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ABSTRACT OF THE DISSERTATION

The Effects of Quorum-Sensing on the Gut Microbiota and Virulence of Vibrio cholerae.
by
Jennifer Y Cho

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology
University of California, Riverside, September 2022
Dr. Ansel Hsiao, Chairperson

Quorum sensing (QS) is a bacterial communication process that allows bacteria to
alter gene expression based on environmental signals. Autoinducer-2 (AI-2) is one of
these signaling molecules that regulates the virulence of the gastrointestinal pathogen
Vibrio cholerae, which causes the diarrheal disease cholera that affects millions of people
worldwide. Research on healthy and malnourished humans has shown that the structure
of gut microbiome is different and differentially able to resist V. cholerae colonization,
pathogen infection, and host immune response and treatment. However, the effect of AI-2
produced by different bacteria in susceptible and resistant microbiomes on their
community and on V. cholerae is not well understood. To this end I constructed

Escherichia coli expressing [uxS gene from different microbes and combined them with
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different model communities of human gut microbes resembling health individuals or

individuals recovering from diarrhea and tested in mouse models. We show microbiota-

associated biofilm regulation in V. cholerae providing resistance against host intestinal

environmental stress and Al-2 signal mediated microbiome structural and gene

expression change. Our findings suggest that the composition of the gut microbiome is

affected by AI-2 signal, and at the time of infection or treatment, the composition is

crucial to host resistance against infection. This potentially provides a direction for the

prevention and/or improved resistance to pathogen infection as well as immunotherapy.
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Chapter 1 Introduction

Cross-talk between bacteria: Quorum sensing

Quorum sensing (QS) is a bacterial communication system that uses the production and

sensing of diffusible signaling autoinducer (Al) molecules to monitor intra- and inter-

species population density among both Gram-positive and Gram-negative bacteria,

allowing coordinated regulation of effector functions by microbial populations

(Rutherford and Bassler, 2012;Pereira et al., 2013) (Table 1-1).

Gram-positive system

Al molecules have a wide variety of chemical structures. Gram-positive bacteria utilize

secreted peptides as signaling molecules for QS communication. These peptides, namely

autoinducing peptides (AIPs) has variable structures that are synthesized by ribosomes

and can be modified post-translationally (Sturme et al., 2002).

One of the signaling pathway in Gram-positive bacteria is the two-component

system. Peptides are secreted by ATP-binding cassette (ABC) transporters and cleaved by

protease to AIPs. With the increase in population, environmental AIPs starts to

accumulate. When The secreted peptides are then detected by two-component receptor



kinase located on cell membrane and activates the kinase via phosphorylation of a

conserved His residue. The activated kinase will phosphorylate downstream regulatory

receptor by transferring phosphoryl group to Asp residue. This alters the transcription of

downstream genes controlled by the regulatory receptor including AIP secretion pathway

(Miller and Bassler, 2002;Sturme et al., 2002).

An example of this pathway is the Com system that regulates competence in

Streptococcus pneumoniae using CSP (competence stimulating peptide). S. pneumoniae

will first produce a 41-amino acid precursor peptide, ComC, then process it to produce

the 17-amino acid peptide CSP (Havarstein et al., 1995;Pozzi et al., 1996). CSP is

secreted through ComAB ABC transporter (Hui and Morrison, 1991;Hui et al., 1995). At

HCD when CSP has accumulated in the environment, ComD sensor kinase will

autophosphorylate and transfer the phosphoryl group to regulator ComE. Phosphorylated

ComeE activates the expression of comX gene which is a ¢ factor drives the expression of

structural genes required for developing competence in S. pneumoniae (Lee and

Morrison, 1999).

In Staphylococcus aureus, virulence in is regulated by two component Agr

(accessory gene regulator) system. S. aureus agrBDCA operon encodes the elements



required for cell density dependent pathogenicity. AgrD is the 46-amino acid precursor

peptide that is further processed by AgrB to from thiolactone intermediate then secreted

(Jietal., 1995;Ji et al., 1997). The AIP is cleaved and become its active from in

supernatant. AgrC senses the accumulated AIP and starts the phosphorylation cascade

that activates intracellular regulator, AgrA (Peng et al., 1988;Lina et al., 1998). AgrA

regulates the transcription of RNAIIL, a RNA molecule that regulates cell density

dependent pathogenicity (Morfeldt et al., 1995;Koetje et al., 2003). Another common gut

pathogen Clostridium difficile, also uses Agr system to sense AIP and further regulates

the toxin synthesis (Darkoh et al., 2015;Martin-Verstraete et al., 2016).

Another Gram-positive bacteria AIP signaling pathway is the AIP self-signaling

pathway. AIPs are synthesized and post-translationally modified then secreted through

SacA dependent system. Unlike two-component system, which AIPs are detected by

sensor kinase then further activates kