis [41]. Additionally, in models of enteric infections,
Muc2-dependent mucus production has been shown to
be critical in host protection. By utilizing Muc2 deficient
mice and mice that are resistant (C57Bl/6) or susceptible
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(AKR) to Trichuris muris infection, studies have illustrated
Muc2 mucin is an important component of innate defense
in this model of parasite infection [42]. An important role
of Muc2 in host defense is also shown in Citrobacter
rodentium infection (mouse model of enteropathogenic
E.Coli (EPEC) and enterohemorrhagic E.Coli (EHEC))
[43]. Autophagy plays an important role in goblet cell
functions. Through the production of reactive oxygen spe-
cies, autophagy protein LC3 regulates the accumulation
and secretion of mucin granules from colonic goblet cells.
Reactive oxygen species are produced in part by LC3 posi-
tive vacuole associated nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH) oxidase. Thus, autophagy
and NADPH oxidase activity drive reactive oxygen species
production that is critical for efficient mucin formation
and secretion by goblet cells [44]. In addition, mice with
defective autophagy are reported to have enlarged goblet
cells in the intestinal epithelial layer [35]. Wlodarska and
his group [45] further reinforced the role of autophagy in
the control of goblet cell function. They showed that
nucleotide-binding oligomerization domain protein-like
receptors protein 6 (NLRP6) inflaimmasome regulates
goblet cell mucus secretion through the induction of
autophagy [45]. NLRP6 deficient mice exhibit defective
autophagy in goblet cells and reduced mucus secretion in
the large intestinal lumen. LC3-GFP tagged NLRP6 defi-
cient mice have no LC3-GFP signal, reduced amounts of
LC3-GFP protein and accumulation of p62 in the intes-
tinal epithelium, indicating defective autophagy. In
addition, increased LC3-I/II ratio and degenerating mito-
chondria are also observed in the intestinal epithelium of
NLRP6 deficient mice. In order to further establish a link
between impaired autophagy and goblet cell function,
Atg5™~ mice were used to study the effects on goblet cells.
Even a partial loss of autophagy function leads to goblet
cell hyperplasia, perturbations in the secretory pathway
and defects of the mucus layer. It was concluded from
these results that inflammasome signaling is critical in
maintaining a healthy goblet cell secretory function via au-
tophagy. Further investigations in both Paneth and goblet
cells is required to determine whether other mechanisms,
apart from ER stress and reactive oxygen species produc-
tion, are involved in autophagy-induced secretion.

Enteroendocrine cells

With enteroendocrine (EE) cells producing more than 30
different hormones, the gut is the largest endocrine organ
in the body [46]. The enteric hormones such as, serotonin
(5-hydroxytryptamine; 5-HT), chromogranin, cholecysto-
kinin, secretin, glucagon-like peptide 1 and 2 (GLP-1,
GLP-2), produced by EE cells are involved in a range of
physiological and pathological functions [46]. Change in
EE cell number and secretion patterns have been docu-
mented in patients with intestinal inflammation. There
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are reports of increased number of peptide YY and chro-
mogranin A expressing cell (CgA+) density in lymphocytic
colitis, as well as, increased GLP-1, GLP-2 secreting cells
and increased 5-HT secreting enterochromaffin (EC) cells
in IBD [46-48]. Recent evidence shows that EE cells are
regulated by autophagy. CgA+ EE cells are increased in
the colon of IBD patients and as well as in DSS induced
mouse model of colitis. The number of CgA+ EE cells is
also increased in the colonic mucosa of mice following
treatment with pro-inflammatory cytokines interferon y
(IFN-y) and TNF-a. In addition, increased levels of
autophagy markers, LC3-II and Atg5, are detected in the
colonic mucosa of these cytokine treated mice. In IFN-y
and TNF-« treated mice, the number of CgA+ cells are
not increased following treatment with the autolysosome
inhibitor, chloroquine. Furthermore, it has been shown
that the increase in the number of CgA+ cells in the mu-
cosa of DSS colitic mice is prevented following adminis-
tration of chloroquine. These findings show an important
role of autophagy in CgA production and differentiation
of CgA+ cells during inflammation [49]. Recently, Dros-
ophila guts lacking WD-40 domain of Atgl6 was found to
have reduced number of mature EE cells, due to a dys-
functional Robo-Slit signaling pathway. Pre-EE cells of the
Atgl6 gut mutant Drosophila model failed to mature into
fully differentiated EE cells. The pre-EE cells containing
mutant A#gl6 failed to produce enough slit (a regulator
protein of EE cell fate) as evidenced by reduced mRNA
and protein levels. This may have resulted in accumula-
tion of pre-EE cells in the gut. The Atgl6 Drosophila gut
mutant also showed elevated levels of pro-inflammatory
cytokines and increased susceptibility to DSS colitis.
Moreover, it is evident that Drosophila Atgl6 promotes EE
cell differentiation from intestinal stem cells [50]. The
above stated evidence indicates a link between EE cells,
autophagy and colitis. The relationship between EE hor-
mones and intestinal inflammation has been extensively
studied in experimental models of colitis. Mice are less
susceptible to DSS and dinitrobenzenesulphonic acid
(DNBS) induced colitis when gut 5-HT content is reduced
either by using Tph enzyme inhibitor or by knocking out
of the Tphl gene [51]. The relationship between 5-HT and
gut inflammation is further supported by reports of exag-
geration in trinitrobenzesulphonic acid (TNBS) colitis in
serotonin reuptake transporter (SERT) KO mice [52].
Recently, some EE hormones have been investigated as
possible regulators of autophagy. There is evidence of au-
tophagy inhibition by 5-HT in hepatocellular carcinoma
cells, in the lacrimal gland and in the rat hippocampus
[53-55]. GLP-2, another EE hormone has also been
shown to robustly activate the mTORCI1 pathway in
murine small intestine [56]. Exogenous parenteral admin-
istration of GLP-2 in C57BL/6 mice increases the phos-
phorylation of eukaryotic translation initiation factor 4E
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(elF4e)-binding protein 1 (4E-BP1) and S6 ribosomal pro-
tein, both of which are downstream effector proteins of
the mTORC1 pathway. Pretreatment of the mice with
rapamycin, an mTOR inhibitor, before administration of
GLP-2 reduces levels of phosphorylated 4E-BP1 and S6
ribosomal protein. This shows that GLP-2 activates the
mTORC1 pathway, which regulates autophagy. These
findings suggest presence of interactions between EE
hormones and autophagy process in both intestinal and
extra intestinal sites. Among the various cell types in the
intestinal mucosa, the role of autophagy in EE cells is
underexplored within the context of intestinal inflamma-
tion. While dysregulated EE cell signaling and autophagy
have been implicated in intestinal inflammation, it re-
mains unclear whether they interact with each other in re-
lation to intestinal pathology and pathophysiology,
particularly in inflammation. Due to the vital roles of the
gut hormones in the maintenance of intestinal homeosta-
sis, it is of utmost importance to further study the rela-
tionship between EE hormones and the autophagy system.

Autophagy in intestinal immune cells

The intestinal mucosal immune system directs the ap-
propriate immune response to a vast array of microbial
and dietary challenges. The gut is one of the largest res-
ervoirs of resident immune cells [38]. Macrophages,
dendritic cells (DCs), T cells, B cells, and natural killer
cells are important components of the intestinal mucosal
immune system. Recent compelling evidence has re-
vealed autophagy as a key regulator of intestinal innate
and adaptive immunity [57].

Macrophages

Autophagy regulates the function of pathogen clearance
in macrophages. For example, Atg7 and Atg5 expression
in macrophages is essential for clearance of Pseudo-
monas aeruginosa and Toxoplasma gondii [58, 59]. In
macrophages, TLR signaling links the components of the
classical autophagy pathway and phagocytosis. The au-
tophagy proteins LC3 and beclin-1 are rapidly recruited
to the phagosome following ligand binding to TLR-2 on
murine macrophages. LC3 and beclin-1 are associated
with rapid fusion of the phagosome and the lysosome,
leading to enhanced killing of ingested organisms like
Mycobacterium tuberculosis [60]. However, the response
of Atgl6L1 deficient mice to C. rodentium infection is
very different compared to that of other pathogens [61].
Atgl6L1 deficient mice are resistant to C. rodentium in-
fection due to a monocyte mediated heightened immune
response. This illustrates an unexpected role of Atgl6L1
in reducing a beneficial immune response to enteric bac-
terial infection. Recently, evidence showed that gut
microbiota mediated type I IFN (IFN-1) signaling path-
way maybe responsible for the heightened immune
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response [62]. The process of autophagy counteracts a
spontaneous IFN-I response to gut microbiota that is bene-
ficial in the presence of infectious and non-infectious intes-
tinal hazards and injury. In autophagy deficient mice, the
gut microbiota contributes to spontaneous IFN-I signaling
resulting in enhanced resistance to C. rodentium infection.
Conversely, inflammatory cytokines also influence autoph-
agy. It has been reported that the Thl type cytokines, such
as IFN-y, produced during bacterial infection activates
autophagy as opposed to the inhibitory Th2 response [57].
Autophagy has crucial roles in the transcription, degra-
dation and secretion of pro-inflammatory cytokines
highlighting its importance in cytokine signaling. Macro-
phages from AtgI6L1 deficient mice have been documented
to produce increased amounts of LPS induced IL-1p, IL-18
and TNF-a [63-65]. Fetal liver cell chimeric mice with
Atgl6L1 deficient hematopoietic cells have increased sus-
ceptibility to DSS colitis as demonstrated by acute weight
loss and severe distal colon inflammation suggesting a
protective role of autophagy in the suppression of colitis
[63]. In addition, these chimeric mice have increased levels
of pro-inflammatory cytokines IL-1B and IL-18 in the sera
after DSS treatment. Treatment with neutralizing anti-
bodies for these cytokines reduce the susceptibility of
Atgl6L1 deficient mice to DSS induced colitis, indicating
the importance of Atgl6L1 in the suppression of intestinal
inflammation [63]. Cd11b + DCs and macrophages isolated
from Atgl6L1 T300A knock in mice also express increased
levels of LPS induced IL-1B and decreased anti-bacterial
autophagy [35]. Similarly, human macrophages isolated
from patients with CD AtgI6L1 T300A variant are reported
to produce higher levels of interferon B (IFN-B) and IL-1B
[66]. Both Atgl6L1 deficient chimeric and Atgl6L1 T300A
knock in mice are autophagy deficient.

Dendritic cells

Dendritic cells are one of the key components of the
immune system that establish the link between innate and
adaptive immunity. DCs initiate immune response by anti-
gen uptake, presentation and activation of T cells. As dem-
onstrated by different research groups, autophagy regulates
interactions between DCs and T cells [67-69]. Using
DC-IECs co-culture system, Strisciuglio and his group [67]
showed that DCs form decreased transepithelial protru-
sions when autophagy is reduced in either DCs or epithelial
cells. This leads to reduced antigen sampling and IL-10 se-
cretion, increased DC maturation, increased T cell prolifer-
ation and production of pro-inflammatory type of DC [67].
Cooney and his group reported a decrease in bacterial
trafficking, antigen presentation and T cell response to
pathogens when AfgI6L1 T300A allele is expressed in DCs
[68]. Similarly, CD4" T cell activation is reduced in mice
with AzgS deficient DCs. This is due to defective processing
of cytosolic, phagocytosed and soluble antigens for major
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histocompatibility complex (MHC) II loading in DCs [69].
Other antigen presenting cells (APC) such as B cells also
depend on intact autophagy machinery for endogenous
antigen presentation [70]. Intracellular microbes such as M.
tuberculosis and Listeria monocytogenes are degraded into
small peptides in the autophagolysosomes and loaded on
the MHC II of APC to activate CD4" T cells [3].

T and B cells

Autophagy regulates activation and maintenance of T
cells. In mice, T cell specific deletion of autophagy genes
Atg3, AtgS, Atg7, Atgl6L1 or beclin-1 results in de-
creased numbers of CD4", CD8" and Treg cells, defect-
ive effector and memory T cell development, and
expansion of intestinal Th2 cells [71-73]. Kabat et al.
[74] reported a reduction in the survival of intestinal
Foxp3* regulatory T (Treg) cells when AtgI6LI gene is
deleted, which leads to severe gut inflammation in the
mice [74]. Additionally, autophagy protein, Vps34, regu-
lates the development, T cell receptor (TCR)-induced
proliferation and apoptosis of T cells in the thymus and
periphery. Vps34 deficient T cells shows enhanced apop-
tosis due to reduced autophagic flux [75]. Other groups
have shown similar dependence of CD4" and CD8" T
cells on autophagy protein Atg5 and Atg7 for their
development, proliferation and survival [76].

Impaired primary antibody responses to antigen
immunization and defective plasma cell differentiation
have been demonstrated in autophagy deficient B cells
[77]. In contrast, other studies found no defects in primary
antibody responses from autophagy-deficient B cells
following antigen immunization [78] as well as no change
in the number of mature B cells [77, 79]. The dissimila-
rities in these findings may be due to differences in
immunization regimes, antigen and adjuvants used [57].
Secondary antibody response and survival of memory B
cells, is found to be largely dependent on the process of
autophagy [78, 80]. These results are comparable to mem-
ory CD8" T cell responses during viral infections where
autophagy is also involved in memory cell formation dur-
ing the late stages [57, 81]. The number of B cells in the
intestinal lamina propria and Peyer’s patches in A#g5*“P*
(Atg5 deficient B cells) mice are significantly decreased
compared to the wild type. However, B cell numbers in
the spleen and bone marrow are similar when compared
to wild type and A#gS*“P"’ mice. This observation leads
us to speculate that the role of autophagy in maintaining
intestinal B cell physiology is more important compared
to that in the peripheral B cells, although further investi-
gation is needed [57, 77].

Autophagy and gut microbiota
More than 100 trillion bacteria inhabit the lower gastro-
intestinal tract of humans. Thus, the number of
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microbes in the human body exceeds the number of
host cells by about 10 times. The gut microbiota is influ-
enced by factors such as age, gender, diet and immune
status [82] and the interaction between the host and
these microbes is largely symbiotic. The symbiotic
bacteria provide the human host with nutrients, facilitate
digestion and prevent colonization of opportunistic
pathogens in the gut [83]. However, under altered condi-
tions, even the normal microbiota may induce inflam-
mation. The gut microbiota is implicated in various
gastrointestinal disorders including IBD. Clinical and
animal studies have suggested that gut bacteria trigger
and perpetuate chronic colitis [84]. Very recently we also
demonstrated that 5-HT-microbiota axis plays an im-
portant role in gut inflammation. Higher gut mucosal
5-HT levels select for a more colitogenic microbiota,
resulting in increased severity of colitis [85]. The mTOR
signaling pathway has a key role in microbiota associated
immune regulation and intestinal disease development
[82]. Noureldein and colleagues [82] have eloquently
summarized the association between microbiota and
mTOR signaling. The intestinal microbiota and its
metabolites regulate various physiological functions of
the host and maintain homeostasis through the mTOR
pathway, which controls many cellular processes, au-
tophagy being one of them. Increased activation of
AMPK in the liver, muscle and colon in germ-free mice
provide evidence that gut microbiota regulates activation
of AMPK in the host [82]. Both autophagy and gut
microbiota are important factors in the development of
CD. Recently, the composition and diversity of gut
microbiota has been reported to be very different in IEC
specific AtgS conditional KO mice [86]. Beneficial
anti-inflammatory bacteria such as the mucin degrading
Akkermansia muciniphila and members of the Lachnos-
piraceae family are decreased in the AtgS IEC specific
KO mice model. On the other hand, pro-inflammatory
bacteria such as Candidatus athromitus and potential
pathogens of the Pasteurellaceae family are increased in
the same Atg5 IEC specific KO mice. To further eluci-
date the connection between autophagy and microbiota,
it has been found that protective factors like vitamin D3
induce autophagy in colitis model and promotes a
healthier microbiota composition [87]. Vitamin D recep-
tor (VDR) IEC specific KO mice are reported to have re-
duced amount of Atgl6Ll at both the transcriptional
and protein level compared to their wild type counter-
parts. In addition, it has been shown that Atgl6L1 is re-
quired for the proper functioning of AMP producing
Paneth cells that regulate the composition and diversity
of gut microbiota [32]. VDR IEC specific KO mice with
reduced Atgl6Ll and defective Paneth cell have in-
creased bacterial loads and a shift of microbial species
[88]. Harmful bacteria such as E. coli and Bacteroides
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are increased whereas beneficial butyrate-producing bacteria
are decreased in the VDR IEC specific KO mice. VDR IEC
specific KO mice also developed more severe DSS induced
colitis compared to the wild type mice, implying that micro-
bial dysbiosis may increase the susceptibility of colonic mu-
cosa to DSS induced colitis. The administration of the short
chain fatty acid, butyrate to IL-10 KO mice increased mRNA
levels of Atgl6L1, suppressed IL-6 production and restored
Paneth cell numbers. These findings indicate that the
bidirectional relationship between the host and microbiota
is regulated by a functioning autophagy system in the host
intestinal epithelium [88]. So far, we discussed the effects of
impaired autophagy components on the gut microbiota.
However, as mentioned earlier this relationship is bidirec-
tional, i.e. autophagy can influence gut microbiota and gut
microbiota can also influence autophagy in the host. It has
been reported that microbiota derived metabolites regulate
intestinal inflammation by acting through the autophagy
pathway. Trimethylamine N-oxide, a gut microbiota derived
metabolite increased IEC nucleotide-binding domain,
leucine-rich-containing family, pyrin domain-containing-3
(NLRP3) inflammasome activity by inhibiting Atgl6L1,
LC3-II and p62 expression [89). Bifidobacteria, a probiotic
strain in the human gut microbiota initiates autophagy,
probably through the Atgl2-5-16L1 pathway in IEC
culture model [90] further highlighting the importance of
interaction between microbiota and autophagy in IEC.
Nevertheless, functional consequences of such interaction
between gut bacteria and autophagy in the IEC remain to be
determined. The homeostatic functions of autophagy in in-
testinal mucosa have been summarized in Fig. 2.

Autophagy and gut inflammation

Genome-wide association studies (GWAS) identified an
increased risk of developing CD in individuals with nonsy-
nonymous single nucleotide polymorphism (SNP) at the
Atgl6L1 locus [9]. The SNP caused a threonine to alanine
substitution at position 300 (T300A) of the protein
Atgl6L1 [9]. Nearly a decade later after this discovery,
Murthy and colleagues [91] provided evidence of in-
creased caspase-3 mediated degradation of T300A variant
of Atgl6L1. The caspase cleavage site was identified as the
site immediately preceding the T300A polymorphism site
[91]. There is a 50% reduction in Atgl6L1 protein levels
in glucose starved macrophages isolated from T316A
knock in (T300A variant in mice) mice with resultant
decrease in bacterial degradation by autophagy and
increased expression of the pro-inflammatory cytokine
IL-1P. This resulted in defective stress activated autophagy
and xenophagy, thus establishing a state of chronic
inflammation that predisposes individuals to CD [91].
Another autophagy gene, immunity related GTPase family
M (IRGM), has also been linked with CD [92]. IRGM poly-
morphisms are responsible for dysfunctional autophagy
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which perpetuates the inflammatory process in IBD [93].
Further supporting this link is the finding that Atgl6L1
and IRGM protein expression is reduced in the intestine
of CD patients [94]. Autophagy has been linked in the
pathogenesis of CD through nucleotide-binding
oligomerization domain-containing protein 2 (NOD2)
gene, a genetic risk factor for CD development. Activation
of NOD2 by bacterial products like muramyl dipeptide re-
cruits Atgl6L1 to the isolation membrane and stimulates
the formation of autophagosomes [68, 95]. Stimulation of
NOD2 in human primary immune cells results in
increased pro-inflammatory cytokine response when
autophagy is inhibited [96]. In CD patients, NOD2 and
Atgl6L1 polymorphism demonstrate similar impairment
of NOD2 dependent autophagy, further highlighting the
importance of autophagy in CD [68, 95]. Lrrk2, another
CD susceptibility gene, has been linked with xenophagy
and Paneth cell autophagy. Deletion of Lrrk2 results in
impaired Paneth cell autophagy, which contributes to the
onset of IBD [97, 98]. It is clear from the findings of
GWAS that dysfunctions in autophagy genes contribute
to the development of intestinal inflammation.

Several mechanisms have been proposed to explain the
link between autophagy and gut inflammation. Ravindran
and colleagues [99] reported enhanced intestinal inflamma-
some activation, increased production of IL-1p, increased
Th17 response and reactive oxygen species formation in a
GCN2 (general controlled non-repressed kinase) KO
mouse model. They further found that reduced autophagy
in IECs and APCs in GCN2 KO mice is responsible for in-
testinal inflammation [99]. The link between autophagy
and inflammasome has been studied in mice models with
Atgl6L1 and Atg7 deficient macrophages [63]. Treatment
of Atgl6L1 and Atg7 deficient macrophages with LPS, a
TLR-4 ligand, results in markedly elevated levels of IL-1p.
However, stimulation of TLR-2 or TLR-5 does not have the
same effect. The levels of IL-13 mRNA and pro-IL-1B
protein are similar in the A#gI6LI deficient and wild type
macrophages. This showed that autophagy regulates IL-1B
production in the post-translational stage. It has been found
that LPS stimulation mediates the cleavage of caspase-1
through activation of inflammasome, which results in the
release of IL-1B from pro-IL-1B. These evidence suggest
that in the absence of autophagy there is excessive cytokine
production through inflaimmasome activation [63, 100].
Autophagy is thought to regulate inflammasome activity
mainly through two mechanisms; (i) it causes defects in
mitophagy resulting in increased reactive oxygen species
production which is linked with inflammasome hyper-
activity, and (ii) it negatively regulates pro-IL-1B and other
components of inflammasome pathway [101]. Autophagy
prevents an exaggerated pro-inflammatory response in the
gut by other mechanisms such as by influencing the im-
mune response to commensal bacteria, by regulating
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mucus secretion, by preventing accumulation of aggregates
and by regulating miRNA-silencing pathways [27, 99, 102].

The in vivo role of autophagy proteins in gut inflam-
mation has been examined in experimental models of
colitis. Different autophagy deficient mice models such
as Atgl6L1 deficient chimeric mice, myeloid AgI6L1
deficient mice, colonic epithelial cell-specific Atg7 condi-
tional KO mice, and A#g4B null mice all exhibit exacer-
bated colitis induced by DSS [34, 63, 64, 103]. None of the
autophagy deficient mice models develop spontaneous in-
flammation. However, severe spontaneous transmural ileitis
was reported when both unfolded protein response and au-
tophagy function are impaired in IECs [104]. On the other
hand, the severity of spontaneous enterocolitis in IL-10 KO
mice decreased with increased autophagy [105, 106].
Pharmacological activation of mucosal autophagy using
rapamycin or other mTOR-inhibitors results in reduction
of intestinal inflammation in experimental models of colitis
and in severe refractory CD. All these studies suggest that
enhancing autophagy in the gut plays a protective role
against experimental colitis [107-109].

Until now the mechanism by which impaired autophagy
promotes a pro-inflammatory condition has mostly been
explained in the context of the immune system with focus
on the inflammasome. However, Grizotte-Lake and col-
leagues [110] recently summarized the role of autophagy
in IECs in the pathogenesis of IBD [110-113]. Autophagy

deficient IECs are found to be more susceptible to TNF-a
induced damage and cell death. Using either murine noro-
virus or Helicobacter hepaticus or T. gondii infection mice
models, it has been demonstrated that when autophagy is
impaired in the intestinal epithelium, increased amounts
of TNF-a mediates cell death. In the murine norovirus in-
fection model, IEC specific AtgI6L1 KO mice are more
susceptible to DSS induced colitis [112]. Atgl6L1 protein
in the IECs prevents loss of Paneth cells and TNF-a medi-
ated necroptosis (programmed necrosis) in the intestinal
epithelium of virally triggered IBD mouse model. In the
same infection model, TNF-a blockage inhibits necropto-
sis in the IECs. Opportunistic pathogen, H. hepaticus trig-
gered chronic colitis mice are recorded to have analogous
findings of increased IEC apoptosis (programmed cell
death) following conditional deletion of A#gI6LI in the
IECs [113]. This exaggerated IEC apoptosis is reported to
be due to increased susceptibility to TNF-a and, as ex-
pected, TNF-« inhibition reduces the colitis severity in
Atgl6L1 conditionally KO mice. Lastly, a T. gondii
infection model has been employed to reach the same
conclusion of increased sensitivity to TNF-a induced in-
flammation in autophagy deficient Paneth cells [111]. Dur-
ing T. gondii infection in a Paneth cell Azg5S KO mouse
model, there is heightened intestinal inflammation due to
increased susceptibility to pro-inflammatory cytokine
TNF-a. Therefore, Atg5 expression in Paneth cells plays a
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vital role in protecting against acute gastrointestinal infec-
tion. Even though in healthy state IECs can function nor-
mally without autophagy, it is in the event of an infection
that autophagy in the intestinal epithelium is required to
prevent cytokine induced cell death and uncontrolled in-
flammation. The association between TNF-a and autoph-
agy in these three models helps to elucidate the
mechanism behind anti-TNF-« therapy in IBD. It will be
interesting to determine whether IBD patients with
Atgl6L1 polymorphism are more responsive to
anti-TNF-a therapy. More importantly, these findings
may help optimize treatment protocols and maximize
treatment success rates for IBD patients. Neonatal necro-
tizing enterocolitis (NEC) rat small intestine and NEC cell
line showed increased expression of TNF-a and autophagy
levels compared to the controls. TNF-« increased autoph-
agy levels in NEC cells as evidenced by increased beclin-1
and LC3-II/I ratio. Additionally, inhibition of autophagy
by wortmannin or LY294002 prevents TNF-a induced in-
hibition of proliferation and the promotion of apoptosis.
Results also indicate that inhibition of ERK1/2 pathway
significantly reduces TNF-a induced autophagy [114].
Therefore, it can be suggested that in both colitis and
NEC models, TNF-« regulates apoptosis in intestinal epi-
thelial cells via the process of autophagy. The role of
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autophagy in inflamed intestinal mucosa has been illus-
trated in Fig. 3.

Discussion and conclusion
Autophagy, a physiological process, is crucial in main-
taining intestinal physiology and in controlling mucosal
inflammation. Since the 1960s, the mechanisms and
pathways of autophagy have been studied extensively
and are still being explored today [5]. The discovery of
Atg5/Atg7 independent pathway suggests that distinct
autophagy pathways and molecules might be specific for
different types of cells. This highly conserved process
has tremendous influence on the normal functioning of
the various cells of the intestine including epithelial and
immune cells. Autophagy is maintained in these cell
types for its support in basic functions such as maintain-
ing pools of amino acid, as well as, removal of defective
organelles [5]. Apart from these fundamental roles,
autophagy regulates special functions of the intestinal
mucosa. In the epithelial lining, autophagy is critical in
preventing the invasion and dissemination of pathogens,
maintaining barrier integrity and preserving intestinal
homeostasis.

The findings of the GWAS on CD opened new avenues
of research in gut autophagy in relation to pathology and
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Fig. 3 Schematic representation of effect of impaired autophagy in intestinal mucosa. Defects in the autophagy system result in breakdown of
mucosal homeostasis of the intestine. This diagram shows the state of the intestinal epithelium, mucosal immune system and microbiota in the
context of impaired autophagy. Defective autophagy results in decreased AMP (1) and mucin (2) production, increased barrier permeability (3),
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pro-inflammatory species and decreased levels of anti-inflammatory species, thus, resulting in dysbiosis (8). Autophagy is required for the proper
function of the gut and prevention of an exaggerated pro-inflammatory response
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pathogenesis of gut inflammation. Evidence of autophagy
regulating secretion of AMP from Paneth cells, secretion
of mucins from goblet cells and differentiation of EE cells
emphasizes the diverse role of autophagy in the intestinal
epithelial layer. Autophagy is also involved in different
immunological functions such as cytokine secretion,
pathogen clearance by macrophages, antigen presentation
by DCs, effector and memory T cell development and
secondary antibody response [57]. The gut microbiota and
autophagy have also been linked and this relationship ap-
pears to be bidirectional. It is quite clear that dysregula-
tion of autophagy is associated with the pathophysiology
of various intestinal diseases, notably IBD. GWAS have re-
vealed a link of autophagy genes with CD, marking the be-
ginning of a new era in intestinal inflammation research.
It is now recognized that autophagy in the gut is protec-
tive against experimental colitis and that patients with CD
have dysfunctional autophagy proteins suggesting that
autophagy is required for the proper function of the gut
and prevention of exaggerated pro-inflammatory response.

In recent years, significant progress has been made in un-
derstanding the mechanisms of autophagy and the role it
plays in regulation of various key cells involved in intestinal
inflammation including IECs and immune cells. Autophagy
modulators such as vitamin D and rapamycin are currently
being studied as potential therapeutic agents in intestinal
inflammation [11]. The effectiveness of rapamycin has
already been documented in a case of severe refractory CD
[109]. Even though our understanding of autophagy has im-
proved, this topic needs to be explored further before these
pathways can be manipulated to treat human diseases such
as IBD. As basal level of autophagy occurs within all cells,
autophagy regulating drugs need further investigation as
substances affecting this process may have diverse and
global implications. In addition, it will be particularly
important to gain further knowledge on the interactions
between autophagy and various mediators like cytokines,
neurotransmitters and hormones, which are upregulated
during intestinal inflammation. Identification of novel
regulators of autophagy in gut inflammation may trigger
development of new therapeutic agents for intestinal in-
flammatory disorders such as IBD, and other GI disorders
that display dysregulated autophagy.
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2. Tryptophan and its metabolites

Tryptophan is an essential aromatic amino acid critical for normal growth and is
also a precursor of various bioactive compounds including tryptamine, nicotinamide, 5-
HT, melatonin, kynurenine and its metabolites.* Therefore, tryptophan has diverse
effects in health and disease, particularly in intestinal mucosal homeostasis and
pathogenesis of gut inflammatory disorders. The recommended daily dose of tryptophan
for humans is 250-425 mg, however most people consume 1000 mg or more.*
Tryptophan is released after digestion of dietary proteins and is absorbed by the IECs.
The absorbed tryptophan is either delivered to the liver via the portal circulation for
protein synthesis or for metabolic breakdown or delivered to the bloodstream where it

circulates mainly bound to albumin or in the free form (10-20%).**

The portion of the
tryptophan that is not used in the liver is distributed by the circulation to other cells of the
body for anabolic and catabolic functions.*” Additionally, a small portion of the
tryptophan remains in the gut lumen where it is utilized by gut microbiota or is absorbed

and used by the enterochromaffin (EC) cells of the intestine.*'**

The kynurenine and 5-
HT routes are the primary mechanisms for endogenous tryptophan metabolism.*’ The vast
majority of dietary tryptophan (95%) is metabolized via the kynurenine pathway. Only a
small percentage of dietary tryptophan (1-2%) enters the 5-HT pathway and, as a result,
contributes to 5-HT synthesis. In addition, a small percentage of ingested tryptophan (4-
6%) is degraded by bacteria in the gut lumen, resulting in the production of indole and

other related chemicals.*® The metabolites of the kynurenine pathway plays various

physiological roles such as fortifying immunological defenses, regulating gut motility and
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maintaining functions of central nervous system (CNS).** 5-HT, a bioamine, is
synthesized in both CNS and peripheral tissues, particularly within the GI tract.*”*® 5-HT
functions as a hormone and neurotransmitter in the body by working on a variety of
receptors and as a component of intracellular signaling. In addition, 5-HT has been linked
to GI function in the last 20 years, particularly in terms of motility, peristaltic activity,

49-51

and intestinal secretions. 5-HT also has a considerable impact on inflammatory

pathways, as well as the development of a number of GI illnesses, such as IBD.*"*?

2.1 EC cells

The GI tract is the largest endocrine system in terms of number of cells. It is
composed of EECs located in the crypts and villi that makes up 1% of the gut epithelium
cell population.” EECs differentiate from pluripotent stem cells at the base of the crypts
regulated by the interaction between Notch signaling and basic helix-loop-helix

transcription factor family.’**’

EECs sense luminal material to produce and release
hormones/signaling molecules, and modulate a number of GI and homeostatic activities.
EECs either directly detect luminal contents through the microvilli or indirectly through
neural or humoral pathways. In response to mechanical, chemical, or neural stimulation,
EECs release their secretory products by exocytosis at the basolateral membrane. The
secretory products, mostly peptides/hormones, can function locally in a paracrine way,
stimulating other EECs and other cell types in the mucosa, reach distant targets through

bloodstream, or act directly on nearby nerve endings.’®>’ EECs are most abundant in the

proximal small intestine followed by the rectum.>®
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One of the best characterized and most common EECs are the triangular or
pyramidal shaped EC cells (about 8um in size) located in the gastric antrum, duodenum,
jejunum, ileum, colon, rectum and appendix, while the number of EC cells in the large

58,59

intestine remains almost contant. These unique EC cells synthesise>90% of the

body’s 5-HT. Apart from 5-HT, EC cells also produce chromogranin, substance P and

. 60-62
guanylin.

EC cells express a variety of ion channels and receptors such as transient
receptor potential cation channel subfamily A member 1, taste and olfactory receptors,
free fatty acid receptors, toll-like receptors (TLRs), ganglioside GMI1 receptor, 5-HT
receptors and somatostatin receptors.’”**** EC cells act as chemosensors,
mechanosensors and oxygen sensors. EC cells detect nutrient or purine induced chemical
changes of the gut luminal environment. EC cells also detect changes in solute
concentration, pH, oxygen level, and mechanical forces (intestinal peristalsis).” The
secretory functions of EC cells have been demonstrated to be regulated, at least in part, by
neural input.®® It has also been shown that stimulation of B-adrenergic and pituitary
adenylate cyclase-activating polypeptide receptors has stimulatory effects on 5-HT

release by EC cells, while activation of y-aminobutyric acid A and cholinergic receptors

has inhibitory effects.”

2.2 Serotonin (5-hydroxytryptamine; 5-HT)
5-HT is a monoamine neurotransmitter and hormone mainly produced by the gut
(95%).°” EC cells are the major (90%) producer of peripheral 5-HT.**®! Only, about 10%

of the peripheral 5-HT is synthesized and secreted by the serotonergic enteric neurons.’®
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In the EC cells 5-HT is synthesized from dietary tryptophan. Dietary tryptophan is
converted to 5-hydroxy-L-trytaphan (5-HTP), catalyzed by the rate limiting enzyme
tryptophan hydroxylase 1 (Tph1), an isoform of Tph.®”° The other isoform Tph2 is found
in the brain stem and enteric neurons. Tphl and Tph2 function independently.®” Another
enzyme aromatic L-amino acid decarboxylase further converts the 5-HTP into 5-HT.”"!
5-HT is then packaged and stored in the EC cells. Mechanical and chemical stimulants
trigger the release of 5-HT in a calcium dependent manner.”” The secreted 5-HT enters
the surrounding IECs through the serotonin reuptake transporter (SERT).”' Once 5-HT is
taken up it is degraded by monoamine oxidase A (MAO-A) into 5-hydroxyindoleacetic
acid (5-HIAA).”' There are five families of 5-HT receptors (5-HTRs) in the gut expressed
on epithelial cells, immune cells, neurons and muscle cells.” The 5-HT released from the
EC cells participate in a range of physiological functions like motility, secretion and

maintenance of the epithelial barrier.”"”!

The major providers of 5-HT for lymphatic
tissue and immunological cells are EC cells via platelets. Some immune cells express the
enzyme, Tphl and thus are additional but minor sources of 5-HT for the peripheral
immune system.”” 5-HT has been shown to have a wide range of diverse effects on
immune cells, often in the same cell type.”’* The varying effects of 5-HT on immune
cells could be related to the local concentration of 5-HT and the expression of various 5-
HT signaling machinery, such as Tphl, 5-HTRs and SERT, which work together to
produce particular effects.

The close proximity of gut microbiota and EC cells indicates the presence of a

cross talk between 5-HT and microbiota. Serum concentrations of 5-HT are reduced in
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germ-free (GF) mice compared to conventionally raised mice. This was accompanied by
reduced Tphl mRNA and increased SERT mRNA expression in the proximal colon of
GF mice.” Indigenous spore forming bacteria from mouse and human microbiota
stimulate the release of 5-HT from EC cells providing a supply of 5-HT to the gut lumen,
mucosa and circulating platelets.”® Microbiota derived metabolites such as short chain
fatty acids and secondary bile acids upregulate the expression of Tphl in EC cells leading
to increased synthesis and release of 5-HT.®”” These studies indicate that the gut
microbiota regulates the 5-HT production from EC cells. Recent studies have illustrated
the influence of 5-HT on the composition of gut microbiota. We discovered that the
microbial composition of Tphl™ and Tphl” littermates differs significantly. 5-HT
directly stimulates and inhibits the growth of commensal bacteria in a species dependent
manner as well as indirectly via AMPs. In summary, increased 5-HT levels promote the
growth of a colitogenic microbiota that leads to increased severity of colitis.”® Singhal et
al. demonstrated a significant increase in the abundance of Firmicutes in SERT a
(increased 5-HT in intestine) mice compared to SERT" " mice.” 5-HT promotes the
growth of E. coli, Enterococcus faecalis, Rhodospirillum rubrum and Turicibacter
sanguinis. It is thought that 5-HT's stimulatory effect on microbial growth is due to the
existence of 5-HTR on their surface, which could bind related chemicals like indole or
due to the presence of a protein structurally similar to SERT.*""!

IBD has been associated with dysregulations of gut 5-HT signaling. The
relationship between 5-HT and gut inflammation has been extensively shown in

experimental models of colitis.**** Our lab has demonstrated that mice were less
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susceptible to DSS and dinitrobenzenesulphonic acid (DNBS) induced colitis when gut 5-
HT content is significantly reduced by using Tphl enzyme inhibitor or by knocking out
the Tphl gene.” The relationship between 5-HT and gut inflammation was further
supported by Gershon et al. who reported exaggeration in trinitrobenzesulphonic acid
(TNBS) colitis in SERT” mice, which have increased 5-HT in the gut.®® Our lab has
further shown a reduction in murine colitis by inhibition of 5-HTR7.*”* Our lab has also
found increased production of pro-inflammatory cytokines IL-1p and IL-6 by peritoneal
macrophages upon treatment with 5-HT.** In addition, we have shown 5-HT facilitates
IL-13 mediated intestinal inflammation.” The findings in murine models were further
supported by clinical studies. In IBD patients, increase in EC cell number and 5-HT
content has been documented.*® Microscopic colitis has also been linked with
consumption of SSRIs.”> Minderhoud et al. reported an increase in mucosal Tphl mRNA
levels in the colon of CD patients who experience IBS like symptoms in remission.”’ The
role of 5-HT in the regulation of immune system, gut microbiota and intestinal

inflammation is described in details in the paper below.
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2.3 Serotonin and its regulation of the immune system and intestinal inflammation

TRYPTOPHAN-DERIVED SEROTONIN-KYNURENINE BALANCE IN
IMMUNE ACTIVATION AND INTESTINAL INFLAMMATION

Published in The FASEB Journal. Volume 35. Issue 10. Pages e21888. 2021
https://doi.org/10.1096/1].202100702R

Sabah Haq, Jensine A. Grondin, Waliul I. Khan

Reproduced with permission of the publisher © 2021
Copyright by John Wiley and Sons under the Copyright Clearance Center

In this review, the role of the endogenous metabolites of tryptophan in immune
activation, gut microbiota regulation and intestinal inflammation has been summarized.
Tryptophan is metabolized in the host via serotonin and kynurenine pathways. The review
further dissects the multiple interactions between the serotonin and kynurenine pathways
that have been studied and hypothesized. In my research project, I have focused on one of
the metabolites, serotonin, since the EC cells of the gut are the major producers.
Serotonin signaling has been extensively studied in our and other labs in the context of
intestinal inflammation, particularly in IBD. From this review, I have only included in my
thesis the relevant sections, figures and tables on serotonin.

SH and JAG equally reviewed the literature and wrote the manuscript. SH conceived the
idea for the article. SH and JAG designed and created the figures; WIK and JAG edited
and revised the manuscript. WIK supervised the project. All authors provided critical
feedback and shaped the final manuscript.
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Abstract

Endogenous tryptophan metabolism pathways lead to the production of serotonin (5-
hydroxytryptamine; 5-HT), kynurenine, and several downstream metabolites which are
involved in a multitude of immunological functions in both health anddisease states. Ingested
tryptophan is largely shunted to the kynurenine pathway(95%) while only minor portions
(1%-2%) are sequestered for 5-HT production. Though often associated with the functioning
of the central nervous system, sig- nificant production of 5-HT, kynurenine and their
downstream metabolites takesplace within the gut. Accumulating evidence suggests that these
metabolites haveessential roles in regulating immune cell function, intestinal
inflammation, aswell as in altering the production and suppression of inflammatory
cytokines. Inaddition, both 5-HT and kynurenine have a considerable influence on gut micro-
biota suggesting that these metabolites impact host physiology both directly andindirectly via
compositional changes. It is also now evident that complex interac-tions exist between the
two pathways to maintain gut homeostasis. Alterationsin 5-HT and kynurenine are
implicated in the pathogenesis of many gastrointes- tinal dysfunctions, including
inflammatory bowel disease. Thus, these pathwayspresent numerous potential therapeutic
targets, manipulation of which may aid those suffering from gastrointestinal disorders. This
review aims to update both
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the role of 5-HT and kynurenine in immune regulation and intestinal inflam-mation, and
analyze the current knowledge of the relationship and interactions between 5-HT and
kynurenine pathways.
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2 SYNTHESIS AND METABOLISM OF 5-HT IN THE GUT

The generation of 5-HT is concentrated in the nervous system including the brain and
enteric neurons, and the GI tract. Within the GI tract, the enterochromaffin (EC) cells of the
epithelial layer produce the vast majority of the body’s 5-HT."* Neuron- and EC cell-derived 5-
HT represent not only locationally different sources of 5-HT but also exhibit biochemical
differences in production as well.'® Of the two enzymatic isoforms, tryptophan hydroxylase
(Tph) 2 acts within both central and enteric neurons and controls the production of 5-HT
particularly within the raphe nuclei of the hindbrain.*® Tphl, in contrast, is localized largely to
EC cells within the gut.“” Though both enteric neurons and EC cells contribute to “gut-derived”
5-HT synthesis and secretion, 90% of this organ’s 5-HT production is accounted for by the EC
cells of the epithelial layer and only a minor contribution, of approximately 10% is derived from
underlying enteric neurons.”” Tph1 has also been found in fibroblasts, pancreatic and respiratory
tissue, as well as the pineal gland, where it plays an upstream role in the production of
melatonin.>*'°

The process of 5-HT biosynthesis begins with the ingestion of tryptophan-containing
substances. Within the gut, dietary tryptophan is taken up by enterocytes, both apically via the
BPAT1 (Solute Carrier 6A19, SLC6A19) epithelial amino acid transport system and basolaterally
via the aromatic amino acid transporter TAT1 (Slc16a10) protein.!! Within the EC cells of the
gut, Tphl catalyzes the 5-hydroxylation of this dietary-derived tryptophan to 5-
hydroxytryptophan (5-HTP).' In EC cells, aromatic L-alpha amino acid decarboxylase (AADC),
along with the cofactor, pyridoxal-5'-phosphate (the active form of vitamin B6), rapidly converts
5-HTP to 5-HT via decarboxylation (Figure 1).'"*?

Once synthesized, 5-HT is sequestered via vesicular monoamine transporter-1 and -2 into
large dense core storage vesicles and synaptic-like microvesicles located at the base of the

cell. 3!

Here, it is held until it is released into extracellular space, either apically to the gut lumen
or basolaterally to the lamina propria, where it largely exerts paracrine effects on enteric neurons
and can enter the bloodstream.*'*!* Enteroendocrine cells, of which EC cells are a subtype, act
as physical and chemical sensory transducers within the gut via their apical microvilli, which
extend into the lumen.'>'® Any excess 5-HT in the EC cell not stored in the vesicles is subjected
to oxidative deamination by monoamine oxidase A (MAO-A), resulting in 5-

hydroxyindoleacetaldehyde and further metabolized by aldehyde dehydrogenase (ALDH)
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producing 5-hydroxyindole acetic acid (5-HIAA), which is mainly excreted in the urine (Figure
1)."2'7 Upon its release from the grips of EC cells, the termination of 5-HT activity can occur in
a number of ways including exerting influence on intracellular signaling by impacting one of
several 5-HT receptors (S-HTRs),l’18 having a direct impact on luminal bacteria,' or being
subjected to reuptake by platelets, neighbouring epithelial or immune cells via serotonin reuptake
transporter (SERT)." 2021

Previously thought to be restricted to the pineal gland of the brain, 5-HT in the gut can
also be shunted into the melatonin pathway.”> Melatonin is known mainly as a key photo-
regulated hormone involved in controlling the sleep-wake cycle/circadian rhythm and is
increasingly being investigated within the context of the gut as well as for its influence on
immunological processes.””> Extra-pineal melatonin synthesis can occur in the EC cells of the
gut where 5-HT can be directly metabolized to N-acetyl-5-hydroxytryptamine by local aryl
alkylamine N-acetyltransferase (AANAT) and eventually to melatonin or N-acetyl-5-
methoxytryptamine by hydroxyindole-O-methyltransferase (HIOMT) (Figure 1).*"? This extra-
pineal melatonin is considered an independent reservoir from the melatonin produced in the

pineal gland.?*

ENTEROCHROMAFFIN CELL

Tryptophan

l Tpht

5-HIAA

5-HT PATHWAY /

Figure 1. 5-HT pathway of tryptophan metabolism occurs mainly in the enterochromaffin
cells. Key enzymes are represented in blue.
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3 5-HT IN IMMUNE REGULATION

3.1 5-HT and immune cells

Several investigations over the last 20 years have revealed that S-HT has both direct and
indirect effects on immune cells. Peripheral 5-HT, produced from EC cells, is taken up by SERT
and stored in the dense granules of platelets which provides the largest source of 5-HT for

immune cells.'**

Apart from this, significantly smaller sources of 5-HT are synthesized by
immune cells themselves, including mast cells, monocytes, and T cells.”® The presence of several
types of 5-HTRs and SERT on cells of innate and adaptive immunity supports the enormous
influence 5-HT signaling has on the immune system. Mammalian immune cells express 7
families with 15 different subtypes of 5-HTRs (5-HTR1-7) on their plasma membrane.'>?” All 5-
HTRs belong to the GPCR superfamily except 5-HTR3 which is a Cys-loop ligand-gated ion
channel.'>* GPCRs 5-HTR1 and 5-HTR5 couple negatively to adenylyl cyclase and
downregulate cyclic adenosine mono-phosphate (cAMP) production upon activation. In contrast,
stimulation of 5-HTRs 4, 6 and 7 promote cAMP activity by activation of adenylyl cyclase.'**®
Activation of 5-HTR2 increases cytosolic Ca*>* by the upregulation of inositol triphosphate and

15,28

diacylglycerol pathways. Activation of 5-HTR3, which is a non-selective cation channel
triggers rapid depolarization of the plasma membrane due to Ca’* and Na" influx and K*
efflux.'>?® Furthermore, stimulation of these 5-HTRs ultimately regulate downstream signalling
cascades via  phosphatidylinositol-3-kinase/Akt/mammalian  target of rapamycin
(PI3K/Akt/mTOR) and mitogen associated protein kinase dependent pathways.” The close
proximity of EC cells to CD3"and CD20" lymphocytes in the lamina propria provides further
evidence that 5-HT synthesized from EC cells may directly influence immune cells.” Table 1
summarizes the expression of 5-HTRs on the different immune cells of the body.

5-HT has both inhibitory and stimulatory effects on monocytes and macrophages
depending on the dose and receptors present. Monocytes express 5-HTRs, SERT, as well as
Tphl and MAO, highlighting the influence 5-HT can have on these cells.’’ 5-HT also regulates
interferon-y (IFN-y)-induced phagocytosis in bone marrow-derived macrophages. Notably, this
effect depends on the concentration of IFN-y. At high IFN-y doses, 5-HT inhibits macrophage
phagocytosis, whereas, at a low physiological concentration of IFN-y, 5-HT increases this

process.”! When treated with 5-HT, mouse peritoneal macrophages exhibit increased production
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of pro-inflammatory cytokines in a nuclear factor kappa-light-chain enhancer of activated B-cells
(NF-kB)-dependent manner along with an upregulation of phagocytosis via 5-HTR1A in a dose-
dependent manner.*>** 5-HT has also been shown to increase the release of superoxides from
macrophages and modulate the process of macrophage polarization.”® Interestingly, in contrast to
the previously mentioned findings suggesting that 5-HT increases the production of pro-
inflammatory cytokines, Casas-Engel et al. reported opposing results; in these studies, 5-HT was
shown to inhibit the lipopolysaccharide-induced release of pro-inflammatory cytokines,
including tumor necrosis factor oo (TNF-0)) and interleukin (IL) 12p40. Moreover, the authors
also found that 5-HT upregulates the expression of M2 polarization—associated genes through
activating 5-HTR2B and 5-HTR7, and reduces the expression of M1-associated genes.*® These
contradictory findings highlight the importance of receptor subtypes in the modulation of
macrophage function by 5-HT.

Natural killer (NK) cells respond to the effects of 5-HT by their surface expression of 5-
HTRIA and 5-HTR2A-C.*7 In the early 1990s indirect effect of 5-HT on NK cells were
identified through 5-HT mediated regulation of monocytes. 5-HT modulates the interaction
between monocytes and NK cells resulting in an increase of NK cell functions including
enhanced IFN-y production and cytotoxicity.”>*** In recent years, further analysis of the
mechanisms of monocyte-NK cell interactions revealed that 5-HT protects NK cells from
monocyte mediated apoptosis, oxidative damage and thus helps in maintaining the functions of
NK cells despite the presence of inhibitory monocytes.*’ Increased concentration of serum 5-HT
was linked with enhanced NK cell cytotoxicity.”” Furthermore, major depressive disorder
patients treated with selective serotonin reuptake inhibitors (SSRIs) for short term had increased
NK cell cytotoxicity where as long term treatment resulted in increased NK cell proliferation.*!
5-HT treatment of NK cell line, KHYG-1 at physiological concentrations enhanced their
migratory behaviour without affecting cytotoxicity.”” These findings suggest that the effect of 5-
HT on NK cell function and behaviour is highly dependent on the concentration of 5-HT.

The differentiation of monocytes to DCs is also modulated by 5-HT." Following this
differentiation, 5-HT plays important roles in the functional capacity of DCs as supported by the
presence of 5-HTRs in mature and immature DCs.* In mature DCs, activation of 5-HTR3, 5-
HTR4, and 5-HTR?7 enhances the release of the cytokines IL-1p, IL-6, and IL-8, and reduces the

secretion of IL-12 and TNF-a.*** 5-HT has also been shown to induce the production of
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chemokines by DCs. Further, 5-HT treated DCs resulted in a preference for the Th2 polarization
of naive CD4" T cells.** Our laboratory has established a critical role of 5-HT in increasing the
production of pro-inflammatory cytokine IL-12 from DCs via activation of the NF-kB pathway
and sequential CD4" T cell activation in relation to generation of gut inflammation.**

Using a Tphl” mouse model which has a marked reduction in gut 5-HT, Duerschmied
and colleagues demonstrated that gut-derived S-HT promotes rolling and adhesion and, thus,
impacts the recruitment of neutrophils to sites of acute inflammation.*®* 5-HT also plays a
critical role in the migration and recruitment of other innate immune cells such as eosinophils via
5-HTR2A and mast cells via 5-HT1A to sites of acute inflammation.**” Further, 5-HT promotes
angiogenesis at the site of inflammation by stimulating the production of vascular endothelial
growth factor in a PI3K/Akt/mTOR-dependent pathway in endothelial cells (Figure 2).*8

In addition to its wide array of effects on innate immune cells, 5-HT also regulates the
function of adaptive immune cells directly, through 5S-HTRs expressed on T and B lymphocytes,
and indirectly by influencing the actions of antigen-presenting cells (APCs) (Figure 2). B cells
express several 5-HTRs as well as SERT.” 5.HT increases mitogen-stimulated B cell
proliferation via the 5-HTR1A.* In this vein, long term use of SSRI in patients with major
depressive disorders has been reported to increase the number of circulating B lymphocytes by
~30%.% Serafeim et al. demonstrated that active uptake of 5-HT via SERT drives apoptosis of
Burkitt lymphoma cells, whereas the SSRIs fluoxetine, paroxetine, and citalopram blocked this
action.”' In a follow-up study, it was seen that higher doses of SSRIs trigger rapid and extensive
apoptosis by inhibiting DNA synthesis. Interestingly, healthy peripheral blood mononuclear cells
and tonsilar B cells are resistant to SSRI-triggered apoptosis.”> These findings open the
discussion of whether the 5-HT-altering SSRI antidepressants can be used for the targeted
therapy of Burkitt lymphoma cells without affecting the function of normal B cells.

S-HT also acts as an endogenous hormone which stimulates T cell proliferation and
activation via autocrine and paracrine signaling.'”” T lymphocytes express 5-HTRs along with
Tphl, SERT and MAO.*® Exogenous 5-HT induces phosphorylation of extracellular signal-
regulated kinase-1 and -2 and IxkBa in naive T cells, which is blocked by the 5-HTR7 antagonist
SB269970 resulting in early T cell activation.”> Additional studies in both human and mouse T
cells provide further evidence that stimulation of 5-HTR1A, 5-HTR1B, 5-HTR2A, and 5-HTR3

promote T cell proliferation, differentiation, and function, demonstrating the immunostimulatory

35



Ph.D. Thesis — S. Haq; McMaster University — Medical Sciences

role of 5-HT.>**" It should be noted, however, that despite these findings, some researchers have
recorded immunosuppressive roles of 5-HT in the context of T cell biology.”®* It is important to
acknowledge that most of the studies on T cells and 5-HT do not differentiate between the
different subtypes of T cells. Thus, it can be reasoned that the contradictory findings of 5-HT-
induced immune activation and suppression may be due to the differences in 5-HTRs expression
by T cell subtypes.” This hypothesis is further supported by the fact that CD8" T cells have
significantly greater expression of Tphl and MAO-A mRNA as well as higher production of 5-
HT compared to CD4" T cells isolated from the spleens of male C57BL/6 mice.*!

TABLE 1. Family, subtype and expression of 5-HT receptors on immune cells

5-HTR family and subtypes Immune cell type

5-HTR1A Mast cells, eosinophils, monocytes, macrophages, NK cells, T cells, B cells
5-HTR1B Eosinophils, macrophages, DCs, T cells

5-HTR1D Unknown

5-HTR1E Eosinophils, monocytes, macrophages, DCs

5-HTR1F Unknown

5-HTR2A Monocytes, macrophages, DCs, eosinophils, NK cells, T cells, B cells
5-HTRZB Monocytes, macrophages, DCs, eosinophils, NK cells

5-HTR2C Macrophages, NK cells, T cells

5-HTR3 Monocytes, macrophages, DCs, T cells, B cells

5-HTR4 Monocytes, macrophages, DCs

5-HTRS Unknown

5-HTR6 Eosinophils

5-HTR7 Neutrophils, monocytes, macrophages, DCs, T cell, B cells

Source: The table has been adopted from Shajib et al.,” Wan et al.” and Herr et al.”
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Figure 2. Schematic representation of the effect of mucosal 5-HT in the immune response
and intestinal inflammation. This diagram shows the state of the mucosal immune system and
microbiota in the context of increased mucosal 5-HT signaling. 1) Pro-inflammatory cytokines
IL-1B, TNF-q, IL-6, IFN-y, and anti-inflammatory cytokine IL-10, at low levels, reduce the
expression of SERT. Cytokines IL-1pB, IL-33, and IL-13 enhance the secretion of 5-HT from EC
cells. IL-13 increases EC cell number and Tphl mRNA. Elevated mucosal 5-HT during
intestinal inflammation leads to: 2) Increased expression of cytokines IL-1, IL-6, TNF-a, IL-12,
IFN-y, and IL-13 from activated macrophages and dendritic cells (DCs). 3) Increased
angiogenesis and recruitment of neutrophils, eosinophils, and mast cells from the circulation to
sites of inflammation. 4) T and B cell activation and proliferation. 5) Development of a
colitogenic microbiota. 6) Decreased production of anti-microbial peptides (AMPs) such as B-
defensins.

4 5-HT AND GUT MICROBIOTA

4.1 Microbiota impact on EC cells/5-HT production
In the intestinal mucosa, the close proximity between the microbiota, EC cells, and
immune cells suggests the interaction between these constituents may influence the

pathophysiology of intestinal inflammation.® Colonic EC cells express several nutrient- and
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metabolite-sensing GPCRs, including those that sense microbially-derived short-chain fatty acids
such as the free fatty acid receptor 2, and the olfactory receptors, OLFR78 and OLFR558.° In a
recent study, Yano et al. demonstrated that select gut microbes and their metabolic products,
including acetate, butyrate and propionate, can directly signal colonic ECs to promote Tphl
expression, modulate 5-HT biosynthesis, effect luminal and circulating 5-HT contents, and alter
host physiology.®® Short-chain fatty acids interacting on GPCR have also been shown to impact
muscle contraction and motility within the gut via 5-HT signaling.**

Microbes may also directly modulate 5-HT production from EC cells via toll-like
receptors (TLRs).” TLRs respond to bacterial ligands and are expressed on a variety of cells,
including EC cells.® These receptors play an important role in innate immune surveillance.
TLR2 in particular, has been shown to have a crucial role in 5-HT production in the gut.®
Recently, we demonstrated that altering microbial composition with antibiotic administration
greatly reduced EC cell number, colonic 5-HT levels, and TLR2 expression in C57BL/6 mice.*
In alignment with these findings, Ge et al. illustrated that antibiotic-induced dysbiosis promoted
decreased levels of 5-HT and Tph1 and slowed transit time and GI motility in C57BL/6 mice.”’
In our study, TLR2” mice revealed significantly decreased EC cell number and colonic 5-HT
concentration in comparison with wild-type (WT) mice.®® In a similar vein, expression of the
intracellular bacterial sensor, nucleotide-binding oligomerization domain-containing protein 1
(NOD1), is modulated by 5-HT and TLR2, and has also been shown to inhibit SERT activity in
Caco-2/TC7 cells.”® Increased EC cell number and colonic 5-HT concentration have been
reported in infection with the murine intestinal nematode, Trichuris muris.’ It has also been
shown that TLR2 plays an important role in mucosal 5-HT production in the gut by resident
microbiota as well as by T. muris.*®

Further evidence illustrating the pivotal role the gut microbiota plays in 5S-HT production
can be gleaned from germ-free (GF) studies. In GF mice, serum concentrations of 5-HT were
reduced compared to conventionally raised mice. Furthermore, GF mice displayed reduced Tphl
and increased SERT mRNA in the proximal colon.” Similarly, Reigstad et al. demonstrated that
conventionally raised mice and mice colonized with human fecal microbiota, despite unchanged
EC cell number, had increased levels of both Tphl protein and 5-HT concentration in the colon

compared with their GF counterparts.”' The authors propose that the microbial impact on host 5-
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HT expression is directly responsible for these changes since exogenous/luminal 5-HT was not

detected in the transferred microbial samples.

4.2 5-HT impact on the gut microbiota

Our laboratory has recently elucidated the influence that 5-HT has on the intestinal
microbiota and colitis, illustrating S-HT’s direct impact on bacterial growth in a species-
dependent manner and its indirect impact on bacterial composition via antimicrobial peptide
(AMP), B-defensins (Figure 2). In this study, microbial composition differed significantly in
Tphl™" compared with Tph]"' mice. Notably, GF mice colonized with Tphl”" microbiota had
increased abundance of mucin degrading Akkermansia, a touted “next-generation probiotic”. We
also demonstrated that the altered microbiota compositions observed play a key role in
susceptibility to colitis.!® In addition, SERT” mice, which have increased levels of 5-HT in the
intestine,*® exhibited significant alterations in microbial composition, particularly a significant
increase in Firmicutes abundance in SERT” mice compared to SERT"* mice.”

Intriguingly, by potentially acting as efflux pump inhibitors, SSRIs have been shown to
have antibiotic effects primarily with regard to Gram-positive microorganisms, including
Haemophilus influenzae, Moraxella catarrhalis, and Campylobacter jejuni.” In addition, in vitro
studies have indicated that 5-HT stimulates the growth of commensal strains of Escherichia coli,
Enterococcus faecalis, and Rhodospirillum rubrum when added to the nutrient medium. It is
speculated that the stimulatory effect of 5-HT on microbial growth may be due to the presence of
5-HT receptors on the surface of these microorganisms that may also bind related compounds
such as indole.”

The 5-HT-microbiota axis is further highlighted by the multitude of microorganisms that
have intimate interactions with 5-HT biosynthesis. For instance, though the enteric pathogen,
Citrobacter rodentium, increases 5-HT release and decreases SERT immunoreactivity ten days
post-infection. It has also been touted to sense 5-HT in the gut directly via membrane-bound
histidine sensor kinase, CpxA.” Through this kinase, 5-HT is able to decrease the expression of
virulence genes in this enteric pathogen.”® Moreover, 5-HT enhances the adherence and invasion
of commensal E. coli strains into Caco-2 cells as well as in murine gut submucosa by amplifying
signals in colonic epithelial cells.”’

The bidirectional relationship between host and microbiota is neatly reflected in the

ability of Turicibacter sanguinis, a spore-forming gut bacteria, to uptake 5-HT via a
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neurotransmitter sodium symporter-related protein structurally similar to mammalian SERT. T.
sanguinis then is able to affect host expression of a number of metabolically relevant pathways,
suggesting that host-derived 5-HT not only impacts bacteria directly but these bacteria, in turn,
affect the host physiology.78

55-HT PATHWAY IN GUT INFLAMMATION

5.1 5-HT and experimental colitis

In experimental colitis models, such as trinitrobenzene sulfonic acid (TNBS),
dinitrobenzene sulfonic acid (DNBS), or dextran sulfate sodium (DSS), an increase in 5-HT
content has been documented which reinforces similar findings in IBD patients.”! Our lab has
reported that mice are less susceptible to chemical- and infection-induced colitis when gut
mucosal 5-HT content is significantly reduced, either by using Tphl enzyme inhibitors or by
knocking out the Tphl gene.**? As an explanatory mechanism, we have further identified a key
pro-inflammatory role of 5-HTR7 on DCs; 5-HT activates DC-expressed 5S-HTR7 to initiate
immune mechanisms and, thus, contributes to intestinal inflammation.**** The relationship
between 5-HT and gut inflammation was further supported by Gershon et al., who reported
exaggeration in TNBS colitis in SERT” mice which have increased 5-HT in the gut.®* Despite
the above evidence, some recent studies by Spohn et al. have brought forward new insights
regarding the anti-inflammatory role of 5-HT in the mucosa, specifically the protective and
recuperative actions of intestinal epithelial 5-HTR4 activation in a chemical colitis model. 5-
HTR4 is required for the physiological maintenance of epithelial integrity.*® Increased epithelial
proliferation, migration and resistance to oxidative stress-induced apoptosis seem to underlie the
anti-inflammatory effects of 5-HTR4. Spohn et al. explained the contradictory roles of 5-HT in
gut inflammation by hypothesizing that 5-HTR4- associated anti-inflammatory action is present
in the basal condition whereas the S-HTR7 pro-inflammatory effects predominate in pathological
states.” These observations suggest that the action of mucosal 5-HT in the gut is highly
dependent on the type of receptor, type of immune cells and the local environmental conditions.
Further supporting this, Gershon et al. have demonstrated that in experimental colitis, the actions
of mucosal and neuronal 5-HT are distinct. Interestingly, during colitis, 5-HT synthesized by

Tph2 in the serotonergic neurons of the ENS was found to be anti-inflammatory and
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neuroprotective, whereas mucosal 5-HT was regarded as pro-inflammatory.%

Cytokines, immune signaling molecules, play a critical role in gut inflammation. The
relationship between 5-HT and cytokines is bidirectional. Pro-inflammatory cytokines IL-1p,
TNF-a, IL-6, IFN-y, and low levels of the anti-inflammatory cytokine, IL-10, reduce the

expression and function of SERT (Figure 2).5%°

However, at higher concentrations, IL-10
increases the expression of SERT on epithelial cells via the PI3K signaling pathway.®” During
intestinal inflammation, both the Thl cytokine, IL-1pB, and the Th2 cytokine, IL-13, significantly
enhance the secretion of 5-HT from EC cells via the activation of IL-1 and IL-13 receptors
(Figure 2).°"? Moreover, IL-13 also increases the synthesis of mucosal 5-HT by upregulating
Tphl expression (Figure 2).°2°> However, the effect of IL-13 and IL-1p on neuronal 5-HT is yet
to be determined.

Recently, another member of the IL-1 family, an alarmin cytokine, IL-33, was found to
activate the ST2 receptor on EC cells triggering calcium influx via a non-canonical
phospholipase C-y1- transient receptor potential ankyrin 1 signaling pathway to induce 5-HT
release. It has also been hypothesized that the serotonergic neurons might release neuronal 5-HT
by IL-33 activation regardless of their distinct synthetic mechanism.”* As mentioned above,
during inflammation, 5-HT itself also increases the secretion of pro-inflammatory cytokines like

IL-1B, IL-6, and IFN-y from macrophages, DCs and NK cells.

5.3 Clinical implications of 5-HT in GI disorders

IBD, comprised of Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic
relapsing inflammatory condition of the GI tract with a rising incidence worldwide.” In CD
patients, an increase in EC cell number and 5-HT content has been documented in the intestinal
mucosa, and increased mucosal 5-HT signaling has been shown to contribute to the severity of
inflammation in active disease.”***° Recently, it has been reported that active CD patients have
elevated Tphl and 5-HT receptors and downregulated SERT expression in the intestinal mucosa
as well as increased plasma/serum 5-HT levels.”!°%1®! However, the role of 5-HT in UC is
somewhat controversial with groups reporting both increased and decreased 5-HT signaling.'®?
Furthermore, changes in 5-HT signaling occur in other intestinal disorders with underlying
inflammation like IBS and celiac disease.!”*'® In fact, the role of 5-HT in IBS is so well

established that 5-HTR3 and 5-HTR4 targeted therapies are among approved treatments for IBS.
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Studies on 5-HT-increasing SSRIs and their association with IBD have further
highlighted the importance of 5-HT signaling in gut inflammation in a clinical setting. Chronic
intake of SSRIs, such as sertraline increases the risk of developing microscopic colitis. Even
though the mechanism is not yet known, it is postulated that SSRIs and other medications such
as nonsteroidal anti-inflammatory drugs, may trigger colonic inflammation in genetically
predisposed individuals or may lead to the development of more apparent GI symptoms in a
previously undiagnosed patient.'”> However, other researchers have found that SSRIs can have
no effect or have a beneficial/protective effect against IBD.!%1% However, it should be noted
that these studies were observational, uncontrolled and nonrandomized, and the discrepancies in
these findings may be due to the small sample size and/or short follow-up periods.'% Therefore,
it is pertinent to conduct further randomized controlled trials with larger sample sizes and follow-
up periods greater than 12 months to clearly understand the impact of SSRIs on gut

inflammation.
6 THERAPEUTIC TARGETING OF 5-HT IN GI DISORDERS

6.1 Targeting 5-HT in GI disorders

Clinically, 5-HT targeting drugs for GI diseases are currently in use. 5S-HTR3 and 5-
HTR4 have been studied extensively and targeted for the treatment of nausea, vomiting,
diarrhea, and constipation. 5-HTR3 antagonists, like ondansetron, exert anti-emetic effects by
their action on afferent vagal nerves in the gut and in the area postrema of the medulla
oblongata. These antagonists are used to treat nausea and vomiting induced by chemotherapy

and radiation therapy.'®"!

Further, other 5-HTR3 antagonists such as alosetron are used to
treat diarrhea and abdominal discomfort in patients with diarrhea-predominant IBS (IBS-D),
though the exact mechanism of action is not known.''""!'? Similarly, 5-HTR4 agonists like
tegaserod alleviate constipation and pain in IBS-C, and in chronic constipation.'’* 5-HTR4
agonists are prokinetic agents that accelerate and strengthen the peristaltic reflex, and
contribute to the regulation of propulsive motility.""*''> The prokinetic effects of 5-HTR4
agonists are mediated by their action on receptors expressed on presynaptic enteric nerve fibres
and neurons.'"*"'® Unfortunately, older, non-selective 5-HTR4 agonists had off-target effects

on hERG potassium channels, dopamine receptors, 5-HTR1 and 5-HTR2 that resulted in
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adverse cardiovascular effects and were subsequently removal from the market.!!” Increasing
evidence suggests that targeting the mucosal epithelial cells with 5-HTR4 agonists helps to
produce the desired clinical outcomes with greatly reduced adverse cardiovascular effects. 15!
With the functional classification of Tph isoforms and the evidence that gut-associated
Tphl generates more than 95% of the body’s 5-HT, several research groups have probed the
utilization of Tph inhibitors in the treatment of 5-HT-associated peripheral diseases. The Tph
inhibitors LX-1031 and LX-1033 were the first drugs to enter clinical trials and showed promise
in the treatment of non-constipating IBS.!!'®!° Because of their inability to cross the intestinal
barrier, the action of these drugs was restricted to Tph in the gut despite their nonselective
nature.? With that being said, the only Tph inhibitor approved by the FDA is telotristat ethyl used
to treat carcinoid syndrome diarrhoea by reducing peripheral 5-HT without affecting central 5-
HT.'™ As discussed above, Tphl” mice and animals treated with Tph1 inhibitors are protected
in several different colitis models.*>****12122 Based on these promising results and the success
in IBS clinical trials, it is clear that Tph inhibitors are promising candidates for the treatment of

inflammatory disorders such as IBD.
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1. Inflammatory Bowel Disease (IBD)

IBD, with two major forms, Crohn’s disease (CD) and ulcerative colitis (UC) is a
chronic relapsing and remitting inflammatory disorder of the GI tract.”' In the 21
century, IBD is a global disease occurring across geographic boundaries, races,
ethnicities, age and sex. The prevalence and incidence of IBD in Canada is one of the
highest in the world. About 0.7% of Canadians are affected by IBD that results in
substantial financial losses to the society.”> Patients with CD or UC can present with
diarrhea, abdominal pain and per rectal bleeding. Intestinal complications such as
strictures, bowel obstruction, abscess and anal fistula can occur in CD where as
complications like toxic megacolon, perforation and colon carcinoma are more common
in UC.” 25-40% of IBD patients may present with extra-intestinal manifestations
involving joints, muscles, skin, eyes, bones, kidneys and liver.”*

Although CD and UC have many clinical and pathological features in common,
evidence indicates that the two conditions have markedly distinct pathophysiological
entities. In UC diffuse continuous superficial mucosal inflammation spreads proximally
from the rectum to varying degrees of the colon up to the ileocecal valve. In contrast, the
inflammation in CD is transmural, usually discontinuous, patchy and can involve any site
of the GI tract from the mouth to the anus. However, the most commonly involved site in
CD is the terminal ileum with the lesions appearing over Peyer’s patches.”"”
Endoscopically, in CD healthy mucosa may be interspersed between areas of inflamed

mucosa giving the bowel the characteristic appearance of "skip lesions". Histologically,

the hallmark of UC is the formation of crypt abscesses composed of transmigrated
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neutrophils. On the other hand CD is characterized histologically by non-caseating
granulomas consisting of macrophages, giant cells and epithelioid cells.”’ Although the
exact etiology of IBD is not clear, it is considered a multifactorial disease resulting from
the interactions among the following four basic components: genetic susceptibility, gut

microbiota, immune system and environmental factors”° (Figure I).

Environmental
factors

Gut microbiota

Figure I: Factors involved in the pathogenesis of IBD. The exact cause of IBD in
unknown. It is thought to be a multifactorial disease resulting from interactions between
host and environmental factors.
1.1 Genetics

The susceptibility and development of IBD is dependent on genetic factors.
Compelling evidence from studies on the familial forms of IBD and those conducted with

twins emphasize the importance of genetics as a key component in the pathology on IBD.

Having a first-degree relative with IBD is an important risk factor for developing the
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disease with the relative risk to siblings of patients being about 30- to 40-times higher for
CD and 10- to 20-times higher for UC.”” The rate of concordance for monozygotic twins
is 30-35% and 10-15% in CD and UC respectively.” These data indicate that compared
to UC, CD has a higher genetic load. Additionally, certain ethnic groups of European
ancestry have a higher prevalence of familial IBD clustering compared to African
American, Hispanic and Asian populations.” When multiple relatives within the same
family have IBD, the risk increases by approximately 10% for each additional first degree
relative affected indicating a cumulative effect of the number of family members affected.
Furthermore, there is a 57-fold increase in incidence within these families compared to
the general population.”

IBD is not inherited as a Mendelian trait, but rather may be due to an interaction
of several genes identified by GWAS. Recent studies by GWAS and meta-analysis have
identified about 201 IBD associated gene loci, with 137 associated with both types of
IBD, 37 specific to CD and 27 specific to UC.'” The first gene locus identified to have an
association with IBD was nucleotide-binding oligomerization domain containing 2
(NOD2)."”! NOD2 gene codes for an intracellular protein receptor that recognizes
muramyl dipeptide, a conserved peptidoglycan motif in the cell wall of Gram positive and
Gram negative bacteria. Activation of NOD2 in myeloid and epithelial cells induces
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and mitogen
activated protein kinase (MAPK) mediated immune responses and protects the host

95,102

against luminal microbiota. Disease-associated mutations in NOD2 gene results in

defective microbial sensing and recognition leading to a loss of barrier immuno-
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surveillance and induction of pro-inflammatory responses.””'’> Autophagy gene variants
such as Atgl6L1, IRGM and Atg4B are linked to CD showing an indispensible role of
autophagy in immune response and inflammation.’'*'%" Autophagy has also been related
to CD through NOD2 gene. When bacterial compounds like muramyl dipeptide activate
NOD?2, Atgl6L1 is recruited to the isolation membrane and autophagosome production is
stimulated. When autophagy is inhibited, NOD2 stimulation in human primary immune
cells, results in an increase in pro-inflammatory cytokine response.”*'**'* Apart from
these genes, several of the IBD associated loci are involved in microbial detection,
endoplasmic reticulum (ER) stress, intestinal barrier function and integration of the
adaptive immune system, which are summarized in, Figure II. Although presence of
multiple loci can elevate susceptibility to IBD, single genetic variants have been

However, since majority of people

correlated with rare cases of very-early-onset IBD.
with IBD-associated risk variants do not develop the disease and vice versa, it is evident
that other factors as well as gene-environment interactions play a vital role in the

pathophysiology of IBD.'"
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Figure II: Inflammatory bowel disease (IBD) loci associated with immune system,

represented by lead gene name. Loci associated with IBD are shown in black, CD in

purple and UC in brown. Adopted from Lees et al.'"’

1.2 Environmental factors

One of the basic tenets in the pathophysiology of IBD is the interaction of
environmental factors with host factors. One of the most prominent theories put forward
to explain how environmental exposure may interact with the immune system and

contribute to the emergence of IBD is the hygiene hypothesis. This hypothesis postulates
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that children exposed to hygienic and sterile environments have decreased exposure to
microbes that result in inadequate education of the immune system and ultimately in the
development of an abnormal immune and inflammatory response such as IBD later in
life.”>” It has been observed that children living on a farm or rural regions, having pets
and a larger family or drinking unpasteurized milk are less likely to develop IBD.”
Epidemiological studies documenting the emergence and increased incidence of IBD in
developing and newly industrialized countries highlight the effect of environmental
exposure in the pathogenesis of IBD.'"!'" Additionally, increased incidence of IBD in
first and second generation immigrants who moved from regions of low prevalence to
high prevalence further emphasize the importance of environmental factors in IBD
pathogenesis.'” Early childhood environmental factors such as breastfeeding and
exposure to antibiotics in the first year of life impact the composition of the gut
microbiota, which may influence the susceptibility to inflammatory disorders including
IBD. Repeated use of antibiotics in early life increases the odds of developing CD."'*!!!
Intriguingly, history of infectious gastroenteritis is another risk factor linked with the

incidence of childhood-onset IBD.'!?

Diet is a very important environmental factor
studied in the context of IBD due to its effect on the gut microbiome and intestinal barrier
function. Diet high in total fat, saturated fat, polyunsaturated fatty acids and omega-6
fatty acids are linked with increased risk of IBD where as intake of high fiber, fruits and

vegetables are associated with reduced risk of IBD development while the effect of meat

on IBD is not clear.'”!'3 Animal studies have also noted that food additives such as
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sweeteners and emulsifiers are pro-inflammatory agents that contributes to the
pathogenesis of IBD.”>'%

Other environmental risk factors implicated in the development, susceptibility and
severity of IBD include cigarette smoking, air pollution and psychological stress. In
adults, smoking increases the risk of CD development and has deleterious effects on the
disease course. Contrary to its effect on CD, UC was found to have an inverse association
with smoking with studies establishing the beneficial effects of smoking on the course of
UC. The mechanisms underlying the role of smoking in IBD involve the adaptive and

95,114,115 .
R (A

innate immunity, gut motility, vasculature and generation of free radicals.
unclear why the effects of smoking on CD and UC are opposite in spite of sharing many
similarities. Air pollution, which parallels industrialization, increases the risk of both CD
and UC, possibly by altering the gut microbiota and inducing inflammatory response in
the intestine.”>''® Thus, it is evident that environmental determinants influence the

development, disease course and severity by its complex interaction with the gut

microbiota and the host immune response.

1.3 Gut microbiota
The gut microbiota has a strong impact in health and disease by influencing
nutrient absorption, epithelial barrier function, host metabolism and development and

: : 117-119
maturation of the immune system.'"”

Human gut microbiota includes the collection of
intestinal bacteria, fungi, archaea and viruses that colonize the GI tract. In IBD, most

microbiome research is focused on gut bacteria, even though fungi and viruses might be
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important in the context of IBD."**!*!

The intestinal microbiota is species-rich, with each
person containing at least 160 bacterial species.'”* The adult intestine harbors about 10'*
commensal bacteria.'** Most species belong to the phyla Firmicutes (50%), Bacteroidetes
(30%), Actinobacteria, Proteobacteria, Fusobacteria, Cyanobacteria, and

. - 123
Verrucomicrobia.

In the healthy state intestinal microorganisms form a symbiotic
relationship with their host. In different segments of the intestinal tract the microbiota
composition and density varies due to the differences in the local conditions. The
microbial density in the small intestine is much lower and less stable compared to the
colon as demonstrated by 10° cells/gram of content in the proximal small intestine and
10'* cells/gram of content in the distal colon.'**'*

In IBD intestinal ‘dysbiosis’ occurs characterized by change in structure, diversity
and function of the microbiota. In IBD there is increased penetrance of bacteria in
mucosa, decreased bacterial species richness and decreased microbial community
stability.'**'*” The role of gut microbiota as a causative factor in the development of
intestinal inflammation is supported by observations that experimental colitis does not
develop in GF mice or the intestinal inflammation is less severe when mice are treated
with antibiotics.'**'* Clinically the response of IBD patients to antibiotics and fecal
diversion as well as the common sites of inflammation being areas of relative fecal stasis
(terminal ileum and rectum) further supports the causative role of dysbiosis in IBD."*"
There is a shift in the balance between the anti-inflammatory commensals and the pro-

inflammatory pathogenic bacteria in IBD. In IBD, bacteria with anti-inflammatory

properties such as Faecalibacterium prausnitzii are reduced where as bacteria such as
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Escherichia coli, that better tolerate inflammatory environments are increased compared
to the healthy controls (HCs). In UC, even though Akkermansia which has an anti-
inflammatory effect is decreased, it is unclear whether this is a cause or effect of

. . 130,131
inflammation. ™

During dysbiosis invasive pathogenic bacteria can grow and
translocate across the mucosal barrier to activate the immune response and promote

. . 132
inflammation.

1.4 Intestinal immune system

The intestinal immune system maintains a state of tolerance and
hyporesponsiveness to the gut commensal microbiota, dietary antigens and drugs while it
fights invading pathogens without leading to overwhelming immune response and

. . . . 133,134
intestinal inflammation. ™

The immune system is composed of innate and adaptive
arms that are closely interlinked. The innate immune system response is non-specific,
rapid and does not provide long lasting immunity. It includes anatomical barriers, pattern
recognition receptors and cells such as neutrophils, DCs, monocytes, macrophages and

133

natural killer cells.” The innate immune cells provide the first line of defense and also

activates the second defense system, the adaptive immunity by cytokine production and

antigen presentation to T cells in the gut.'”

In contrast to the innate immune system, the
adaptive immune system is specific and long lasting. The antigen presenting cells (APCs)
present antigens to the T-helper (Th) cells in the inductive sites such as mesenteric lymph

nodes and gut associated lymphoid tissue that results in the activation and differentiation

of Th cells to either Th1, Th2 or Th17 cells."” Thl cells mainly secrete interferon-y (IFN-
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v), tumor necrosis factor (TNF), I[L-12, while the Th2 cells secrete IL-4, IL-5 and IL-13.
Classically, the histopathological features of CD resemble Thl mediated inflammation
where as those of UC resemble Th2 mediated inflammation. However, recently the roles
of Th17 and regulatory T cells have been identified in the pathogenesis of both CD and
UC.” Additionally, deregulated amounts of immunoglobulin (Ig) G, IgA and IgM in IBD
patients indicate that B cells also play a role in IBD pathogenesis."”® The lack or
dysfunction of regulatory B cells that are characterized by the production of anti-
inflammatory cytokines, IL-10 and TGF-B have been documented in IBD.""'*®
Regulatory B cells reduce the severity of inflammation by directly diminishing the
production of pro-inflammatory cytokines such as IL-1 and TNF-o by macrophages or by
producing IgG, which neutralizes harmful agents in immune responses and tissue
damage."”

The mucosal epithelium of the GI tract forms the first barrier between the foreign

140

antigens and the internal host milieu. ™ In addition to being an anatomical barrier to

harmful microbes, the epithelium performs the main function of absorption of nutrients

and water.'"!

These opposing tasks are performed by the intestinal epithelium by
maintaining a dynamic interaction between its structural, molecular and immune
components. However, any disruption in the structural or regulatory components of the
barrier allows the flux of microbial antigens into the internal milieu and thus activates the

142-145

immune system. Thus in IBD, dysregulated epithelial barrier is suggested to play a

central role in the pathogenesis since antigen translocation across the epithelium will
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activate the immune system of susceptible individuals and initiate uncontrolled

) . 146
inflammation in the gut.'**

1.4.1 Intestinal mucosal barrier

The small and large intestine are lined with non-ciliated columnar epithelial cells,
which forms crypts and villi. Villi are only present in the small intestine. The epithelium
consists of 80% absorptive enterocytes, 20% specialized epithelial cells such as goblet
cells, EECs and Paneth cells (only in small intestine). All the four types of epithelial cells
develop and differentiate from pluripotent stem cells found at the base of the crypts.'*”'*
The epithelial cells are renewed every 4-5 days by developing from stem cells and
proliferating in the base of the crypts followed by migration upwards towards the tip of
the villi in the small bowel or to the surface of the large bowel. The only exceptions are
the Paneth cells in that they remain within the crypts.'*”'**

The luminal side of the mucosal layer of the GI tract is covered by mucus gel
layer that has physiological roles such as lubrication, prevention of dehydration and
mechanical damage, protection against colonization by pathogenic bacteria and their
toxins, protection against luminal proteases arising from bacterial and mucosal cells, and
formation of a diffusion barrier for small molecules but allows for the transport of
nutrients.'” The major component of the mucus layer is the large molecular weight
glycoproteins known as mucin.'* MUC?2 is the best characterized secreted mucin of the

150

intestine. ™ In the colon the two layered mucus is composed of a clear, well-defined,

attached inner layer devoid of bacteria and a less defined loose unattached outer layer
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containing gut bacteria and dietary materials."”’ The inner mucus layer is maintained by

151,152

continuous secretion from goblet cells. The small intestine has a single mucus layer,

151,152

unattached to the epithelium and is more permeable to bacteria. In IBD patients

especially in UC the intestinal mucus layer varies in thickness, continuity, composition as
well as the mucin structure. These changes adversely affect the protective properties of
the mucus layer and consequently might result in an increased vulnerability of the

epithelium to bacterial invasion. In UC the mucus layer is thinner, penetrable and less

153,154 155,156

continuous, with depletion of goblet cells. In CD, even though there is

154

increased mucus thickness and no change in the number of goblet cells ™ there is

156 1n addition to these

evidence of abnormal expression and glycosylation of mucin.
clinical findings, it has been seen that Muc2”" mice spontaneously develop colitis as well
as have increased severity of DSS induced colitis.””’ In a murine model of DSS induced
colitis, the mucus layer is altered before the induction of any inflammation illustrating the

8 Furthermore,

importance of mucus layer integrity to prevent inflammation."
maintenance of the epithelial barrier by murine Muc?2 is also protective against lethal
infectious colitis caused by Citrobacter rodentium or Salmonella enterica serovar
Typhimurium."*"®

The absorptive and secretory epithelial cells form a continuous and polarized
monolayer that acts as the barrier between the gut lumen and lamina propria. Water and
nutrients are absorbed by the epithelium through the transcellular and paracellular

161

pathways.” The barrier integrity is maintained by the interconnection of IECs via

junctional complexes such as tight junctions, adherens junctions and desmosomes. The
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intercellular space is mainly sealed by the tight junctional complexes consisting of
transmembrane proteins, claudins and occludins and peripheral membrane proteins,
zonula occludin. Below the tight junctions are the adherens junctional proteins such as E-
cadherin which associates with o and p-catenins.'®” Increased intestinal permeability in
patients with quiescent IBD and in up to 40% of first-degree relatives of patients with CD

suggest barrier defect might precede the onset of the disease.'®’

In IBD expression of tight
and adherens junctional proteins have been reported to be altered in response to pro-
inflammatory cytokines such as TNF-o, IFN-y, IL-17, IL-13 and chemokines.”"'*

The intestinal barrier is further strengthened by the production of AMPs expressed
by the enterocytes of the small and large intestine and Paneth cells of the small intestine.
AMPs are mostly present in the inner mucus layer. AMPs, an evolutionarily conserved
innate immune mechanism defends against both commensal and pathogenic microbes by
interrupting highly conserved and essential features of microbial structure and

physiology, such as the cell membrane and cell wall.'**'®®

Large AMPs resemble lytic
enzymes or proteins that bind to specific sites of microbial macromolecules. Smaller
(<100 amino acids) cationic AMPs interact with the anionic bacterial membrane and cell
wall due to the electrostatic attractions. This results in the insertion of the peptides into
the bacterial membrane and formation of transmembrane pores that ultimately leads to
cell lysis.'®' Some AMPs exert their action intracellularly by inhibiting DNA and
protein synthesis as well by utilizing their anti-protease activity.'”'®® One of the major

types of AMPs in humans is defensins. The release of defensins is regulated by the

stimulation of pattern recognition receptors. In humans the defensins are classified as a
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and B based on the differences in length of peptide segments between six cysteines and
the disulphide bonds between the cysteines.'” In humans there are six types of a-
defensins: human neutrophil peptides 1-4 (HNP1-4) secreted mainly by neutrophils,
human defensin (HD) 5 and 6 expressed only in Paneth cells of the small intestine. In
mice, there is no HNP production, instead Paneth cells express 6 o-defensins termed
cryptdins which are processed into their active forms by matrix metalloproteinase-7

19917 I the colon the chief AMP are B-defensins expressed by the epithelial

cleavage.
cells. Among the six types of B-defensins, human B-defensin (hBD) 1 (mouse orthologue
mDefbl) and hBD2 (mouse orthologue mDefb3) are most extensively studied. hBD1 (and
mouse orthologue mDefbl) is constitutively expressed in the intestinal epithelium
regardless of colitis.'’"'”* hBD2, is not expressed in normal healthy colon, but is
significantly induced by pro-inflammatory cytokines and microbes.'”''”> CD patients
have attenuated induction of hBD2 where as UC patients have increased levels of
hBD2.""*""*!7 The abnormal production of p-defensins in IBD may be associated with
impaired clearance of mucosal microorganisms and alteration in the microbiota
composition. This altered microbiota as discussed in the section on “Gut Microbiota” may
result in exaggerated immune response in the host and lead to uncontrolled intestinal

inflammation. During IBD, two critical processes, 5-HT signaling and autophagy is

disturbed which have been discussed in Chapter 1.

2. Experimental models of IBD

Close to 30 different animal models of intestinal inflammation has dramatically
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advanced our understanding of the pathogenesis and underlying mechanism of IBD.'”

These models are broadly classified into 3 groups: chronic T cell transfer model of
intestinal inflammation, spontaneous chronic intestinal inflammation models induced by
gene deletion and acute self-limiting colitis models. '"® Although no single model can
fully reflect the complexity of human IBD, each one contributes vital insights into one or
more main aspects of the disease, and their combined efforts have resulted in the
development of a widely acknowledged set of principles for human IBD pathogenesis. In
the T cell transfer model chronic intestinal inflammation develops due to the disruption of
T cell homeostasis. In summary, adaptive transfer of regulatory T cell deficient naive T
cells (CD4'CD45RB™" T cells) from healthy donor mice into syngeneic
immunodeficient recipient mice lacking T and B cells (SCID or Ragl'/') results in
development of pancolitis and small intestinal inflammation after 5-10 weeks.'”’” Several
spontaneous genetic mouse models of intestinal inflammation have been described with
IL-10" and SAMP/Yit mice being some of the most widely studied and used.'”® In
chemical colitis models, acute inflammation of the colon is initiated and maintained by
luminal administration of toxic chemicals such as organic solvents and acids.'”® Among
the commonly used acute chemical colitis models are the DSS-induced -colitis,
di/trinitrobenzene sulfonic acid-induced colitis, acetic acid-induced colitis and oxazolone
induced colitis models.'”” All of the models in the 3 categories have their specific uses
and limitations and they are selected based on the research question. Based on our
research question, we selected DSS-induced colitis model to study the role of 5-HT-

autopahgy-microbiota axis in intestinal inflammation.
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2.1 Dextran sulphate sodium (DSS) model of colitis

The study and understanding of IBD has advanced tremendously by the
development of experimental murine models of intestinal inflammation. The animal
models of inflammation are invaluable tools for the investigation of the pathophysiology
and novel therapeutic strategies of IBD. Chemical models are the most commonly used
experimental IBD models, inspite of having limitations, since it mimics central
immunological and pathological features.'””'”® Among the chemicals used to induce
intestinal inflammation, DSS, a negatively charged heparin like polysaccharide is widely
used due to its simplicity, reproducibility, rapidity and controllability.'””'” Additionally,
DSS-induced model has the advantage of using mice that are immunocompetent and
developmentally normal as opposed to IBD models requiring immunodeficient hosts and
genetically engineered models that may have developmental abnormalities.'”®

The exact mechanism of action of DSS is not known. It is likely that upon oral
administration it damages the epithelial layer of the colon, increasing the permeability.
This results in exposure and dissemination of luminal antigens in the underlying mucosa
and submucosa, resulting in neutrophil and macrophage activation.'””'” The
inflammation in DSS model is dependent more on the innate immunity since DSS-
induced colitis develops in severe combined immunodeficient mice, where T and B cells
are absent. However, when both innate and adaptive immunity are intact, the
inflammation is greater.'”” By altering the duration, frequency and dose of DSS
administration, either acute or chronic models of intestinal inflammation can be produced.

Symptomatically, features of DSS colitis are weight loss, diarrhea and bloody stools.'”®
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Morphological and pathological features of superficial ulceration, epithelial loss and
neutrophil infiltration looks similar to flares of human UC.'"”® Immunologically, acute
DSS colitis shows a Th1/Th17 response where as chronic DSS colitis exhibits Th1/Th2

180
response.

3. Hypothesis and aims

Autophagy is regulated by factors such as nutrient levels, growth factors, oxygen
and hormones through regulators like AMPK and mTOR."®' Recently, 5-HT has been
investigated as a possible regulator of autophagy. Soll et al. provided evidence of
autophagy inhibition by 5-HT in hepatocellular carcinoma cell line. The group showed
that after 24 hours treatment with 5-HT there was 7 fold increased expression of p62.'"
5-HT was reported to activate mTOR in human bronchial smooth muscle cells. 5-HT was
found to have similar effects on lacrimal gland. It was seen that sustained reduction in the
level of blood 5-HT in mice resulted in lacrimal gland atrophy due to increased
autophagy.'® SERT gene knockdown in dorsal raphe nucleus in rats increased 5-HT level,
decreased hippocampal autophagy as seen by a decrease in Beclin-1 and LC3-1I/LC3-1

. 184
ratio.

Taken together, emerging evidence supports potential interactions between 5-HT
and autophagy. 5-HT and autophagy are independently linked to colitis. Majority of the
evidence shows that 5-HT is pro-inflammatory where as autophagy is protective against
colitis. While dysregulated 5-HT signaling and autophagy have been implicated in

intestinal inflammation, it remains unclear whether they interact with each other in

relation to colitis.
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Hypothesis: Increased 5-HT signaling inhibits autophagy in the colon and alters the gut
microbiota composition and enhances the severity of gut inflammation.

Aim 1: To define the role of 5-HT-autophagy axis in intestinal inflammation.

Aim 2: To elucidate the role of 5-HT in modulation of autophagy in intestinal epithelial
cells.

Aim 3: To evaluate the role of 5-HT-autophagy axis in regulation of gut microbiota

composition.
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In this chapter, I examined my hypothesis and my 3 aims of my project. Using Tphl”" and
SERT" mice, we showed that increased levels of gut 5-HT during intestinal inflammation
inhibits autophagy in the whole colon resulting in aggravated colitis and vice versa.
Additionally, using rapamycin we established that 5-HT mediated changes in autophagy
was through the mTOR pathway (Aim 1). Next, using epithelial cells from Tphl” mice,
double knockout mice that are deficient in Tphl and epithelial cell specific Atg7, and
human epithelial cell lines we were able to show that increased levels 5-HT in the gut also
inhibited autophagy in the IECs during intestinal inflammation. Furthermore, we also
demonstrated similar findings in peripheral blood mononuclear cells isolated from healthy
controls and CD patients, indicating the translational significance (Aim 2). Finally, in our
third aim, we found that the disruption of the 5-HT-autophagy axis in the IECs alter the
gut microbial composition towards a more colitogenic phenotype which mediates the
severity of inflammation (Aim 3). In this article, all the methods and results of my project
have been included.

SH and WIK conceived the idea and designed the research; SH performed all experiments
with help from HW, JG, SB, and YHK; SH, UC and JM recruited study participants; SH
and IIK analyzed and interpreted the data; SH, and WIK wrote, edited and revised
manuscript; MS, FC, DP, JHB, and GRS critically appraised the manuscript.
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Autophagy, an essential intracellular recycling process, is linked to the pathogenesis of various diseases including
Crohn'sdisease (CD). Factors that lead to the development of impaired autophagy during intestinal inflammation remain
largely unexplored. Here, we report the impact of the interaction between serotonin [5-hydroxytryptamine;(5-HT)]
and autophagy in colitis in mouse and human studies. In mice, increased gut 5-HT inhibited autophagy and led
to enhanced colitis susceptibility. Reciprocally, mice with reduced 5-HT exhibited up-regulated autophagy via
the mammalian target of rapamycin pathway, which resulted in significantly decreased colitis. Deletion of
autophagy gene, Atg7, in an epithelial-specific manner, in concert with reduced 5-HT, promoted the develop-
ment of a colitogenic microbiota and abolished the protective effects conferred by reduced 5-HT. Notably, in
control and patient peripheral blood mononuclear cells, we uncovered that 5-HT treatment inhibited autophagy.
Our findings suggest 5-HT as a previously unidentified therapeutic target in intestinal inflammatory disorders

such as CD that exhibits dysregulated autophagy.

INTRODUCTION

Crohn’s disease (CD), a major form of inflammatory bowel disease
(IBD), is a serious chronic inflammatory condition of the human
bowel (1). Genome-wide association studies have identified an in-
creased risk of developing CD in individuals with autophagy gene
polymorphisms including autophagy related 16 like 1 (ATGI6L1)
and immunity-related guanosine triphosphatase family M (IRGM)
(2, 3). Autophagy is a vital conserved catabolic process that provides
energy during stress and protects the cell by removing damaged
organelles and infectious agents (4, 5). Environmental stressors prime
autophagy through the activation of 5’ adenosine monophosphate-
activated protein kinase (AMPK) and the inhibition of mammalian
target of rapamycin complex 1 (nTORC1) (6). Downstream compo-
nents, Beclin-1, Atgl2-5 (autophagy related 12-5) complex, LC3-II
(microtubule associated protein 1 light chain 3), and Atg7 (autophagy
related 7), participate in the formation of the double membrane-bound
vesicle, the autophagosome (6). The adapter protein, p62/sequestosome 1,
delivers substrates to the autophagosome for degradation. Subsequent-
ly, fusion of the autophagosome with lysosome forms the autolyso-
some, a site where lysosomal enzymes degrade the aforementioned
substrates (6). Autophagy-deficient mice are highly susceptible to
experimental colitis and produce more proinflammatory cytokines
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(7, 8). Studies demonstrate that autophagy-enhancing pharmacological
agents such as rapamycin and salicylates (or other mTOR-inhibiting
and AMPK-activating drugs) reduce the severity of experimental
colitis and refractory CD, suggesting that these substances may
promote a protective role of autophagy in gut inflammation (9-12).
However, therapies that inhibit mTOR/enhance autophagy such as
rapamycin have many side effects including altered insulin sensi-
tivity, nephrotoxicity, hyperlipidemia, thrombocytopenia, and
diminished wound healing (13). Therefore, studying the process of
autophagy within the context of IBD presents a unique opportunity
for the development of previously unidentified therapeutic strate-
gies for intestinal inflammatory conditions, particularly by identi-
fying new targets to overcome defective autophagy.

In the gastrointestinal tract, the microbiota plays a fundamental
role in digestion, prevention of pathogen invasion, and the develop-
ment of the immune system (14). Disruption of the composition
and function of microbiota is a risk factor for the development of
IBD (15). The gut microbiota is influenced by signals from the host
epithelium. Studies show that mice with intestinal epithelial cell
(IEC)-specific Atg7 or Atg5 deficiency exhibit altered gut microbiota
composition and diversity (8, 16). These microbial changes are simi-
lar to the changes seen in CD, signifying the role of impaired autophagy
in gut dysbiosis and inflammation (16). Furthermore, activation of
the mTORC?2 signaling pathway followed by inhibition of mTORC1
by resveratrol decreased the abundance of obesity-associated gut
microbiota and reduced intestinal inflammation in diet-induced
obese mice (17). Although some of the mechanisms by which dys-
functional autophagy changes the gut microbiota have been studied
(4), little is known about the factors that lead to the development of
impaired autophagy during intestinal inflammation.

Enterochromaffin (EC) cells, a subset of enteroendocrine cells,
produce approximately 90% of serotonin [5-hydroxytryptamine
(5-HT)] in the gut (18, 19). In EC cells, the synthesis of 5-HT begins
with the conversion of dietary tryptophan to 5-hydroxy-L-tryptophan
(5-HTP), a process catalyzed by the rate-limiting enzyme, tryptophan
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hydroxylase (Tph) (18). There are two isoforms of the Tph enzyme,
Tphl, present mainly in EC cells, and Tph2, found in the brain stem
and enteric neurons (18, 20). 5-HTP is converted into 5-HT by aromatic
L-amino acid decarboxylase. Apical and basolateral release of 5-HT
from EC cells occurs in response to mechanical and various chemi-
cal stimulants (20). Once released, 5-HT is taken up by surround-
ing IECs and immune cells by the serotonin reuptake transporter
(SERT) (20). In patients with active IBD, increases in EC cell num-
bers and 5-HT content have been documented (21-23). Recent studies
on experimental models of intestinal inflammation illustrate that
inhibiting 5-HT production by genetic deletion of Tph1 or by phar-
macological manipulation ameliorates inflammation (24-26). We
recently demonstrated the impact of 5-HT on microbial composi-
tion and subsequent effects on the susceptibility to inflammation in
the intestine (27). Furthermore, Fung et al. (28) have also reported
that 5-HT has direct effects on gut bacteria and their colonization.
However, the signaling pathway by which 5-HT regulates gut micro-
biota remains to be determined.

Evidence that increased 5-HT mediates impaired autophagy in
human hepatocellular carcinoma cells, murine lacrimal gland, and
rat dorsal raphe nucleus (29-31) supports potential interactions be-
tween 5-HT and autophagy. While dysregulated 5-HT signaling,
autophagy, and microbiota are implicated in intestinal inflammation,
the potential interactions among these three factors in the patho-
genesis of intestinal inflammation remain unclear. In this study, by
using in vitro cell culture systems, experimental models of colitis,
and biopsy and blood samples from patients with CD, we investigated
interactions between mucosal 5-HT signaling, autophagy, and mi-
crobiota in the regulation of intestinal inflammation. Our study
demonstrates that increased 5-HT in the colon inhibits autophagy,
resulting in altered microbiota composition and increased severity
of inflammation, and thus identifies 5-HT as a novel regulator of
autophagy-microbiota axis in gut inflammation.

RESULTS

Reduced 5-HT in the gut increases autophagy in the colon
and decreases the severity of intestinal inflammation

To investigate the linkage between 5-HT and autophagy in the con-
text of intestinal inflammation, we induced acute colitis by admin-
istration of either 5% dextran sulfate sodium (DSS) for 5 days or 2.5%
DSS for 7 days in drinking water to Tph1-deficient mice (Tphl1™~
mice that have significantly reduced 5-HT in gut) and determined
the level of autophagy in whole sections of colonic tissues. Similar to
our previous findings (24), there was a significant reduction in the
severity of colitis in Tph1~~ mice compared to Tphl*/* mice during
both 5 and 2.5% DSS administration (Fig. 1, A and B, and fig. S1, A
to E). However, the difference in severity of colitis between Tph1**
and Tphl~'~ mice was less distinct at 2.5% DSS when compared to
the difference in colitis at 5% as indicated by the disease activit
index (DAI) (Fig. 1A and fig. S1A). On day 5 after 5% DSS, the Tph1™~
mice had significantly higher levels of p-AMPKa and the autophagy
markers, the lipidated form of LC3 (LC3-II), Beclin-1 and Atgl2-5
conjugate, and reduced p62 and p-mTOR (52448), in colon tissues
compared to Tphl** mice (Fig. 1, C to F). Control Tph1™~ mice also
had increased levels of autophagy proteins compared to control
Tph1*/* group (Fig. 1, C to F). Lysosome-associated membrane
protein 2 (LAMP2) is an integral membrane protein of lysosomes
and autolysosomes. Since costaining of cells for LC3 and LAMP2
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reflects the fusion of autophagosomes and lysosomes, it was used
to measure functional autophagy (32). Inmunofluorescence analy-
sis revealed significantly increased LC3B* IECs and LC3B/LAMP2*
double-stained IECs in the Tphl™~ mice regardless of DSS admin-
istration (Fig. 1, G to I). On day 7 after 2.5% DSS, the Tph1™~ mice
had significantly increased levels of autophagy markers p-AMPKa,
LC3-1I, and Atg12-5 and decreased p62 and p-mTOR (52448) in
colon tissues compared to Tphl™* group (fig. 1, F to I). In separate
experiments, Tph1** and Tphl1™'~ mice were administered 5% DSS
and euthanized, and mucosal scrapings were taken. Autophagy mark-
ers LC3-II, Beclin-1, and Atg12-5 were significantly increased in the
mucosal scraping isolated from Tphl™~ mice compared to Tph1™*
counterparts (fig. S2, A and B).

To determine whether blocking 5-HT signaling in the gut can
promote autophagy and alleviate the severity of inflammation, we
treated colitic C57BL/6 mice orally with the Tph1 inhibitor, LX1031,
on days 2 to 5 of 5% DSS administration. Treatment with LX1031
resulted in significantly reduced 5-HT level in the whole colon tis-
sue (fig. S3A) along with decreased day 5 DAI, macroscopic scores,
histological damage scores, and levels of the proinflammatory
cytokine interleukin (IL)-6 (fig. S3, B to F) compared to the vehicle-
treated group. LX1031 promoted autophagy in the colitic mice as
indicated by the significant increase in the autophagy proteins
LC3-II, Beclin-1, and Atgl2-5 and by the reduction of p62 (fig. S3,
G and H).

Replenishing 5-HT in Tph1~/~ mice impairs autophagy

and increases the severity of intestinal inflammation

To determine whether the increased autophagy in Tph1™~ mice was
due to the lack of 5-HT, we restored 5-HT levels in Tph1~'~ mice by
subcutaneous injection of 5-HTP, the immediate precursor of
5-HT. As expected, 5-HTP-treated Tphl ™~ mice had significantly in-
creased amounts of 5-HT in the colon (Fig. 2A) compared to vehicle-
treated Tph1 ™'~ mice. Restoring 5-HT in the TphI~'~ mice increased
the severity of DSS colitis (24) as determined by increased day 4 and
day 5 DAL, macroscopic scores, histological damage scores, and lev-
els of the proinflammatory cytokine IL-1p (Fig. 2, B to F). The in-
crease in DSS colitis severity in Tphl™~ mice after restoration of
5-HT levels was associated with impaired autophagy in the colon as
indicated by a reduction in LC3-II and Beclin-1 and accumulation
of p62 and p-mTOR (Fig. 2, G to ]). In addition, functional autoph-
agy indicated by LC3B/LAMP2 costaining in the IECs was signifi-
cantly decreased in Tph1 ™'~ mice after restoration of 5-HT compared
to vehicle-treated Tphl’/ " mice (Fig. 2, Kto M).

To investigate whether inducing autophagy reverses the enhanced
severity of DSS colitis in Tph1™~ mice after 5-HT restoration, we
simultaneously treated a separate group of Tphl ™'~ mice with 5-HTP
and rapamycin, an mTOR-dependent autophagy inducer. Mice
cotreated with rapamycin and 5-HTP had restored autophagy as
indicated by the increase in LC3-II and Beclin-1 and reduction of
p62 and p-mTOR (Fig. 2, G to ]). In addition, functional autophagy
indicated by LC3B/LAMP2 costaining in the IECs was significantly
increased in mice cotreated with rapamycin and 5-HTP compared
to mice receiving only 5-HTP (Fig. 2, K to M). Compared to mice
receiving only 5-HTP, the rapamycin-treated group showed sig-
nificant reduction in inflammation severity as indicated by reduced
day 4 and day 5 DAI, macroscopic scores, histological damage
scores, and expression of the proinflammatory cytokines IL-1B and
IL-6 (Fig. 2, Bto F).
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Fig. 1. Effects of reduced 5-HT on autophagy in the whole colon of mice with DSS-induced colitis. DSS (5%) was given to Tph1*/* and Tph1™~ mice in drinking water
for 5 days to induce colitis. Control groups received autoclaved drinking water. Each group contained three to five mice. (A) DAL *P < 0.05 between colitic Tph1*"* and
Tph1™~ mice on days 3 to 5. (B) Macroscopic damage score on day 5 after DSS and in control mice. (C) Western blot images and (D) quantification of autophagy proteins
LC3, Beclin-1, Atg12-5, and p62. (E) Western blot images and (F) quantification of p-AMPKa (T172) and p-mTOR (52448). Representative Western blot with B-actin is pre-
sented as loading controls. The blot shown is representative of three to five random mice in each group. (G) Representative micrograph. Arrows indicate LC3B, LAMP2,
and double-stained IECs. Scale bars, 100 um. (H) Percentage of LC3B" and (1) percentage of LC3B/LAMP2* double-stained IECs in colonic sections immunostained for LC3B
and LAMP2. Bar graph represents means + SEM. *P < 0.05 for graphs (B), (D), (F), (H), and (I).

Elevated 5-HT in SERT-deficient mice impairs autophagy

and increases the severity of intestinal inflammation

To further substantiate the effect of 5-HT on autophagy in intestinal
inflammation, we evaluated autophagy in mice deficient in SERT
(SERT™") after DSS administration. Deletion of SERT increases the
availability of 5-HT in the bowel (33). SERT”" mice had a signifi-
cantly increased amount of 5-HT in the colon compared to SERT**
mice (Fig. 3A). Intestinal inflammation was exacerbated in SERT ™/~
mice compared to SERT*'* mice, as demonstrated by higher day 4
and day 5 DAI, macroscopic scores, histological damage scores, and
increased IL-1pB and tumor necrosis factor-a (TNF-a) levels (Fig. 3,
B to F). Reduction in p-AMPKa, LC3-II, Beclin-1, and Atg12-5 and
accumulation of p62 and p-mTOR in SERT™'~ mice compared to
SERT*'* counterparts on day 5 after DSS were observed, suggesting
an impairment in autophagic flux (Fig. 3, G to J). In the noncolitic
group, SERT™ mice also had decreased amounts of autophagy

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

proteins LC3-I1, Atgl2-5, and p-AMPKa along with elevated p-mTOR
level compared to SERT*'* mice (Fig. 3, G to J). The percentage of
LC3B/LAMP2* IECs was significantly reduced in both colitic and
noncolitic SERT™'~ mice compared to SERT**, signifying a decrease
in autophagic flux (Fig. 3, K to M). These findings further demon-
strate an important role of gut 5-HT levels in influencing suscepti-
bility to intestinal inflammation.

Reduced 5-HT in the gut up-regulates autophagy in IECs

On the basis of the importance of IECs in the pathogenesis of intes-
tinal inflammation (4, 5) and our observations regarding increased
autophagy in the mucosal scrapings of Tph1 ™~ mice, we next inves-
tigated whether 5-HT influences autophagy in IECs. Tphl™~ and
Tph1*/* mice were administered DSS and euthanized, and IECs were
isolated and confirmed by E-cadherin staining (fig. S4). Western
blotting and immunofluorescence analysis revealed significant
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Fig. 2. Effect of 5-HTP and rapamycin treatment in Tph1™~ mice with DSS-induced colitis. DSS (5%) was given to Tph1™~ mice in drinking water for 5 days to induce
colitis along with 5-HTP (50 mg/kg twice a day), 5-HTP + rapamycin (1.5 mg/kg once a day), or vehicle treatment. Each group contained four to five mice. (A) Colonic 5-HT
levels. (B) DAI. *P <0.05 between control and 5-HTP as well as between 5-HTP and 5-HTP + Rapa (rapamycin) on days 4 and 5. (C) Macroscopic damage score on day 5
after DSS. Colon tissue was collected to determine (D) IL-1B, IL-6, and TNF-g; (E) histological score; and (F) representative micrographs on day 5 after DSS. Scale bars, 100 um.
(G) Western blot images and (H) quantification of autophagy proteins LC3, Beclin-1, Atg12-5, and p62. (I) Western blot images and (J) quantification of p-mTOR (52448).
Representative Western blot with B-actin as loading controls. Blots are representative of three to four random mice in each group. (K) Representative micrograph. Arrows
indicate LC3B, LAMP2, and double-stained IECs. Scale bar, 100 um. (L) Percentage of LC3B™ and (M) percentage of LC3B/LAMP2" double-stained IECs in colonic sections.
Data are represented as means + SEM. *P < 0.05 for graphs (A), (C), (D), (E), (H), (J), (L), and (M).

increase in LC3-1I and Atg7 in IECs isolated from Tph1™~ mice
on day 5 after DSS (Fig. 4, A to D).

In addition, 5-HT treatment significantly reduced LC3-1II, Beclin-1,
and Atg12-5 levels and enhanced expression of p62 and p-mTOR in
human colonic epithelial HT-29 cells (fig. S5, A and B). 5-HT also
reduced LC3-II and increased p62 expression in mouse primary
IECs compared to the control (fig. S5, C and D). Furthermore, inhi-
bition of autophagy by 5-HT treatment of HT-29 cells significantly
increased the secretion of proinflammatory cytokine IL-8 compared
to the control group (fig. S6C).

5-HT influences autophagy of IECs via 5-HT receptors
5-HT mediates various functions in the gut by acting on 5-HT re-
ceptors. Of the 14 subtypes of 5-HT receptors, 5-HT3, 5-HT4, and

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021
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5-HTj receptors are mainly expressed in IECs and HT-29 cell line
(34, 35). To determine which 5-HT receptor expressed on the en-
terocytes is involved in regulation of autophagy, we evaluated the
effects of 5-HT3, 5-HT4, and 5-HT?7 receptor-specific antagonists
(tropisetron, RS39604, and SB269970) on autophagy in HT-29 cells
and in mouse primary IECs. In HT-29 cells, 5-HT-induced alter-
ation in the autophagy proteins Atg12-5 and p62 was significantly
blocked by the 5-HTj receptor antagonist tropisetron (fig. S5, A and
B). 5-HT receptor antagonist, RS39604, reversed the 5-HT-induced
changes in Beclin-1, Atg12-5, and p62 in HT-29 cells (fig. S5, A and
B). In HT-29 cells, 5-HT-induced reduction in the autophagy pro-
teins LC3-II, Beclin-1, and Atgl2-5 and elevation of p-mTOR and
P62 were completely reversed by the 5-HT; receptor antagonist,
$B269970 (fig. S5, A and B). In addition, in mouse primary IECs,
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Fig. 3. Effect of elevated intestinal 5-HT on DSS-induced colitis and P

gy. DSS (5%) was given to SERT** and SERT~ mice in drinking water for 5 days to induce

colitis. Control groups received autoclaved drinking water. Each group contained four to five mice. (A) Colonic 5-HT amount. (B) DAI. *P < 0.05 between colitic SERT**and
SERT”" on days 4 and 5. (€) Macroscopic damage score on day 5 after DSS and in control mice. Colon tissue was collected to determine (D) IL-1B, IL-6, and TNF-a; (E) his-
tological score; and (F) representative micrographs on day 5 after DSS. Scale bars, 100 um. (G) Western blot images and (H) quantification of autophagy proteins LC3,
Beclin-1, Atg12-5, and p62. (I) Western blot images and (J) quantification of p-AMPKa (T172) and p-mTOR (52448). Representative Western blot with B-actin as loading
controls. Data are representative of three to four random mice in each group. (K) Representative micrograph. Arrows indicate LC3B, LAMP2, and double-stained |ECs.
Scale bar, 100 um. (L) Percentage of LC3B* and (M) percentage of LC3B/LAMP2" double-stained IECs in colonic sections. Data are represented as means + SEM. *P < 0.05

for graphs (A), (C), (D), (E), (H), (J), (L), and (M).

5-HT-induced alteration in the autophagy proteins LC3-II and p62
was significantly blocked by the 5-HTj receptor antagonist tropise-
tron, 5-HT, receptor antagonist RS39604, and 5-HT; receptor an-
tagonist SB269970 (fig. S5, C and D). These findings indicate that
although 5-HT impairs autophagy via all three 5-HT receptors ex-
pressed on IECs, 5-HT receptor might be playing a major role. To-
gether, these findings suggest an important role of 5-HT and its
receptors in the regulation of autophagy in IECs.

Disruption of the autophagy gene, Atg7, in IECs abolishes
the protective effects of reduced 5-HT in Tph1™~ mice

during DSS-induced colitis

Atg7, an El-like enzyme, is a critical factor for Atgl2 and LC3 con-
jugation and autophagosome formation and is thus essential for

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

autophagy (8). To determine whether reduced severity of inflamma-
tion in the intestines of Tphl~'~ mice arises from up-regulated auto-
phagy in IECs, double-knockout (DKO) mice deficient in both Tph1
and IEC-specific Atg7 were generated (fig. S7). Deletion of Atg7 from
IECs was confirmed by a marked reduction in immunofluorescence
staining of LC3B* IECs isolated from the colon of Atg7*EC mice
(fig. S8A). The level of LC3-1I was markedly reduced in the DKO
mice compared to Tph1™~ and increased in comparison to Atg7*=¢
mice (fig. 8, B and C). In addition, there was no difference between
the 5-HT levels in the colon of the naive Atg7*%C mice and the Atg7""
mice (fig. $9).

Acute colitis was induced in Tph1*"*, Tph1™~, DKO, Atg7*EC,
and Atg7"" mice by oral administration of DSS. Both the Tphl ™~
and DKO mice had reduced 5-HT levels in the colon (Fig. 4E). As
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Fig. 4. Impact of 5-HT on autophagy in IECs and the effects of impaired IEC 5-HT-autophagy axis on colitis. DSS (5%) was given to Tph1** and Tph1™" mice in
drinking water for 5 days to induce colitis. Control groups received autoclaved drinking water. Each group contained three to four mice. IECs were isolated from the colon.
(A) Western blot images and (B) quantification of autophagy proteins LC3, Beclin-1, Atg12-5, and Atg7 in the IECs. Representative Western blot with B-actin as loading
controls. Data are representative of three to four random mice in each group. (C) Representative micrograph. Arrows indicate LC3B* puncta in the IECs. Scale bar, 100 um.
(D) Mean fluorescence intensity of LC3B staining in isolated IECs. DSS (5%) was given to Tph1*/*, Tph1”~, DKO, Atg7*%¢, and Atg7"’" mice in drinking water for 5 days to
induce colitis. Each group contained 3 to 10 mice. (E) Colonic 5-HT amount. (F) DAI. $P < 0.05 between Tphl*/' and Tph 17, *P <0.05 between Atg?A’Ec and Arg7"/”, and
#P < 0.05 between DKO and Tph1™". (G) Macroscopic damage score on day 5 after DSS. Colon tissue was collected to determine (H) IL-1B, IL-6, and TNF-g; (1) histological
score; and (J) representative micrographs on day 5 after DSS. Scale bars, 100 um. Data are represented as means + SEM. *P < 0.05 for graphs (B), (D), (E), (G), (H), and ().

demonstrated previously, Atg7*/E¢ mice exhibited exacerbated in-

flammation compared to the Atg7Z"" mice (8), reflected by elevation
in several parameters of inflammation such as DAI, macroscopic
scores, histological damage scores, and proinflammatory cytokine
IL-1 (Fig. 4, F to ]). The protective effect of reduced 5-HT in the
Tph1™~ mice was abrogated when mice lacked the autophagy protein,
Atg7, in the IECs, demonstrated by an increase in day 5 DAI, mac-
roscopic scores, histological damage scores, and proinflammatory
cytokines IL-1B and IL-6 in DKO mice compared to Tphl™~ mice on
day 5 after DSS (Fig. 4, Fto ]).

Tph1 and IEC-specific Atg7 DKO mice exhibit altered gut
microbiota composition

Because the severity of DSS-induced colitis was markedly increased
in DKO mice compared to Tph1™~ mice, we hypothesized that the
disruption of autophagy in IECs abolished the protective effects in

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

colitis in Tph1™'~ mice by modulating gut microbial composition via
influencing antimicrobial peptide production from IECs. IECs con-
stitutively produce antimicrobial peptide, B-defensin-1 (mDefb1)
(36). We observed that DSS-receiving Tphl '~ mice had increased
mDefbl mRNA expression and protein levels compared with colitic
DKO mice, whereas colitic DKO and Atg7*¢ mice had similar lev-
els of mDefb1 (Fig. 5, A to C). To examine the gut microbiota, we
compared cecal bacterial profiles by 16S ribosomal RNA (rRNA) se-
quencing of TphI*"*, Tph1™~, DKO, Atg7**, and Atg7"" mice af-
ter DSS administration. For each group, the microbial composition
was dominated by Firmicutes, Proteobacteria, and Bacteroidetes (fig.
S10A). The five groups of mice separated into distinct clusters shown
by the visualization of Bray-Curtis diversity by principal coordinate
ordination (PCoA) (Fig. 5D). In all pairings, the differences between
the groups were significant with a false discovery rate of <5%. Mouse
genotype significantly accounted for 54% of the variation, while 46%
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Fig. 5. Effect of impaired IEC 5-HT-autophagy axis on gut microbial composition during DSS colitis. DSS (5%) was given to Tph1**, Tph1™", DKO, Atg7*, and Atg7""
mice in drinking water for 5 days to induce colitis. Each group contained four to five mice. (A) Quantification of mDefb1 mRNA in the colonic tissue. (B) Western blot
images and (C) quantification of mDefb1 protein in the colonic tissue. *P < 0.05 for graphs (A) and (C). 165 rRNA sequencing of cecal content of all groups was performed.
(D) PCoA of Bray-Curtis dissimilarity. (E) Taxonomic comparison of gut microbiota in the five experimental groups. (F) With DKO as the baseline, all taxa in the Arg?“‘

group for which one log; fold change is >2. (G) With DKO as the baseline, all taxa in the Tph1

of the variation was due to residual factors that were not signifi-
cant. Taxonomic comparisons revealed greater similarity between
the DKO and Atg7*E¢ mice and more dissimilarity between DKO
and Tphl™"~ mice (Fig. 5E and fig. S10B). Despite deficiencies in both
Tphl and IEC Atg7, the microbial comFosition of DKO mice was
not an aggregate of Tph1™~ and Atg7** mice but showed higher
similarity to Atg7*"“C mice. The graphs in Fig. 5 (F and G) and table
S2 illustrate that 16 bacterial taxa in Tphl™™ mice and no bacterial
taxa in Atg7AIEC mice were significantly different from those of DKO
mice. In Tphl1™" mice, beneficial bacteria such as Faecalibaculum
were higher, while colitogenic bacteria such as Parabacteroides and
Rikenella were decreased compared to DKO mice (Fig. 5G).

Transfer of colitogenic gut microbiota from DKO mice
increases the severity of DSS-induced colitis in
antibiotic-treated naive mice

To further determine whether the altered microbiota in the DKO
mice influences the severity of intestinal inflammation, we transferred

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

~/~ group for which one log; fold change is >2. *P < 0.01 for graph (G).

the cecal content of DSS-receiving Tphl ™~ or DKO or Atg7*/E¢
mice to antibiotic-treated C57BL/6 mice, followed by adminis-
tration of DSS to induce colitis (Fig. 6A). The microbiota profile
of the DSS-treated donor and their recipient mice was analyzed
by 16S rRNA sequencing of fecal samples to determine how
closely the recipients resemble their donors. Bray-Curtis analysis,
Jaccard plot, taxonomic composition, and the mean relative
abundance demonstrate that among the three pairs of donors and
recipients, the Tphl~'~ recipients are closest to the Tph1™~ do-
nors (fig. S11, A to D). The clustering of the DKO donors and
recipients and Atg7*““ donors and recipients is apparent in axis
1 of the Jaccard plot (fig. S11B). The microbiota of the DKO and
Atg7*EC recipients grouped together, whereas the Tph1 ™'~ recip-
ients formed distinct separate clusters (fig. S11, A and B). The
recipient mice microbiota had a significant proportion of the
donor amplicon sequence variants (ASV's) present, indicated b
75.2, 61.2, and 59.4% of ASVs for Tph1™~, DKO, and Atg7*™
donors, respectively (fig. S11E).
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Fig. 6. Assessment of severity of colitis following adoptive transfer of DSS-treated microbiota to antibiotic-treated C57BL/6 mice. (A) Schematic of cecal microbiota
transfer followed by induction of colitis with 3.5% DSS. Each group had three to four mice. (B) DAI. *P < 0.05 between C57BL/6 mice receiving DKO microbiota and
C57BL/6 mice receiving Tph 17~ microbiota. (C) Macroscopic damage score on day 5 after DSS. Colon tissue was collected to determine (D) MPO activity; (E) IL-1B, IL-6, and
TNF-g; (F) histological score; and (G) representative micrographs on day 5 after DSS. Scale bars, 100 um. Data are represented as means + SEM. *P < 0.05 for graphs (C), (D),

(E), and (F).

Higher levels of day 5 DAI, macroscopic and histological dam-
age scores, myeloperoxidase (MPO) activity, and proinflammatory
cytokines IL-1B, IL-6, and TNF-o were observed in antibiotic-treated
mice colonized with microbiota from DKO mice as compared to
those colonized with microbiota from Tphl ™~ mice (Fig. 6, Bto G).
There was no significant difference in colitis severity between the mice
receiving microbiota from DKO mice and mice receiving microbiota
from Atg7*/E¢ mice except for IL-1B levels. These results suggest that
deletion of this autophagy-related gene Atg7 in Tph1™'~ mice pro-
motes the development of a colitogenic microbiota in DKO mice that
contributes to the differences in severity of inflammation. The com-
parison of donor and recipient microbiota revealed that the more
colitic DKO and Atg7*C donor and recipient groups had signifi-
cantly higher levels of bacteria belonging to the genera Dubosiella and
Turicibacter compared to the less colitic Tphl™" donor and recipient
(figs. S12 and S13). However, some members of Lachnospiraceae
were increased, while others were reduced in the more colitic groups
(figs. S12 and S13).

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

Naive DKO mice have altered gut microbiota composition
that mediates the increased severity of DSS-induced colitis
To further investigate whether the microbial changes seen in DKO
mice were due to deficiency of the 5-HT-autophagy axis in the IECs,
we analyzed the expression of the antimicrobial peptide mDefb1 in
the naiive state and the naive microbiota of Tphl™~, DKO, and Atg7*£¢
mice. We observed that naive Tph1™~ mice had increased mDefb1
mRNA and protein levels compared with naive DKO mice, whereas
naive DKO and Atg7*C mice had similar levels of mDefb1 (Fig. 7,
A to C). 168 rRNA sequencing revealed that the naive DKO mice
were separated into distinct clusters compared to Tphl ™~ and Atg7*£¢
groups, as shown by the PCoA and taxonomic composition of
the gut microbiota (Fig. 7, D and E, and fig. S14A). Genetic dif-
ferences were found to be a significant driver of variation, with 63% of
the variation attributable to genotype. In all pairings, the differ-
ences between the groups are significant with a false discovery rate of
<5%. Seven bacterial taxa in the Tphl™~ mice and 26 taxa in the
Atg7*E€ mice were significantly different from those in the DKO
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Fig. 7. Effect of impaired IEC 5-HT- y axis on gut microbial composition of naive mice. (A) Quantification of mDefb1 mRNA in the colonic tissue. (B) Western

blot images and (C) quantification of mDefb1 protein in the colonic tissue. *P < 0.05 for graph (C). 165 rRNA sequencing was performed on the cecal content from
naive Tph1™, DKO, and Atg7* mice. Each group had four to five mice. (D) PCoA of Bray-Curtis dissimilarity. (E) Taxonomic composition of the gut microbiota. (F) With
DKO as the baseline, all taxa in the Tph1™~ and Atg?“‘C groups for which one log, fold change is 2 to 10. (G) With DKO as the baseline, all taxa in the Tph1™~ and At‘g7“5c

groups for which one log, fold change is >10. *P < 0.01 for graphs (F) and (G).

mice (Fig. 7, F and G, and table $3). Tphl ~/~ mice had increased
amounts of Lachnospiraceae and reduced levels of Mucispirillum and
Desulfovibrionaceae compared to DKO mice (Fig. 7, F and G).

Following transplantation of naive microbiota, mice receiving
microbiota from DKO mice showed elevated parameters of intestinal
inflammation such as day 3 to day 5 DAI, macroscopic and histo-
logical damage scores, and proinflammatory cytokines IL-1p, IL-6,
and TNF-a compared to those receiving Tph1~~ microbiota (Fig. 8,
B, C, and E to G). There was no difference in colitis severit between
the groups receiving microbiota from DKO and Atg7*"* mice ex-
cept for IL-1P levels. These findings further suggest that the change
in microbiota caused by disruption of the 5-HT-autophagy axis in
the IECs mediates the severity of inflammation.

5-HT treatment of human peripheral blood mononuclear
cells inhibits autophagy and is reversed by rapamycin

To substantiate our findings in experimental models, we next sought
to investigate whether 5-HT plays a role in autophagy in human

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

individuals with or without CD using biopsy and blood samples. In
the initial cohort, colonic biopsy samples were obtained from eight
healthy controls (HCs) and eight patients with active CD. LC3B*
IECs were significantly lower in the inflamed tissue of patients with
CD compared to the noninflamed tissue of the HCs (Fig. 9, A and B).
Four to five HCs and active CD colonic biopsy samples were ran-
domly selected from the initial cohort to measure the key CD risk
factors IRGM and ATG16L1, which are critical in the autophagy
pathway (3). IRGM mRNA expression was significantly reduced in
patients with active CD compared to HCs (Fig. 9C).

In another cohort, blood samples were collected from 10 HCs
and 10 patients with active CD indicated by symptoms, endoscopy,
and high C-reactive protein (CRP) and fecal calprotectin levels (ta-
ble S1). To determine the effect of 5-HT signaling in the regulation
of autophagy in the gut, we used peripheral blood mononuclear cells
(PBMCs) isolated from whole blood, since abnormalities in these
cells are often reflective of disorders within the gut (37). The higher
plasma 5-HT in patients with CD (Fig. 9E) was associated with
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impaired autophagy in PBMCs, determined by significantly re-
duced LC3-II, Beclin-1, and Atgl2-5 and accumulated p62 com-
pared to HCs (Fig. 9, F and G). In addition, there was a significant
negative correlation between levels of plasma 5-HT and auto-
phagic flux in the PBMC denoted by LC3-11/B-actin levels (Fig. 9H).
Compared to the control, treatment of PBMCs with 5-HT resulted
in the down-regulation of autophagy proteins LC3-II, Beclin-1, and
Atgl2-5 and accumulation of p62 in both HCs and patients with
CD. This was reversed by cotreatment with rapamycin (Fig. 9, Ito L).
These findings indicate that 5-HT-mediated impairment of autophagy
in both patients with CD and HCs is through the activation of the
mTOR signaling pathway.

DISCUSSION

IBD is a chronic inflammatory condition of the human bowel cur-
rently affecting several million people worldwide (1). Although the
exact etiology of IBD is unknown, studies provide evidence that dys-
regulated immune responses, genetic factors, gut microbiota, and
environmental factors contribute to the pathogenesis of IBD (38). 5-HT
is a key enteric signaling molecule, and changes in gut 5-HT signaling

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

are observed in IBD and in experimental colitis (21, 23, 39, 40).
Evidence suggests that autophagy, the body’s process of clearing out
old and damaged cells, is disrupted in IBD (38). Polymorphisms in
autophagy genes result in impaired stress activation of autophagy,
establishing a state of chronic inflammation that predisposes indi-
viduals to CD (41). Although changes in 5-HT, microbiota, and auto-
phagy are associated with IBD, it remained to be determined whether
a tripartite relationship exists among these factors. As illustrated in
Fig. 10, in the current study, we find that increased 5-HT signaling
impairs AMPKa/mTOR-dependent autophagy in the colon, which
results in up-regulation of inflammation severity by increasing the
production of proinflammatory cytokines and by selecting for a
colitogenic microbiota.

To investigate the impact of 5-HT on autophagy, we studied
Tph1™~ and SERT ™'~ mice, with different levels of 5-HT in the gut.
Tphl ~~ mice with low levels of 5-HT (24) had decreased severity of
colitis and elevated autophagic flux, while SERT™'~ mice, with ele-
vated levels of 5-HT, had reduced autophagy and increased severity
of colitis. Apart from the colon, it is also reported that SERT gene
knockdown in the dorsal raphe nucleus in rats increased 5-HT level
and impaired hippocampal autophagy (31). We did not observe
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differences in autophagy markers between the wild-type colitic and
noncolitic mice. Cabrera and colleagues (7) reported up-regulated
autophagy in DSS colitis as a protective mechanism by which cells
adapt to different types of stressors, whereas Ortiz-Masia et al. (42) ob-
served reduced autophagy in association with colitis. The disparities
between these observations might be due to the differences in DSS
concentration and duration in these studies. Our findings suggest
that an increase in 5-HT in DSS colitis decelerates autophagy that
contributes to disease severity. Blocking 5-HT signaling by the ad-
ministration of Tphl inhibitor released this brake, promoted auto-
phagy, and alleviated the severity of colitis. Furthermore, our data
indicate that increased 5-HT levels before inflammation inhibit au-
tophagy and make the host more susceptible to colitis.

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

To further understand the role of 5-HT in autophagy in the con-
text of intestinal inflammation, we restored 5-HT level in Tphl™~
mice and observed up-regulated severity of DSS-induced colitis along
with impairment in autophagy. Notably, in TphI™~ mice, the eleva-
tion in the severity of intestinal inflammation attributed to the res-
toration of 5-HT was attenuated by the mTOR inhibitor, rapamycin.
Rapamycin also regulates autophagy-independent cellular processes
that can result in immunosuppression (13, 43) and alleviation of
colitis. Thus, although other mechanisms cannot be ruled out, our
results in Fig. 2 strongly suggest that 5-HT-induced impairment of
autophagy in the inflamed colon is reversed by rapamycin-mediated
rescue of autophagy. These findings were further confirmed by the loss
of the protective action of reduced 5-HT in the Tphl ™~ mice when
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Fig. 10. Schematic representation of the data. During colitis, increased mucosal
5-HT secreted from the EC cells in the colon binds to 5-HTj3, 5-HT,, and 5-HT; recep-
tors on the IECs and inhibits AMPK. Inhibition of AMPK subsequently activates
mTOR. Activation of mTOR inhibits formation of autophagy (Atg) proteins that
leads to impairment in autophagy in the IECs. This leads to the reduced production
of the antimicrobial peptide, B-defensin-1, by the IECs, which alters the composition
of the normal gut microbiota. The colitogenic microbiota stimulates the secretion
of proinflammatory cytokines (IL-8, IL-1B, IL-6, and TNF-a) from IECs and immune
cells and, ultimately, exacerbates the severity of inflammation.

the autophagy protein Atg7 was deficient in the IECs. This sug-
gests that 5-HT impairs mTOR-dependent autophagy in the colon of
DSS-treated mice and increases the severity of intestinal inflamma-
tion. In addition, we observed that increased 5-HT in the colon re-
duced the expression of p-AMPKa, a known upstream regulator of
mTOR (44). Similar to our findings, Guragain et al. (45) reported that
5-HT treatment of colon epithelial cells induced dephosphorylation
of AMPKo in a dose-dependent manner. This suggests that increased
5-HT inhibits phosphorylation of AMPKa, leading to activation of
mTOR, since it is known that AMPK regulates mTORC1 signaling
(6, 44). Although the role of AMPK in autophagy has been reported
before (6), this is the first demonstration that 5-HT is an important
regulator of the interaction between AMPK and autophagy.

1ECs form the barrier between the gut lumen and mucosa and
act as the first line of defense against invading microbes and poten-
tial pathogens (46). Functional autophagy in the IECs is required to
maintain homeostasis and prevent intestinal inflammation (4, 5). The
presence of 5-HT receptors on IECs (18), as well as their proximity to
5-HT-secreting EC cells, suggests that 5-HT plays a critical role in
maintaining IEC homeostasis. Our study demonstrates that during
DSS-induced colitis, reduced 5-HT in the gut promotes autophagy
in the IECs. To further study the 5-HT-autophagy axis in the IECs,
we generated DKO mice that were deficient in Tph1 globally and
in Atg7 in the IECs. The protective effect of reduced 5-HT in the
Tphl™~ mice against DSS-induced colitis was abrogated when the
Tphl ~/~ mice were deficient in autophagy in the IECs. Recently, we
demonstrated that blocking 5-HT? receptor signaling with an an-
tagonist or genetic deletion of this receptor reduced the severity of
chemical colitis and increased antimicrobial peptide mDefb1 and

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

mDefb3 productions (27, 47). Another study demonstrated that
5-HT4 receptor stimulation via enema administration had a protec-
tive effect in experimental colitis but was not protective when deliv-
ered by intraperitoneal injection (48). This protective effect was
associated with enhanced proliferation of IECs and increase in gut
motility. These findings suggest that 5-HT may incite divergent ac-
tions on different cell types in the context of colitis. Our findings
suggest that 5-HT-mediated disruption of autophagy in the IECs is
arbitrated by 5-HT3, 5-HT}, and 5-HT} receptor, with 5-HT? recep-
tor playing a more potent role. It is unclear how the activation of the
G protein-coupled receptors 5-HT; and 5-HT; and the ligand-gated
ion channel 5-HTj; receptors is linked with the stimulation of the
mTOR pathway. A possible mechanism for the 5-HT, and 5-HTj re-
ceptors to activate mTOR is through the elevation of the second
messenger cyclic AMP (49) and subsequent inhibition of AMPK. Ac-
tivation of the 5-HTj receptor results in the influx of extracellular
calcium ions that mobilizes and increases the concentration of in-
tracellular calcium (49). The regulation of mMTOR-dependent auto-
phagy by intracellular calcium remains controversial (50). Therefore,
further studies are deserved to elucidate the role of 5-HT receptors
expressed on IECs in the regulation of autophagy in CD. In addition to
receptor sensing, 5-HT can alter gene expression through serotonylation
of histone H3 (51). While little is known on the direct evidence of auto-
phagy regulation via serotonylation, recently, it has been demonstrated
that 5-HT treatment of human colon cancer cells activates mTORC1
through serotonylation (52). Exploring the role of serotonylation in
autophagy in gut inflammation will further enhance our understand-
ing on the interaction between 5-HT signaling and autophagy.

Disruption of the balanced composition of gut microbiota is as-
sociated with IBD. Clinical and animal studies suggest that changed
gut microbiota structure and function trigger and perpetuate chron-
ic intestinal inflammation (53). Both the process of autophagy and
5-HT signaling are implicated in the regulation of gut microbiota
(8, 27, 54). Despite these findings, it is currently unknown whether
increased 5-HT influences autophagy in the IECs and results in al-
tered production of the antimicrobial peptide mDefb1 and thus con-
tributes to dysbiosis. In this study, we observed that, in the context
of colitis, the protective effects associated with Tph1~~ microbio-
ta are lost when the IECs have impaired autophagy. These findings
also coincided with reduced expression of mDefb1 when the IECs
were deficient in autophagy. During colitis in Tph1™~ mice, benefi-
cial bacteria such as Faecalibaculum (55) were higher, while bacteria
associated with inflammation such as Parabacteroides and Rikenella
(15) were decreased compared to DKO mice. Under the naive con-
dition, Tph1~~ mice had elevated levels of protective bacteria such
as Lachnospiraceae and reduced levels of colitogenic bacteria such
as Mucispirillum and Desulfovibrionaceae compared to DKO mice
(56, 57). Moreover, Dubosiella and Turicibacter that are increased
during colitis (58, 59) were significantly higher in the more colitic
DKO and At‘g?'ﬂhC donors and recipients. Furthermore, the transfer
of colitic or naive DKO microbiota to antibiotic-treated mice was
associated with increased inflammation severity. Together, these
findings identify the 5-HT-autophagy axis in the IECs as a previ-
ously unknown key regulator of gut microbiota during intestinal
inflammation.

An increase in plasma/serum 5-HT levels is observed in patients
with IBD, and the use of selective 5-HT reuptake inhibitors is asso-
ciated with microscopic colitis (21, 23, 39, 40, 60, 61). In addition,
dysfunction in the autophagic process is implicated in the
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development of intestinal inflammation in patients with IBD (5).
Previous studies demonstrated reduced expression of the autopha-
gy proteins in the inflamed intestinal mucosa of patients with CD
(42, 62). In this study, we observed impaired autophagy in the co-
lonic biopsy samples and PBMCs along with elevated plasma 5-HT
levels in patients with active CD compared with HCs. The inhibitory
role of 5-HT in autophagy was further supported by 5-HT-mediated
down-regulation of autophagy in PBMCs isolated from both HCs
and patients with CD, which was reversed by treatment with the
autophagy enhancer, rapamycin. These findings reflect the trans-
lational significance of the 5-HT-autophagy axis in CD. However,
since autophagy gene polymorphisms have been associated with
CD, an important area for future research is investigating the effect
of 5-HT on autophagy in CD patients with and without autophagy
gene polymorphisms.

This study is the first to report the important role of the 5-HT-
autophagy axis in IECs and its contribution to the regulation of mi-
crobiota in relation to susceptibility to intestinal inflammation. Our
findings suggest that blocking 5-HT signaling may promote auto-
phagy and alleviate the severity of intestinal inflammation. Given
recent reports of impaired autophagy in patients with CD (2, 42) and
the established changes in 5-HT production in IBD (20-22), this re-
search sheds light on 5-HT as a novel regulator of autophagy in gut
inflammation. These findings may ultimately lead to the discovery
of novel therapeutic strategies in intestinal inflammatory condi-
tions such as IBD and other health disorders that exhibit dysregu-
lated autophagy.

MATERIALS AND METHODS

Animals

All mice were 8 to 12 weeks old and on a C57BL/6 background.
Both male and female mice were used. Breeding pairs of Tph1'~ mice
and Tph1*'* littermates on a C57BL/6 background were obtained
from the Université Pierre et Marie Curie, France (63). These mice
express normal amounts of 5-HT in the brain and show no observed
differences in food intake or body weight as compared with Tph1*/*
mice. SERT*"* and SERT " as well as Atg7"/ and Atg7" villin-Cre
(Atg7*EC) mice, generated as described previously (64, 65), were
provided by G.R.S. (McMaster University, ON) and D.P. (Univer-
sity of Toronto, ON), respectively. Tphl ™'~ mice were crossed with
Atg7*€ mice to generate Tphl ™ Atg7**™*yillin-Cre DKO (fig. S7).
C57BL/6 mice were purchased from Charles River Laboratories in
Massachusetts, USA. All mice were housed under specific pathogen-
free conditions in the central animal facility and were approved by
the McMaster University Animal Care Committee and conducted
according to Canadian Council guidelines for animal research.

Experimental design

DSS (molecular mass, 40 kDa; catalog no. 02160110, MP Biomedi-
cals Inc.) was added to autoclaved drinking water at 5% (w/v) for
5 days to induce acute colitis. The control mice received autoclaved
drinking water. In a separate experiment, Tphl ™~ mice were injected
subcutaneously with 5-HTP (50 mg/kg) twice daily for 8 days be-
ginninﬁ 3 days before induction of 5% DSS colitis, whereas the control
Tphl ™~ mice received saline as vehicle. Another group of Tph1™~ mice
received a similar dosage and duration of 5-HTP along with rapamycin
ata dose of 1.5 mg/kg per day for 5 days starting with DSS administra-
tion. All interventions were performed during the light cycle.

Haq et al., Sci. Adv. 7, eabi6442 (2021) 5 November 2021

Adoptive microbiota transfer

C57BL/6 mice received a cocktail of broad-spectrum antibiotics
neomycin, ampicillin, vancomycin, and metronidazole (all 0.5 g/liter)
in sterile drinking water for 10 days. After 10 days, 200 ul of cecal
contents from naive or DSS-treated Tphl ™'~ or DKO or Atg7*“C mice
was gavaged to three groups of C57BL/6 mice for 3 days. Following
2 weeks of colonization, 3.5% (w/v) DSS was added to the drinking
water for 5 days to induce colitis.

Drugs and reagents

5-HT (catalog no. H9523, Sigma-Aldrich), 5-HTP (catalog no. H9772,
Sigma-Aldrich), rapamycin (catalog no. 37094, Sigma-Aldrich), and
phytohemagglutinin (PHA; catalog no. L1668, Sigma-Aldrich) were
prepared according to the manufacturer’s instructions.

Isolation of murine IECs

Murine colon epithelial cells were isolated according to the protocol
by Gracz et al. (66). A total of 1 x 10° IECs (100 ul) were plated on
slides using cytospin. IECs were stained with rabbit monoclonal
anti-LC3A/B antibody [1:200; catalog no. 12741, Cell Signaling
Technology (CST)] or with rabbit monoclonal anti-E-cadherin anti-
body (1:200; catalog no. 3195, CST) according to the CST protocol.
The remaining cell pellet was homogenized and used for Western
blot analysis.

Isolation of PBMCs from human whole blood and human
colonic biopsy collection

The study was approved by the Hamilton Integrated Research Ethics
Board (Project# 12-239) (Clinicaltrials.gov #NCT01650311). All biopsy
and blood samples were obtained at McMaster University Medical
Centre from consenting adults. The exclusion criteria for HCs for both
cohorts included history of gastrointestinal complaints, use of drugs
such as antidepressants, steroids, nonsteroidal anti-inflammatory
drugs, and biologics. Any participant from the HC or CD groups
was excluded if he/she was considered unfit by the gastroenterologist.
The first cohort included eight HCs and eight patients with CD who
donated colonic biopsy samples for immunohistochemistry. In the
second cohort, 10 HCs and 10 patients with CD donated 30 ml of
whole blood. One milliliter of blood was used to measure plasma
5-HT levels by enzyme-linked immunosorbent assay (ELISA). The re-
maining 29 ml was used to isolate PBMCs according to the STEMCELL
Technologies protocol using Lymphoprep (STEMCELL Technologies).
Isolated PBMCs were cultured in RPMI media and 1% penicillin/
streptomycin. The PBMCs were treated in the presence of PHA (5 pig/ml)
with 5-HT (10 uM), rapamycin (50 nM), or both for 6 hours at 37°C
at 5% CO,. The cell lysates were collected for the determination of
levels of autophagy proteins by Western blotting.

Evaluation of inflammation and autophagy proteins

Colitis was assessed using DAI, macroscopic score, histological score
of hematoxylin and eosin-stained colonic sections, and MPO activ-
ity based on established systems (25). DAI is a combined score of
weight loss, stool consistency, and fecal bleeding as previously pub-
lished (25). This scoring system is defined as weight loss: 0, no loss; 1,
1to 5%; 2, 5 to 10%; 3, 10 to 20%; 4, >20%; stool: 0, normal; 2, loose
stool; 4, diarrhea; and bleeding: 0, no blood; 2, Hemoccult positive
(Hemoccult IT; Beckman Coulter); 4, gross blood (blood around anus).
DAI was measured on all 5 days of DSS administration. Levels of
colonic tissue proinflammatory cytokines IL-1p, IL-6, and TNF-a
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were determined by ELISA. Autophagy proteins were analyzed by
Western blot and immunofluorescence staining of proteins extracted
either from whole colon, mucosa, or IECs.

Western blotting

Murine colonic tissue was homogenized, and total protein was ex-
tracted using radioimmunoprecipitation assay buffer containing a
protease inhibitor cocktail and phosphatase inhibitor. Total protein
concentration of homogenized tissue was determined using the DC
Protein Assay Kit (catalog no. 5000111, Bio-Rad). Equal amounts of
protein from each group were loaded and separated by 7 to 20%
SDS-polyacrylamide gel electrophoresis and transferred to a poly-
vinylidene difluoride membrane using Trans-Blot Turbo transfer
system (Bio-Rad) as per the manufacturer’s instructions. Mem-
branes were blocked with 5% bovine serum albumin in tris-buffered
saline-Tween 20 (TBST) for 1 hour at room temperature (r.t). Mem-
branes were incubated overnight at 4°C with primary antibodies
against LC3 (1:1000; catalog no. 12741, CST), Beclin-1 (1:1000; cat-
alog no. 3495, CST), Atg12-5 (1:1000; catalog no. 4180, CST), Atg7
(1:1000; catalog no. 8558, CST), p62 (1:1000; catalog no. 5114, CST),
p-AMPKa (T172) (1:1000; catalog no. 2535, CST), AMPKa (1:1000;
catalog no. 5831, CST), p-mTOR (52448) (1:1000; catalog no. 5536,
CST), mTOR (1:1000; catalog no. 2983, CST), mDefb1 (1:500; catalog
no. PA575666, Thermo Fisher Scientific), and B-actin (1:1000; cata-
log no. 4970, CST). Membranes were washed three times with TBST
and incubated with anti-rabbit horseradish peroxidase-linked anti-
body (1:5000; catalog no. 7074, CST) for 1 hour at r.t. Proteins were
treated with Clarity Max Western enhanced chemiluminescence sub-
strate (catalog no. 1705062, Bio-Rad) and exposed to a luminescent
image analyzer (ChemiDoc Touch Imaging System) to visualize the
proteins. Densitometric analysis was performed on Western blots
with Image] software (version 1.51), normalized to total B-actin.

Immunohistochemistry/immunofluorescence
Formalin-fixed, paraffin-embedded human mucosal biopsies were
stained for LC3B. Colonic tissue sections were deparaffinized with
CitriSolv (catalog no. 04355121, Thermo Fisher Scientific) and re-
hydrated in graded concentrations of ethanol. Sections were sub-
jected to heat-induced epitope retrieval, blocked with 3% bovine
serum albumin, and incubated with a polyclonal rabbit anti-LC3B
(1:200; catalog no. 48394, Abcam) antibody for 1 hour at r.t. Sections
were washed with phosphate-buffered saline/0.5% Tween 20 and
incubated with EnVision (horseradish peroxidase-coupled anti-rabbit
secondary reagent; DakoCytomation, catalog no. K4003, Dako) for
30 min. Sections were developed using 3,3'-diaminobenzidine solu-
tion (SIGMAFAST, catalog no. 079K8208, Sigma-Aldrich) and coun-
terstained with Mayer’s hematoxylin solution (catalog no. MHS1,
Sigma-Aldrich). Sections were visualized using a Nikon Eclipse 80i
microscope (Nikon Instruments Inc.). The number of LC3B* cells
per 10 glands was counted in four different areas for each section.
For detecting autophagosome and lysosome fusion in the mu-
rine colonic tissue sections, double immunofluorescence staining
for LC3B and LAMP2 was performed. Colon tissues were fixed in
4% paraformaldehyde and processed for paraffin embedding. Par-
affin sections of 4 um were cut, mounted, dewaxed, and rehydrated.
Antigen retrieval was performed on paraffin sections before im-
munostaining by heating the slides in 0.01 M citrate buffer (pH 6.0)
for 30 min. Sections were blocked with 5% normal goat serum (Sigma-
Aldrich) and incubated with primary antibodies overnight at 4° C.,
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followed by secondary antibodies for 1 hour at r.t. Primary anti-
bodies were polyclonal rabbit anti-LC3B (1:100; catalog no. 48394,
Abcam) and monoclonal rat anti-LAMP2 (1:100; catalog no. B4247,
LSBio); secondary antibodies were Alexa Fluor 594-conjugated goat
anti-rabbit immunoglobulin G (IgG) (1:100; catalog no. A11037, Invitro-
gen) for LC3 staining and Alexa 488-conjugated goat anti-rat IgG
(1:100; catalog no. A11006, Invitrogen) for LAMP?2 staining. After
washing, sections were mounted with Fluoroshield mounting medi-
um with DAPI (4',6-diamidino-2-phenylindole; catalog no. 104139,
Abcam) for nuclear counterstaining. Immunostaining was examined,
and images were captured using a fluorescence microscope (Nikon
Eclipse 80i) with 40x objective lens. All pictures were taken with a
Nikon digital camera attached to the microscope using a NIS-
Elements Basic Research imaging software. The percentage of
LC3B/LAMP2" epithelial cells was determined by counting the
number of LC3/LAMP2 coexpressed epithelial cells and total epi-
thelial cells in three to four different areas for each section.

Enzyme-linked immunosorbent assay

5-HT levels were measured using commercially available ELISA
kits (catalog no. IM1749, Beckman Coulter) following its extraction
from murine colonic tissue by established protocol (27) or in hu-
man plasma. For intestinal cytokine measurement, colonic tissues
were homogenized in TBS containing a protease inhibitor mixture
(catalog no. P8340, Sigma-Aldrich), centrifuged for 5 min at 3300g, and
the resulting supernatants used for measuring cytokine levels (IL-1p,
catalog no. SMLB0OC; IL-6, catalog no. SM6000B; TNF-a, catalog no.
SMTAO0B) according to the manufacturer’s instructions (Quantikine
Murine, R&D Systems). Total protein levels were quantified in the
homogenates using the DC Protein Assay Kit.

Quantitative real-time polymerase chain reaction

Total RNA from human intestinal mucosal biopsy or mouse colon
tissue was extracted using TRIzol reagent (catalog no. 15596026,
Thermo Fisher Scientific). Total RNA was measured using NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific), followed by
complementary DNA (cDNA) preparation from 1 pg of total RNA
using the iScript cDNA Synthesis Kit (catalog no. 1708891, Bio-Rad).
Quantitative real-time polymerase chain reaction (QRT-PCR) assay
was completed using SsoFast EvaGreen SYBR Green PCR Master
Mix (catalog no. 1725201, Bio-Rad) and CFX96 real-time PCR system
(Bio-Rad). Commercially available primers for ATG16L1 and IRGM
were used (Bio-Rad assay IDs qHsaCED0042534 and qHsaCED0004388).
The primer used for mDefb1 has been previously reported (27). The
reference gene selected was human or mouse 185 rRNA as described
previously (21, 27). The data were analyzed according to the 2724¢T
method and expressed as relative abundances (means + SEM).

Microbiome profiling and analysis

DNA was extracted from the cecal samples of mice, and the 16S
rRNA variable 3 (V3) gene region was amplified as previously de-
scribed (67). The forward and reverse primer sequences used for the
amplification of the V3 gene region have been specified in tables S4
and S5. Cutadapt was used to filter and trim adapter sequences and
PCR primers from the raw reads with a minimum quality score of
30 and a minimum read length of 100 base pairs. Sequence variants
were then resolved from the trimmed raw reads using DADA2, an
accurate sample inference pipeline from 16S amplicon data (68).
DNA sequence reads were filtered and trimmed on the basis of the
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quality of the reads for each Illumina run separately, and error rates
were learned and sequence variants were determined by DADA2.
Sequence variant tables were merged to combine all information
from separate Illumina runs. Bimeras were removed, Ribosomal Data-
base Project classifier was used to assign taxonomy using the SILVA
reference database version 1.3.2, and analysis was conducted on
DESeq2 R package and using GraphPad Prism version 6.0 for Mac
OS X (GraphPad Software) (69, 70). The ASV table was filtered to
remove taxa whose mean abundance was 10 or less, samples with a
sampling depth of <2500, and those reads not assigned to bacteria
or archaea. After filtering, the dataset had 3,473,842 reads in 479 ASVs
across 36 samples. The sample read depth ranged from 54,329 to
137,507. To measure beta diversity, we used Bray-Curtis distances based
on taxon relative abundance.

Statistical analysis

Three to 10 biological replicates were used for every experiment.
Results are represented as means + SEM. Unpaired Student’s ¢ test
(two-tailed) or one-way analysis of variance, followed by Newman-
Keuls multiple comparison post hoc test or Pearson correlation co-
efficient test, was performed to analyze data using GraphPad Prism
version 6 (GraphPad Software). P < 0.05 was considered statistically
significant. For microbial analysis, statistically significant differences
in beta diversity were examined using permutational multivariate
analysis of variance. DESeq2 was used to determine significantly
different taxa between mice groups, where the difference was con-
sidered significant, if P < 0.01 after adjustment for multiple testing
via Benjamini-Hochberg multiple testing adjustment procedure (70).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi6442

View/request a protocol for this paper from Bio-protocol.
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Drugs and reagents

LX1031 (Tphl inhibitor; Cat#ab269814; abcam), Tropisetron (5-HT; receptor antagonist;
Cat#2459; Tocris Bioscience), RS39604 (5-HT, receptor antagonist; Cat#0991; Tocris
Bioscience), SB269970 (5-HT, receptor antagonist; Cat#1612; Tocris Bioscience) were prepared

according to the manufacturer’s instructions.

Experimental design

Dextran sulphate sodium (DSS; molecular mass 40 kDa; Cat#02160110; MP Biomedicals Inc)
was added to autoclaved drinking water at 2.5% weight/volume for 7 days to induce acute colitis.
In another experiment, mice were treated orally with vehicle or LX1031 at a dose of 135
mg/kg/day for 4 days starting 2 days after 5% DSS administration. 5% DSS was administered for

5 days.

Cell Culture

HT-29 cells (human colorectal adenocarcinoma, epithelial-like, ATCC HTB-38TM) were grown
in Dulbecco modified Eagle medium/F12 (1:1) supplemented with 10% (v/v) heat-inactivated

fetal bovine serum, modified Eagle medium, HEPES buffer (pH 7.5) and 1% penicillin and

streptomycin in a humidified 5% CO, incubator at 37°C. At ~80% confluence, HT-29 cells were
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plated in a 6-well culture plate at a density of 5 X 10° cells/ml. Following overnight cell
attachment, cells were pretreated with tropisetron (1 pM) or RS39604 (1 pM) or SB269970 (1
pM) for 1 hour followed by 5-HT (10 pM) treatment for 6 hours. Autophagy proteins LC3,
Beclin-1, Atgl2-5, p62, and p-mTOR were measured in the cell lysate by western blotting.

IECs were isolated from mouse colon according to the Gracz et al. protocol described in the
main text (66). IECs were plated in a 6-well culture plate at a density of 5 X 10° cells/ml and
pretreated with tropisetron (1 pM) or RS39604 (1 pM) or SB269970 (1 uM) for 1 hour followed
by 5-HT (10 pM) treatment for 6 hours. Autophagy proteins LC3 and p62 were measured in the
cell lysate by western blotting.

In a separate experiment, HT-29 cells were plated in a 12-well culture plate at a density of 5 X
10° cells/ml. Following overnight cell attachment, cells were treated with either 5-HT (10”7 M) or
serum free medium alone for 24 hours. The supernatant was used for measurement of human IL-
8 by ELISA (Cat#D8000C; R&D Systems) and autophagy proteins LC3-I and II was measured

in the cell lysate by western blotting.

Genotyping of the double knock-out mice

The PCR conditions and primers used for the Azg7fl/fl pair 1 and pair 2 alleles were described
previously (71). The vilin-Cre was detected following the protocol by Jackson laboratory (Stock
#004586). PCR for the Tphl allele was performed as follows: 95°C for 3 mins, 30 cycles

of 94°C for 30 secs, 55°C for 30 secs and 72°C for 1 min 20 secs followed by 72°C for 5 mins.
After gel electrophoresis, the wild-type (WT) band of Tphl was detected at 314 bp and the

mutant band at 350 bp. The following primers were used: Tphl-F:
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GCTATGCTAGGCAGTGTCTCA; Tphi-R for the WT allele:
CTGGAAGATTTTCAGCACTTTTATGAGTCCTCCGACTTCATTCTCCAAGG; and TphlI-R

for the mutant allele: CGATTAAGTTGGGTAACGCCAGGGT.
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Fig. S1

Fig. S1: Effect of reduced intestinal 5-HT on 2.5% DSS-induced colitis and autophagy.

2.5% DSS was given to Tphl*"* and TphlI” mice in drinking water for 7 days to induce colitis.
Each group contained 4-6 mice. (A) DAL *p<0.05 between colitic Tphl*"* and Tphl” on days 6
and 7. (B) Macroscopic damage score on day 7 post-DSS. Colon tissue was collected to
determine: (C) IL-1f, IL-6 and TNF-a. (D) Histological score and (E) Representative
micrographs on day 5 post-DSS (scale bar represents 100 pm). (F) Western blot images and (G)
Quantification of autophagy proteins, LC3, Beclin-1, Atg12-5 and p62. (H) Western blot images
and (I) Quantification of p-AMPKa (T172) and p-mTOR (S2448). Representative western blot
with -actin as loading controls. Data are representative of 4 random mice in each group. Data

are represented as mean + S.E.M. *p<0.05.
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Fig. S2: Effect of reduced 5-HT on mucosal autophagy in mice with DSS-induced colitis.

5% DSS was given to TphI*"* and Tphl” mice in drinking water for 5 days to induce colitis.
Control mice received water for 5 days. Mucosa was isolated from the colon of mice. Each group
contained 3-4 mice. Tissue protein extracts obtained from the mucosa of TphI*"* and TphI™ mice
with and without colitis were analyzed by western blotting. (A) Western blot images and (B)
Quantification of autophagy proteins, LC3, Beclin-1 and Atg12-5 in the mucosa. Representative
western blot with B-actin is presented as loading controls. Blots are representative of 3-4 random

mice in each group. Data are represented as mean + S.E.M. *p<0.05.
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Fig. S3: Effect of blocking gut mucosal 5-HT on severity of colitis and autophagy.

5% DSS was given to C57BL/6 mice in drinking water for 5 days to induce colitis. Colitic mice
were treated orally with vehicle or LX1031 at a dose of 135 mg/kg/day for 4 days starting 2 days
after DSS administration. Each group contained 5-6 mice. (A) Colonic 5-HT levels. (B) DAI.
*p<0.05 between colitic vehicle and LX1031 treated groups on day 5. (C) Macroscopic damage
score on day 5 post-DSS. (D) Histological score and (E) Representative micrographs on day 5
post-DSS (scale bar represents 100 um). Colon tissue was collected to determine: (F) IL-6. (G)
Western blot images and (H) Quantification of autophagy proteins, LC3, Beclin-1, Atg12-5 and
p62. Representative western blot with 3-actin as loading controls. Data are representative of 5

random mice in each group. Data are represented as mean + S.E.M. *p<0.05.
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Fig. S4: E-cadherin staining of isolated colon epithelial cells.

Colon epithelial cells were isolated from naive C57BL/6 mice and immunostained with E-
cadherin according to the protocol described in the methods and materials section of the main
text. Representative images of colon sections and arrows indicate E-cadherin expressing IECs.
Scale bar represents 100 um. 85-90% of the isolated cells were E-cadherin positive as

determined by counting all the E-cadherin positive cells.
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Fig. S5: 5-HT and 5-HT,, 5-HT,and 5-HT, receptor antagonist treatments of human colon

epithelial carcinoma HT-29 cells and mouse primary intestinal epithelial cells.

HT-29 cells or mouse primary IECs were pretreated with Tropisetron (1 pM), RS39604 (1 pM),
SB269970 (1 pM) for 1 hour followed by 5-HT (10 pM) treatment for 6 hours and the extracted
protein was analyzed for expression of LC3, Beclin-1, Atg12-5, p62 and p-mTOR. (A) Western
blot images and (B) Quantification graphs of HT-29 cells. (C) Western blot images and (D)
Quantification graphs of mouse primary IECs. Data shown are representative of three
independent experiments. "p<0.05 compared to vehicle treated control group. $*#p<0.05

compared to 5-HT treated group.
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Fig. S6: 5-HT treatment of human colon epithelial carcinoma HT-29 cells reduces LC3-II

and increases IL-8 levels.

HT-29 cells were treated with 5-HT (107 M) for 24 hours. (A to B) Western blot images and
quantification of autophagy protein LC3-I and II with B-actin as loading controls. (C) IL-8 levels

in culture supernatant. Bar graph represents mean + S.E.M. *p<0.05.
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Fig. S7: DKO breeding protocol.
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(A) Atg7°""%illin-Cre Tphl” DKO breeding program. The breeding started with the parent

mice of Atg74% (Atg7"™illin-Cre) and Tphl™ (Atg7*"* Tphl™). The offspring were genotyped

and inbred to produce heterozygotes Atg7illin-Cre TphI*" and Atg7*" TphI*". The second-

generation offspring mice were inbred to produce Atg7"" Tphl” and DKO Atg7"illin-Cre

Tphl”. These third-generation offspring were inbred to produce stable DKO mouse line. (B)

PCR genotyping analysis of the Tphl and Atg7 loci in genomic DNA of mice.

99



Ph.D. Thesis — S. Haq; McMaster University — Medical Sciences

Atg7AECIEC

5% DSS
Atg74iEC DKO Tph1”

16 LC3-l
14 LC3-lI

LC341/p-actin

Atg7AIEC DKO Tph1”

Fig. S8 5% DSS

Fig. S8: Detection of LC3 proteins.

(A) Representative images of colonic sections. Colon epithelial cells were isolated from naive
C57BL/6 and Atg74= mice followed by immunostaining with LC3B. Arrows indicate LC3B+ve
IECs. Atg74¢ did not express any LC3B+ve IECs. (B) Western blot images and (C)
Quantification of autophagy protein LC3-I and II. Representative western blot with -actin is

presented as loading controls. Blots are representative of 3 random mice in each group. Bar

graph represents mean + S.E.M. *p<0.05.
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Fig. S9: Measurement of colonic 5-HT levels in autophagy deficient mice.

The amount of 5-HT in the colon tissue of naive Azg7“*“ mice and in the naive Azg7"" mice was

measured by ELISA. Each group contained 4 mice. Bar graph represents mean + S.E.M. ns = not

significant.
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Fig. S10: Effect of impaired IEC 5-HT-autophagy axis on gut microbiota composition

during colitis.

5% DSS was given to TphI*"*, TphI™, DKO, Atg7*= and Atg7"" mice in drinking water for 5
days to induce colitis. Each group contained 4-5 mice. 16S rRNA sequencing of cecal content of
all groups was performed. (A) Pie chart showing the relative abundance of each type of bacteria
in all 5 groups at the phylum level. (B) Taxonomic summaries at the phylum level. (C) All
genera in the TphlI™ group for which one log2 fold change is >2 with TphI*'* as the baseline. (D)

All genera in the Atg7“ group for which one log2 fold change is =2 with Azg7""as the baseline.
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Fig. S11: Microbial composition of donor (DSS treated) and recipient mice following FMT.

Fecal samples from Tphl”, DKO, Atg7*" donors receiving 5% DSS and there corresponding
recipients after 2 weeks of colonization were analyzed by 16S rRNA sequencing. Each group
contained 3-4 mice. There was a total of 1,811,745 reads, with sample depths ranging from
52,280 to 122,673. The mean number of reads per sample was 90,587. Data was filtered by
removing taxa whose mean abundance was 10 or less, and those reads not assigned to bacteria or
archaea. (A) PCoA of Bray-Curtis dissimilarity. (B) PCoA of abundance Jaccard index. (C)
Amplicon sequence variants (ASVs) are plotted by mean abundance within each set of donors.
Golden dots indicate that an ASV is also present in at least one recipient mouse of the same type.
(D) Taxonomic summaries at the genus level. (E) ASV count analysis of microbiota transplant
experiment. The calculations were based on the proportion of the number of ASVs that matched

between the donor and recipient groups over the total donor ASVs.
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Fig. S12: Microbial composition of donor (DSS treated) and recipient mice following FMT.

With TphI™ donor or recipient as the baseline, all ASVs in the Azg7"* donor or recipient group
for which one log?2 fold change is =2. The following color codes indicate the ASVs: Turicibacter
— Black; Dubosiella — Red; f_Muribaculaceae — Blue; Bacteroides (Bacteroidaceae) — Green;
[Ruminococcus] gnavus group — Purple; Alistipes (Rikenellaceae) — ; Parabacteroides
(Tannerellaceae) — Grey; f_Lachnospiraceae — Brown; Lachnospiraceae NK4A136 group
(Lachnospiraceae) — ; Anaeroplasma — ; f_Oscillospiraceae — )
Erysipelatoclostridium — ; o_Gastranaerophilales — ; Allobaculum — Dark Grey;
o_Clostridia vadinBB60 group — Dark orange; Lactobacillus (Lactobacillaceae) — Dark Blue;

Muribaculum — Brick Red; o_Clostridia UCG-014 —
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Fig. S13: Microbial composition of donor (DSS treated) and recipient mice following FMT.

With TphI™ donor or recipient as the baseline, all ASVs in the DKO donor or recipient group for
which one log?2 fold change is =2. The following color codes indicate the ASVs: Turicibacter —
Black; Dubosiella — Red; f _Muribaculaceae — Blue; Bacteroides (Bacteroidaceae) — Green;
[Ruminococcus] gnavus group — Purple; Alistipes (Rikenellaceae) — ; Parabacteroides
(Tannerellaceae) — Grey; f_Lachnospiraceae — Brown; Lachnospiraceae NK4A 136 group
(Lachnospiraceae) — ; Anaeroplasma — ; f_Oscillospiraceae — )
Erysipelatoclostridium — ; o_Gastranaerophilales — ; Allobaculum — Dark Grey;

Lactobacillus (Lactobacillaceae) — Dark Blue; Muribaculum — Brick Red; f_Clostridiaceae —

Asparagus.
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Fig. S14: Effect of impaired IEC 5-HT-autophagy axis on gut microbiota composition of

naive mice.

16S rRNA sequencing of cecal content from naive TphI”", DKO, Atg7**“ mice was performed.

Each group contained 4-5 mice. (A) Taxonomic summaries at the phylum level. (B) Pie chart

showing the relative abundance of each type of bacteria in all 3 groups at the phylum level.
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Table S1: Demographic data of HC and CD patients. Cohort 1: investigation of LC3B, IRGM

and ATG16L1 expression in intestinal biopsies. Cohort 2: investigation of plasma 5-HT

concentration and autophagy proteins in PBMCs. *n/a represents not applicable.

biopsy

Cohort 1 Healthy control Crohn’s Disease
(HOC) (CD)

Number of participants 8 8

Mean age (range) in years 63.1 (50-76) 37.5 (24-68)

% Female 50 50

Assessment by endoscopy and *n/a Active inflammation

biopsy

Cohort 2 Healthy control Crohn’s Disease
(HC) (CD)

Number of participants 10 10

Mean age (range) in years 26.7 (19-36) 32.7 (18-58)

% Female 90 70

Mean disease duration (range) in n/a 12.4 (0.5-38)

years

% of participants with high CRP n/a 70

(high > 5.1mg/L)

% of participants with high Fecal n/a 70

calprotectin (high > 50ng/g)

Assessment by endoscopy and n/a Active inflammation
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Table S2: DESeq2 table for microbial composition analysis of DSS treated mice. DESeq2 analysis used to determine significantly

different genera between Tphl” and DKO mice, and between Atg7*"** and DKO mice, where the difference is significant, if p<0.01

after adjustment for multiple testing via Benjamini-Hochberg multiple testing adjustment procedure.

ASV Base Mean | log2 Fold Change 1fcSE stat p value p adjusted Baseline Condition Genus
sp2 4060.37779 -6.293219 1.69692464 | -3.7086025 | 0.00020841 | 0.001103898 DKO Tphl” Ileibacterium
spS 12500.6337 1.47909001 0.34441294 | 4.29452509 1.75E-05 0.000120956 DKO Tphl™ f_Lachnospiraceae
sp8 7183.08635 -1.9362726 0.52486734 | -3.6890705 | 0.00022508 | 0.001103898 DKO Tphl” Bacteroides
spl8 1521.53837 -13.596306 1.14144002 | -11.911538 1.03E-32 7.83E-31 DKO Tphl” f_Prevotellaceae
sp22 1288.87845 433593334 0.90417037 | 4.79548265 1.62E-06 1.23E-05 DKO Tphl™ Faecalibaculum
sp45 850.866652 -13.7315 125156776 | -10.97144 5.24E-28 1.99E-26 DKO Tphl” Rikenellaceae_RC9_gut_group
sp46 1504.41523 -3.1242811 0.5915247 | -5.2817425 1.28E-07 1.08E-06 DKO Tphl Parabacteroides
sp53 511.490191 -12.09604 1.50706307 | -8.0262335 1.01E-15 1.53E-14 DKO Tphl™ o_Rickettsiales
sp57 1029.78737 3.2564455 0.81619558 | 3.98978574 6.61E-05 0.000418842 DKO Tphl” Muribaculum
sp72 355.58696 -11.429329 1.59472126 | -7.1669761 7.67E-13 9.71E-12 DKO Tphl” [_Rickettsiaceae
sp95 364.1383 -12.24909 1.22070134 | -10.034469 1.08E-23 2.04E-22 DKO Tphl™ Rikenella
spll12 317.082451 -11.471674 1.11080382 | -10.327363 5.30E-25 1.34E-23 DKO Tphl™ Odoribacter
sp139 125.248681 -9.862823 1.65786953 | -5.9490948 2.70E-09 2.93E-08 DKO Tphl™ c_Bacteroidia
spl6l 343.130562 -4.542743 1.19654583 | -3.7965475 | 0.00014673 | 0.000857779 DKO Tphl™ [f_Clostridiales_vadinBB60_group
spl66 148.68628 2.69632501 0.73251513 | 3.68091376 | 0.0002324 | 0.001103898 DKO Tphl™ Intestinimonas
sp379 11.8726475 -7.7781503 1.38399471 | -5.6200723 1.91E-08 1.81E-07 DKO Tphl™ [_Tannerellaceae
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Table S3: DESeq2 table for microbial composition analysis of naive mice. DESeq?2 analysis used to determine significantly

different genera between Tphl” and DKO mice, and between Atg

7AIEC

after adjustment for multiple testing via Benjamini-Hochberg multiple testing adjustment procedure.

and DKO mice, where the difference is significant, if p<0.01

ASV Base Mean | log2 Fold Change 1fcSE stat p value p adjusted Baseline Condition Genus

sp2 4546.04038 -3.3775504 0.84212595 | -4.0107426 6.05E-05 0.0009075 DKO Tphl Eisenbergiella

sp30 1243.33491 3.62069941 0.89955987 | 4.02496769 5.70E-05 0.0009075 DKO Tphl™ Lachnospiraceae_UCG-001
sp31 646.283267 -6.3159803 1.44653798 | -4.3662734 1.26E-05 0.00032017 DKO Tphl Akkermansia

sp46 1053.46736 2.03920093 0.38887003 | 5.24391389 1.57E-07 5.97E-06 DKO Tphl™” Muribaculum

sp69 345.246602 -11.8729 1.36833373 | -8.6769038 4.07E-18 3.09E-16 DKO Tphl™ Mucispirillum
spl46 256.323214 -3.6603939 0.92413875 | -3.9608705 747E-05 0.0009075 DKO Tphl [f_Desulfovibrionaceae
sp357 25.6094646 -2.3507906 0.5975755 | -3.9338804 8.36E-05 0.0009075 DKO Tphl™ [_Eggerthellaceae

sp8 3697.54969 3.70897612 0.41490596 | 8.93931755 3.92E-19 7.44E-18 DKO Atg74%¢ Bacteroides

spl2 1907.10763 -10.672009 0.7381303 | -14.458164 2.23E-47 8.46E-46 DKO Atg74EC Helicobacter

sp23 2716.44403 -12.315796 1.95849441 | -6.2883998 321E-10 1.63E-09 DKO Atg74 Dubosiella

sp27 1187.2435 -9.6265826 0.54802119 | -17.566077 4.48E-69 3.41E-67 DKO Atg74¢ Alloprevotella

sp46 1053.46736 1.68709108 0.40978994 | 4.11696558 3.84E-05 0.00015356 DKO Atg74C Muribaculum

sp48 645.406299 -10.529227 1.10944406 | -9.4905432 2.30E-21 5.82E-20 DKO Atg74 Prevotellaceae_UCG-001
sp76 574788943 1.5157401 0.48315713 | 3.13715767 | 0.00170594 | 0.00563703 DKO Atg74¢ Parabacteroides

sp78 277.518457 -11.431127 1.40121839 | -8.1579912 341E-16 431E-15 DKO Atg74EC Anaerosporobacter
sp135 198.715867 -11.849196 1.7084857 | -6.9354959 4.05E-12 3.08E-11 DKO Atg74%¢ Shuttleworthia
spl36 177.099706 -3.956906 0.59966241 -6.598556 4.15E-11 2.63E-10 DKO Arg74¢ Candidatus_Saccharimonas
spl46 256.323214 -12.261337 140783077 | -8.7093826 3.06E-18 4.64E-17 DKO Atg74EC [f_Desulfovibrionaceae
sp159 93.5269332 -10.036348 1.36968668 | -7.3274771 2.35E-13 2.14E-12 DKO Atg74¢ Coriobacteriaceae_UCG-002
sp160 260.258504 234578358 0.78247727 | 2.99789359 | 0.00271853 | 0.00794646 DKO Atg74e A2
spl70 147.327267 -3.1692048 0.94008659 | -3.3711839 | 0.00074846 | 0.00258559 DKO Atg74e Blautia
spl79 128.639108 -9.6354235 131679275 | -7.3173424 2.53E-13 2.14E-12 DKO Atg74EC Parasutterella
sp223 45.8417755 -2.3333761 0.51649657 | -4.5176991 6.25E-06 2.64E-05 DKO Atg74e Streptococcus
sp268 18.3825062 -7.3282116 112277161 | -6.5268943 6.71E-11 3.65E-10 DKO Atg7¢ Bilophila
sp290 35.123911 -7.0628847 1.31693973 -5.363104 8.18E-08 3.66E-07 DKO Atg7c o_Rhodospirillales
sp291 36.9919368 -8.5770107 1.29872009 | -6.6042027 4.00E-11 2.63E-10 DKO Atg74e o_Gastranaerophilales
$p299 26.260971 -7.1417282 1.31759476 | -5.4202767 5.95E-08 2.83E-07 DKO Atg7=e Ruminococcus_1
sp354 18.249815 -7.4741424 1.14074347 | -6.5519923 5.68E-11 3.32E-10 DKO Atg7=c [_Erysipelotrichaceae
sp357 25.6094646 -8.7595207 1.18429572 | -7.3963965 1.40E-13 1.52E-12 DKO Atg74e f_Eggerthellaceae
sp370 7.99998457 -4.618761 1.49257631 -3.094489 | 0.00197152 | 0.00617882 DKO Atg7e Defluviitaleaceae_UCG-011
sp409 11716816 -6.8300445 1.66455175 | -4.1032335 4.07E-05 0.00015482 DKO Atg7=c DNF00809
sp434 13.80677 -7.5288094 1.99799863 | -3.7681755 | 0.00016445 | 0.00059514 DKO Atg7¢ Candidatus_Stoquefichus
sp493 6.77387068 -2.6900964 0.87186768 | -3.0854411 | 0.00203251 | 0.00617882 DKO Atg7=¢ Family_XIII_AD3011_group
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Table S4: Primer sequence for 16S rRNA V3 region.

Primer Sequence
V3 Forward CCTACGGGAGGCAGCAG
V3 Reverse ATTACCGCGGCTGCTGG
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Discussion
1. Implications of our findings

IBD, classified as CD and UC, is a chronic intestinal inflammation that develops
due to interaction among genetic susceptibility of the host, impaired immune system,
environmental factors and microbial dysbiosis.”' In IBD genetics play a major role in its
development as demonstrated by family and twin studies. The prevalence of IBD was
significantly higher among relatives of IBD patients.'™ GWAS have identified more than
240 susceptibility loci of IBD including autophagy related genes such as Atgl6L1°" and
IRGM.>>'* Nearly a decade later, Murthy et al.’* exhibited that the SNP in Atgl6L1
resulted in increased caspase 3 mediated cleavage of T300A variant of Atgl6L1. This
resulted in impaired stress activated autophagy, thus establishing a state of chronic
inflammation that predisposes individuals to CD.>> We have seen a marked reduction in
LC3B+ IECs and /RGM transcripts in the colonic mucosa of CD patients with active
inflammation. Comparably, Atgl6L1 and IRGM protein expression is reported to be
reduced in the intestine of individuals with CD.'” However, data indicate that the
percentage of heritability explained by genetic variants is only 13.1% in CD, and 8.2% in
UC."*!¥" Therefore, exploring the role of other factors such as the gut endocrine system
is crucial in understanding the pathogenesis of IBD. In the present study we tested the
hypothesis that increased 5-HT impairs autophagy in the colon, particularly in the colonic
epithelial cells, resulting in microbial dysbiosis and ultimately contributing to
pathogenesis of colitis.

An emerging contributing factor in IBD is the role of the gut endocrine system. In
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particular, many studies have established that IBD patients and mice with colitis in
experimental models have increased EC cell number and mucosal 5-HT content,”>'**!!
Microscopic colitis has been linked with consumption of SSRIs where SSRIs decrease the
expression of SERT." Our group has demonstrated that CD patients have increased
levels of plasma 5-HT, upregulated expression of Tphl, 5-HTR3 and 5-HTR7 and

reduced expression of SERT mRNA in the colon.'”

In accordance with previous findings
our present study displays elevated plasma 5-HT level in CD patients with active
inflammation compared to HCs. In our study we demonstrated that an increase in plasma
5-HT in patients with active CD was associated with impaired autophagy in peripheral
blood mononuclear cells (PBMCs) isolated from whole blood indicated by significantly
reduced autophagy proteins, LC3-II, Beclin-1 and Atgl2-5 and accumulated p62
compared to HCs. In this cohort, even though we did not determine the association
between disease activity and impaired 5-HT-autophagy axis, the findings of impaired
autophagy in active CD patients with elevated plasma 5-HT does indicate that disruption
of the 5-HT-autophagy axis may play a role in patient’s experience of IBD associated
symptoms. In addition, we observed a reduction in autophagy markers in PBMCs from
both patients with active CD and HCs following direct treatment with 5-HT. Soll et al.'®
demonstrated analogous finding of reduced expression of LC3B and 7-fold increased
expression of p62 after 24 hours treatment with 5-HT in liver cancer cells. In contrast,

Niture and colleagues'”*

reported that under physiological conditions, 5-HT increases
autophagy in liver cancer cells through the activation of Notch signaling pathway. The

differences in dose, duration of treatment and cell lines between the two groups may

113



Ph.D. Thesis — S. Haq; McMaster University — Medical Sciences

explain the disparities in their data. mTOR is a key regulator of autophagy and essential
regulator of cell metabolism and growth.'”” Activation of mTORC1 by nutrient

sufficiency and growth factor stimulation inhibits autophagy.”'”®

Rapamycin is an
autophagy inducing drug that mediates its effect through the inhibition of the mTOR
pathway.'”” We investigated whether inhibition of mTOR by rapamycin could overcome
the 5-HT induced impaired autophagy. We found that addition of rapamycin to 5-HT
treated PBMCs reversed the effect of 5-HT on autophagy in HCs and active CD patients
indicating that 5-HT might possibly be inhibiting autophagy through the mTOR pathway.
However, future studies should be undertaken to address some of the limitations of our
study such as sample size and determining how 5-HT modulates autophagy in patients
with and without autophagy polymorphisms.

Using two mice models (Iphl”” and SERT") with different levels of 5-HT in the
gut, our findings clearly showed that 5-HT is an important negative regulator in the
upstream end of mTOR dependent autophagy pathway. As Tphl is the rate limiting

%70 mice deficient in Tph1 have markedly reduced levels of 5-

enzyme of 5-HT synthesis,
HT in the gut.*> SERT” mice, in contrast, have significantly elevated level of 5-HT in the
gut compared to wild-type (WT) mice, since 5-HT is unable to be transported back into
the surrounding epithelial cells.”' As reported previously,” we observed significantly
reduced severity of intestinal inflammation in Tphl”" mice compared with WT controls.
The hallmark of autophagy is the formation of double membrane bound vesicles

containing portions of cytoplasm, called autophagosome.” LC3B is essential for

autophagosome formation and used as a marker of autophagy.”'' Lipidation of LC3-I
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with phosphatidylethanolamine to form hydrophobic LC3-II is catalyzed by ubiquitin like
enzymes Atgl2-5-16L1 complex, Atg7 and Atg3.”'” LC3-II incorporates into and
elongates the isolation membrane resulting in closure of autophagosome. The level of
adapter protein p62 rises in response to inhibition of selective autophagy because its
degradation is dependent on autophagy. p62 can therefore be used as marker to study

" In the colitic mice groups, we observed a significant rise in LC3-II

autophagic flux.
along with depletion of p62 in the Tphl” mice compared to WT mice. In the noncolitic
groups there was comparable findings of increased autophagy in Tphl” mice. In addition,
the autophagy regulator p-mTOR was markedly reduced in 7phl " mice, further
indicating that 5-HT inhibits autophagy through the mTOR pathway. To further
investigate whether 5-HT activates p-mTOR and inhibits autophagy, 5-HT restored Tphl
” mice were given rapamycin. Indeed, rapamycin treatment attenuated intestinal
inflammation as shown previously®’ along with reversal of the impaired autophagy. These
findings corroborate our human PBMC data that shows the inhibitory effect of increased
5-HT on autophagy in the context of colitis. SERT” mice, model of elevated 5-HT,
showed increased severity of DSS-induced colitis. These findings were correlated with a
marked reduction in the process of autophagic flux. In addition, we also observed
downregulated autophagy in the SERT”" mice without colitis. However, this did not result
in the development of spontaneous colitis. Previously, different research groups have
established that autophagy deficient mice models do not develop spontaneous

17,25,199,200

colitis. It can be speculated that impaired autophagy in the intestine predisposes

the SERT” mice to increased severity of colitis, after colitis develops by the
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administration of an external agent such as DSS. As with the intestine, SERT gene
knockdown in dorsal raphe nucleus in rats increased 5-HT level and impaired
hippocampal autophagy as seen by a decrease in Beclin-1 and LC3-II/LC3-I ratio.'
These results further strengthen the notion that during colitis, increased 5-HT impairs
autophagy in the gut and contribute to increased severity of inflammation. Our findings
further validate various studies that have established that functional autophagy is
protective against intestinal inflammation by preventing an exaggerated pro-inflammatory
response in the gut.

The first line of defense in the gut against invading gut microbiota and pathogens
are the IECs.*”"*** Due to the close proximity of the EC cells to the adjacent IECs as well
as the presence of 5-HTR on IECs,” it is likely that 5-HT plays a critical role in
maintaining IEC homeostasis. Our study, to our knowledge, for the first time
demonstrates that during DSS-induced colitis, reduced 5-HT in the gut increases
autophagy in the IECs. This was indicated by the increased level of autophagy markers in
the intestinal mucosa and in the IECs isolated from Tphl " mice compared to the WT
control. These results were similar to that found in the whole colon. The importance of
autophagy in the maintenance of homeostasis and the prevention of uncontrolled

AIE
7 C

inflammation was confirmed when Azg mice exhibited increased severity of colitis

7"" mice. Similar to our findings, Tsubio and his group®’ demonstrated

compared to Atg
that Arg7"""“ mice have exacerbated DSS colitis due to decreased expression of AMPs

and mucins, expansion of abnormal gut microbiota and bacterial invasion into the colonic

epithelium. Once the elevated autophagy in the IECs of Tphl” mice was reduced by
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knocking out Atg7 gene, the protective effects of reduced 5-HT in the gut was absent.
The severity of colitis of DKO mice was markedly increased compared to the Tphl™
mice, while resembling the colitis severity of Arg7**“. Our findings in the DKO mice
thus demonstrate that the interaction of 5-HT and autophagy in the IECs regulate colitis.
The gut microbiota is linked with many GI disorders including IBD. Alteration in
the gut microbiota structure and function might trigger and perpetuate chronic colitis.*”
Recently, both the process of autophagy and 5-HT signaling has been implicated in the
regulation of gut microbiota.””’*****% Qur lab has shown that Tphl™" and Tphl” naive
littermates have a significant difference in microbial composition. Adoptive transfer of
microbiota from Tphl™ to Tphl™" littermates and vice versa alters severity of colitis, with
microbiota from Tphl” mice mediating protective effects.”® In the present study the
PCoA plot in axis 3 of Figure 5D of chapter 3 shows a significant difference in -
diversity of microbial composition between Tphl™" and Tphl” mice. Of note,

-
mice.

Allobaculum is significantly increased in colitic Tphl” compared to Tphl
Allobaculum is regarded as anti-inflammatory following the observation that it is
decreased in DSS colitis but is increased after administration of probiotics or therapeutic
traditional medicine.***"" In addition, to Tphl” mice, SERT” mice with increased levels
of 5-HT in the intestine, and the gut lumen® have a markedly changed microbial
composition compared to SERT"" mice.” 5-HT directly stimulates or inhibits the growth
of microbiota in a species dependent manner possibly via 5-HTRs or SERT like
78,79,81

transporters on the surface of microbes or indirectly by AMP production

Dysfunctional autophagy is implicated in the development of intestinal dysbiosis. After
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AIE
7 C

DSS administration, the B-diversity of Azg mice was significantly different compared

AIE
7 (&

to Atg7"" group. Previously, Atg showed altered microbiota composition, with an

increase in colitogenic microbiota that contributed to severe colitis. Autophagy deficient
mouse models such as Atg7C, Atg5"™ and Atgl6L1"" knock-in mice exhibit an
increase in bacterial burden, reduction in diversity, increase in pro-inflammatory bacteria

such as Bacteroides fragilis and decrease in anti-inflammatory bacteria such as

27,204,205 Th

Akkermansia muciniphila and ultimately influences host immune response. e

microbial changes observed in autophagy deficient models reflect those in IBD

208

patients.” It is evident that increased 5-HT and impaired autophagy promotes a

colitogenic microbiota that plays a crucial role in the development, severity and
perpetuation of intestinal inflammation. In spite of these findings, there was no evidence
whether increased 5-HT impairs autophagy in the IECs and results in dysbiosis. It is
apparent from our study that the protective microbiota in colitic and naive TphI™ mice is

lost when the Atg7 gene is also deficient in IECs. The microbiota of colitic DKO mice is

AIE
7 C

very similar to that of colitic Azg mice in spite of also being deficient in Tphl gene.

AIE
7 C

This might be because the Atg mice already have disrupted autophagy in the IECs,

when the Tphl gene is knocked out and thus the 5-HT-autophagy axis regulating the gut

microbiota is disturbed. Even though the taxonomic summaries showed no significant

7ﬂ/ﬂ

differences, the microbiota of the A¢g7"" mice separated into distinct cluster from the

microbiota of Arg 7€

mice as seen by the PCoA plots in spite of having similar levels of
gut 5-HT. This indicates that when autophagy is disrupted in the IECs, the composition of

the gut microbiota is altered irrespective of the levels of gut 5-HT. These results signify
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that the development of the protective microbiota in mice with very reduced amounts of
5-HT in the gut might be due to elevated levels of autophagy in the IECs. One of the
mechanisms by which 5-HT-autophagy axis in the IECs might be regulating the
development of a colitogenic microbiota is through the production and secretion of the
basal AMP, mDefbl. We found that not only in the colitic, but also in the naive DKO
mice, the levels of mDefbl are reduced compared to Tphl” group and is similar to

A tg 7AIE C

mice that supported our hypothesis. For further proving that the dysbiotic
microbiota is mediating the change in colitis in the DKO mice we performed cecal
adoptive transfer experiment from both the colitic and naive DKO mice to antibiotic-
treated mice. The transfer of microbiota from colitic and naive DKO mice resulted in
more severe colitis compared to mice receiving microbiota from Tphl” group. These

findings indicate that the impairment in the 5-HT-autophagy axis in the IECs alter the gut

microbial composition and influence the severity of intestinal inflammation.

2. Future directions of our finings
5-HTR and AMPK signaling in autophagy:

In our present study, we observed that 5-HT-mediated disruption of autophagy in
the IECs is arbitrated by 5-HTR3, 5-HTR4, and 5-HTR7, with 5-HTR7 playing a more
dominant role. 5-HT mediated reduction of autophagy markers and elevation of negative
regulator p-mTOR in the HT-29 and primary mouse IECs cells were reversed when the
above mentioned 5-HTR were blocked by specific antagonists. However, it is not clear

how the inhibition of these 5-HTRs result in activation of autophagy via the mTOR
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pathway. Even more perplexing, is that 5-HTR4 and 5-HTR7 are G protein-coupled
receptor where as 5-HTR3 is a ligand gated ion channel.* In our animal models, we
found that mice with increased 5-HT in the gut have reduced levels of p-AMPKa while
the opposite is true for mice with low levels of gut 5-HT. These findings suggest AMPK
might be the upstream regulator of the 5-HT-autophagy axis in the IECs. AMPK is a
heterotrimeric serine/threonine kinase with a catalytic a-subunit and regulatory - and y-
subunits that create an evolutionary conserved complex. AMPK induces autophagy and
regulates cellular metabolism to maintain energy homeostasis.”” AMPK is activated by
low levels of cellular energy (ATP) or high AMP/ATP ratio and it slows down energy-
intensive processes in part via inactivating mTOR which is also a negative regulator of
autophagy.”” There are mounting evidence that the second messenger cAMP regulates

210

metabolism, growth and differentiation via its action on AMPK.”" There are evidences of

cAMP either activating or inhibiting AMPK and autophagy depending on the tissue, cell

210211
d. ™

line and the condition being studie From these discussion, it can be hypothesized

that the increase of the second messenger cAMP*'?

and subsequent inhibition of AMPK
may be one way for 5-HTR4 and 5-HTR?7 to activate mTOR. However, a different second
messenger system might be playing a role in the 5-HTR3-autophagy axis. The activation
of 5-HTR3 causes an inflow of extracellular calcium ions, which mobilises and raises

212 The role of intracellular calcium in mTOR-

intracellular calcium concentration.
dependent autophagy is still debated.”’> As a result, future research studies into link

connecting 5-HTRs expressed on IECs and mTOR in the regulation of autophagy in IBD

1s needed.
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Role of 5-HT-autophagy axis in immune cells:

One of the mechanisms by which 5-HT regulates intestinal inflammation is
through its action on mucosal innate immune cells. The presence of 5-HTRs, SERT and
Tphl in the immune cells such as macrophages and DCs indicate the dependence of the
immune cells on 5-HT signaling. The diverse action of 5-HT in the regulation of immune
cell function has been discussed in Chapter 1. Specifically, our lab has shown that DCs
from DSS-induced Tphl™ mice generates less pro-inflammatory cytokine IL-12 than

+/+

those isolated from 7phl " mice, which was consistent with the severity of colitis. Tphl
” DC cytokine production was restored after in vitro 5-HT stimulation, and adoptive
transfer of 5-HT pulsed DCs into Tphl”" mice up-regulated colitis. In addition, CD4" T
cells primed by Tphl” DCs produce lower amounts of IL-17 and interferon-g.*"
Additionally, we have also found that stimulation of 5-HTR7 on DCs, increase the
production of pro-inflammatory cytokines via the NF-kB pathway.®” 5-HT also enhances
the infiltration of macrophages and their cytokine production during colitis.” As
discussed in Chapter 1 it is established that autophagy has critical role in innate immune
cell function such as cytokine production, antigen presentation, and phagocytosis.'’
Different groups have reported highly elevated production and secretion of pro-
inflammatory cytokines by DCs and macrophages isolated from mice and humans with
autophagy impairment.'’ Based on the following evidence of: 5-HT is a pro-inflammatory
signaling molecule for innate immune cells; autophagy is protective against inflammation

through its action on innate immune cells, and our findings in this thesis on the inhibitory

role of 5-HT on autophagy in IECs during colitis, it is imperative to further investigate
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whether increased 5-HT levels has similar inhibitory effects on autophagy in mucosal

innate immune cells that leads to increased severity of intestinal inflammation.

3. Autophagy and S5-HT-autophagy axis in the management of intestinal
inflammation

A case report and a retrospective case review indicated that the mTOR inhibitor,
rapamycin, is a good candidate for the treatment of refractory adult and paediatric IBD

unresponsive to conventional therapy. Massey et al.>"

reported that in a 37 years old
woman with severe CD, refractory to standard medical therapies, the use of oral
rapamycin at a dose of 4mg/day for 6 months in addition to 6 weekly infliximab infusions
resulted in a striking and sustained improvement in CD symptoms and complications
indicated by a significant decrease of the Harvey—Bradshaw index from 13 to 3. Her
symptomatic improvements were associated with endoscopic remission and a marked
reduction and normalisation of markers of inflammation such as C-reactive protein
(decreased from 79 to 2), albumin and platelet count. However, since the patient was
concomitantly on infliximab it is unclear whether infliximab augmented the effects of
rapamycin. Nevertheless, upon administration of rapamycin, the efficacy of infliximab
was not only recaptured but also maintained for 3 months since the rapamycin was
discontinued. Similar to this case report, in a retrospective case review series it was
demonstrated that rapamycin was moderately effective as an adjuvant in children with

216

refractory IBD.”” This was a small study where medical records of paediatric IBD

patients between 2006 and 2012 were reviewed retrospectively to evaluate clinical
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response, remission and mucosal healing following administration of rapamycin as an
adjuvant therapy. In this study, from the records of 11 UC and 3 CD patients analyzed, it
was seen that 5 (45%) UC patients attained clinical remission, 2 (18%) UC patients
achieved clinical response and the remaining 4 (36%) did not respond. All CD patients
showed clinical remission. However, only 5 UC and 2 CD patients achieved mucosal
healing. Due to the small sample size, the decline in rate of colectomy in rapamycin
responders failed to reach statistical significance. Another limitation of the study was the
simultaneous use of other immunomodulatory drugs in the patients. Therefore, the
findings from this study should be interpreted with caution. It is imperative to conduct
well-designed randomized placebo-controlled study with larger sample size and long-
term outcome goals to establish the efficacy of rapamycin as an adjuvant or alternative
treatment in children and adults with refractory IBD. However, a major caveat in the
clinical application of autophagy modulating drugs is that these drugs are not selective for
autophagy pathway and has multiple targets. Future research is needed to develop highly
specific autophagy modulators that are disrupted during IBD.

To date, there are no clinical studies to determine the efficacy of blocking mucosal
5-HT in IBD either by using a specific Tphl inhibitor or by using specific 5-HTR
antagonists. Oral Tph inhibitors LX-1031 and LX-1033 have been found to be effective in

217,218

non-constipating IBS without any major side effects. In addition, the Tph inhibitor

telotristat ethyl is currently Food and Drug administration approved for treating carcinoid

219

syndrome diarrhoea.”” Based on these promising clinical trials, it is justifiable to

investigate the effects of mucosal 5-HT modulators as a potential therapy for IBD. From
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our findings it is evident that 5-HT is a regulator of autophagy in IECs. Modulating levels
of 5-HT may also be another means of targeting dysfunctional autophagy in IBD. Future
studies will have to address the methods of targeting the disrupted 5-HT-autophagy axis

in the colon, particularly in the IECs with an aim to develop novel therapeutics for IBD.

4. Concluding statement

IBD is a global disease with its incidence increasing worldwide.””” Even though
many studies have unraveled various important factors in the pathogenesis of IBD, it still
remains incurable.” It is evident that both dysfunctional 5-HT signaling and autophagy
are associated with IBD. In IBD the link between the two has not been studied before us.
From our investigations, it is clear that elevated 5-HT levels, which occur in IBD inhibits
and disrupts autophagy with resultant increase in severity of colitis. One of the
mechanisms by which the disturbed 5-HT-autophagy axis in the gut contributes to IBD
pathology is through the alteration of the microbiota. Our study highlights the vital role of
the host immune-endocrine interactions with the gut microbiota in IBD, which
underscores the multifactorial nature of IBD pathogenesis. However, further studies are
needed to gather more information and build upon these findings with an aim to facilitate
the development of new improved therapeutics in intestinal disorders with dysregulated

autophagy including IBD.
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used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

¢ With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

¢ The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

e NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR

REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
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OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
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all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

o In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

o WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

¢ This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY

license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
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Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895 .html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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License

Science Journals License to Publish
1. Requirement of Acceptance:

The following Grant of License (“License”) must be signed and returned to the American Association for the Advancement of
Science ("AAAS”) before a manuscript can be accepted for publication in Science or one of its sister journals (Science Advances,
Science Immunology, Science Robotics, Science Signaling, Science Translational Medicine).

By signing this License, you represent and warrant that you have the authority and all necessary rights to execute this License. For
example, if your institution places limitations on publishing agreements or asserts its own right to distribute or provide access to
the works of its faculty, you must obtain a waiver from your institution that releases you from such restrictions so that you can
sign this License. After publication of your manuscript by AAAS, your institution may exercise all rights to use the Work (as defined
below) as are retained by Authors in section Il of this License.

If the copyright in the contribution is owned by your employer, your employer or an authorized representative must sign this form.
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Should AAAS decide not to publish your manuscript, upon final written notification to you that AAAS will not publish your
meanuscrint this License shall be null and void. AAAS retains complete discretion as to whether to publish any manuscript, and in

vatforr. Home New Submission () My Account

il. Rights o1 Publication

(https://www.science.org/journals)

In consideration of publication by AAAS of the manuscript currently titled Disruption of autophagy by increased 5-HT alters gut
microbiota and enhances susceptibility to experimental colitis and Crohn’s disease (abi6442) (the “Work”) and authored by Sabah

g AR N . Welcome Sa%al‘{ .k[}a s4témcm?
Hag, et. al. (“You"), You hereby grant to AAAS the sole and exclusive, irrevocable right to publish, réproduce, distribute, transmit,
display, store, translate, create derivative works from and otherwise use the Work, for any purpose, including commercial purpose,
in any form, manner, format, or medium, whether now known or hereafter developed, throughout the world and in any language, for
the entire duration of any such right and any renewal or extension thereof and to permit/sublicense others to do any or all of the

foregoing as well.

With regard to associated supplemental materials, data, audio and/or video files that You have submitted for publication with Your
manuscript, You hereby grant to AAAS the non-exclusive right to publish, reproduce, distribute, transmit, display, store, translate,
create derivative works from and otherwise use these supplemental materials in any form, manner, format, or medium, whether
now known or hereafter developed, throughout the world and in any language, for the entire duration of any such right and any
renewal or extension thereof and to permit/sublicense others to do any or all of the foregoing as well.

You retain copyright, subject to the rights You grant to AAAS above, and all rights not expressly granted in this License. No rights in
patents or trademarks or other intellectual property rights other than as described above are transferred to AAAS in this License.

You also authorize AAAS, but AAAS undertakes no obligation to, at its own expense, enforce the rights granted under this license
on Your behalf against third parties whom AAAS believes to be infringing the copyright in the Work.

111. Author Rights

For the purposes of this License the “Final Published Version” shall be defined as the final, copyedited and proofed version of the
Work that is published by AAAS.

For the purposes of this License the “Accepted Version’shall be defined asthe version of the Work that is accepted for publication
by AAAS including changes resulting from peer review but prior to AAAS's copy editing and production.

Some but not all of AAAS's journals make the Final Published Version available under the author’s choice of Creative Commons
license. Any such options will be made available to You after acceptance and may be subject to an Article Processing Charge
("APC").

A. Except as provided for in Sections I11.C and Ill.D,after publication of the Work by AAAS, You and Your co-authors retain the non-
exclusive right to use the Work in the following ways without further permission:

1. Reprint the Final Published Version in print collections of Author's own writings.
2. Reprint the Final Published Version in print format for inclusion in a thesis or dissertation that the Author writes.
3. Present the Final Published Version orally.

4. Reproduce the Final Published Version for use in courses the Author is teaching. (If the Author is employed by an academic
institution, that institution may also reproduce it for course teaching.)

5. Distribute photocopies or a PDF of the Final Published Version to colleagues for non-commercial purposes only (providing that
recipients are informed that they may not further distribute or copy it).

6. Post a copy of the Accepted Version on the Author's personal website or in their Institution’s archival database repository,
provided a hyperlink to the Final Published Version on the Science website is included and provided the Accepted Version is
marked with the following notice: "This is the author's version of the work. It is posted here by permission of the AAAS for personal
use, not for redistribution. The definitive version was published in Science Advances 7, (2021-11-05), doi: 10.1126/sciadv.abi6442".

7. Reuse figures and tables created by the Author in future works the Author writes.

8. The Author's employer may use the Accepted Version for non-commercial research purposes. (“Non-commercial research
purposes” is defined as research undertaken for purposes other than (a) a profit motive, (b) for commercial exploitation, (c)
monetary gain derived from the outcome of the research, (d) research undertaken on behalf of a commercial entity, or (€) other
similar purposes.)

9. Author may use or authorize use of Supporting Online Material associated with the Work for any purpose and in any format.

B. Authors of Research Articles, Reports, Reviews, Research Resources or Technical Comments arising out of NIH grants awarded
no earlier than 2 May 2005 or who are required by their funding agencies to make their research results publicly available may do
so under the following conditions:

The Author may cause the posting, no sooner than 6 months after final publication of the Work by AAAS, of the Accepted Version
in their funding body’s archive or designated repository provided it includes a hyperlink to the final published version on the
Science website and the full reference citation and provided that further use of the posted article copy is restricted to non-
commercial research purposes (“Non-commercial research purposes” is defined as research undertaken for purposes other than
(a) a profit motive, (b) for commercial exploitation, (c) monetary gain derived from the outcome of the research, (d) research
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undertaken on behalf of a commercial entity, or (€) other similar purposes). This policy does not apply to article types that are not
~pecificzlly mentioned above. The Author must ensure that the Accepted Version is not released on their funding body’s archive or

1208 or * 'nti. 6 months after its final publication date in a Science journal. Home New Submission () My Account
httok: C. If the option o pul}lish the Work under the Creative Commons Attribution 4.0 International Public License (CC BY) was
( ttpsA//wF\’Nr%v‘.I? é?f‘%‘?‘%ﬂﬁ%”%’ﬁe?) p of Your ipt and You sel d such option and paid any applicable APC: After

publication of the Work by AAAS, You and Your co-authors may make all uses of the article permitted by the CC BY license, subject

to all conditions of that license. Welcome Sabah (hags4@mcmaster.ca) Logout

D. If the option to publish the Work under the Creative Commons Attribution-Non Commercial 4.0 International Public License
(CC BY-NC) was provided by AAAS after acceptance and You selected such option and paid any applicable APC: After publication
of the Work by AAAS, You and Your co-authors may make all uses of the article permitted by the CC BY-NC license (subject to all
conditions of that license), plus, if applicable, the uses set forth in I1l.B. above as well as the following commercial uses:

1. Use the work or a portion of the work as part of a larger work that You create (e.g. use figures in new journal articles or book
chapters, use excerpts in new articles, book chapters, blog posts, use the entire work in a collection of Your work), under the
following conditions:

a. credit must be given to its first publication in the appropriate volume of the relevant Science journal;
b. the author of the larger work must be the same author of the Work published hereunder;
c. republication of the Work or any substantially similar version of the Work in another journal is not permitted.

2. Use and permit others to use the Supplemental Materials for any purpose provided credit is given to its first publication in the
appropriate issue of the relevant Science journal.

IV. User Access and Rights (applicable only to Works published under a Creative Commons License)

Where AAAS publishes the Final Published Version under a Creative Commons License, AAAS will make the Final Published
Version freely accessible online without barriers or embargo. Upon publication, AAAS will also submit the Final Published
Versionto PMC/UKPMC for immediate release.

AAAS shall publish the Work under the Creative Commons License selected by the Contributing Author after acceptance. Use of
the Final Published Version by Yourself and others shall be subject to the terms of the Creative Commons License that is selected:

1) Creative Commons Attribution 4.0 International Public License (CC BY): This license allows users to copy, redistribute, remix,
transform, and build upon a work, in any format or medium, for any purpose including commercial purpose, on a perpetual basis
provided they credit the work and the authors. Users must explain any changes that were made from the original and may not
suggest the authors endorse the use. The resultant work must be made available under the same terms, and must include a link to
the CC BY 4.0 International License.

The full legal code of the Creative Commons Attribution 4.0 International Public License may be found at
https://creativecommons.org/licenses/by/4.0/legalcode (https:/creativecommons.org/licenses/by/4.0/legalcode)

2) Creative Commons Attribution-Non Commercial 4.0 International Public License (CC BY-NC): This license allows users to
copy, redistribute, remix, transform, and build upon a work in any format or medium, but only for non-commercial purposes and not
for commercial advantage or monetary compensation. These rights are granted on a perpetual basis although users must credit
the work and the authors. Users must explain any changes that were made from the original and may not suggest the authors
endorse the use. The resultant work must include a link to the CC BY-NC 4.0 International Public License.

The full legal code of the Creative Commons Attribution-Non Commercial 4.0 International Public License may be found at
http://creativecommons.org/licenses/by-nc/4.0/legalcode (http://creativecommons.org/licenses/by-nc/4.0/legalcode).

V. Additional Author Rep!

You warrant and represent that:

the Work is original;

all the facts contained therein are true and accurate;

the Work does not contain any libelous statements;

the Work has not been published elsewhere;

the Work does not infringe upon any copyright, proprietary, or personal right of any third party.

You agree to indemnify, defend and hold harmless AAAS against any claims in respect of the warranties above.
VI. Third Party Content IMPORTANT: If the Work contains any material that is owned or controlled by a third party, You must
obtain permission for its use and submit written evidence of that permission to Your Editor and You must clearly acknowledge the
source and copyright holder of that material within the text of the Work.

This work was created under U.S. Government Contract

Grant Number:

The AAAS recognizes the U.S. Government's non-exclusive rights to use the Work for non-commercial, governmental purposes
where such rights are established in the grant or contract.
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By signing this License, You warrant that You have the full power to enter into this License. This License shall remain in effect
+hrstighout the tarm of copyright in the Work and may not be revoked without the express written consent of both parties. This
| ic ens 2 < hll L e governed and construed, and any dispute arising hereunder resolved, in accordance withdine| aNewfikienDistioct () My Account
of Columb’3, United States of America, without resort to the conflicts of laws principles thereof.
(https:/www.science.org/journals)

Welcome Sabah (hags4@mcmaster.ca) Logout
Addendum to the License to Publish for Research Funded by cOAlition S Organizations*

THIS ADDENDUM hereby modifies and supplements the License to Publish only with regard to research papers funded by
cOAlition S Organizations that have implemented an Open Access policy that aligns with Plan S.

This Addendum does not apply to Works that are not funded by cOAlition S Organizations.

For Works funded by cOAlition S Organizations that have implemented an Open Access policy that aligns with Plan S (“cOAlition S
Funded Work(s)"), this Addendum and the License to Publish, taken together, allocate all rights under copyright with respect to all
versions of the cOAlition S Funded Work. The parties agree that wherever there is any conflict between this Addendum and the
License to Publish, the provisions of this Addendum shall govern and control and the License to Publish shall be construed
accordingly.

AAAS licenses back the following rights to the Author in the version of the cOAlition S Funded Work that has been peer-reviewed
and accepted for publication, (the “Accepted Version”) but not the final, copyedited and proofed version published by AAAS (the
“Final Published Version®):

The right to self-archive and distribute the Accepted Version under either a CC BY 4.0 license or a CC BY-ND license, including on
the Author’s personal website, in the Author's company/institutional repository or archive, and in not for profit subject-based
repositories such as PubMed Central, without embargo but only following publication of the Final Published Version.

AAAS'’ license back of the foregoing rights to the Author under this Addendum does not extend to any material in the Accepted
Version that is owned by a third party. The Author is solely responsible for obtaining rights from any such owner for use of that
material in connection with the Author’s exercise of rights licensed back under this Addendum.

The Author may not replace the Accepted Version with the Final Published Version. The Accepted Version posted must contain a
legend as follows: “This is the accepted version of the following article: FULL CITATION, which has been published in final form at
[Link to final article].”

Author rights with regard to the Final Published Version remain as stated in the License to Publish.

*A list of cOAlition S Organizations is maintained by cOAlition S at https://www.coalition-s.org/plan-s-funders-implementation/
(https://www.coalition-s.org/pl. funders-impl ion/)
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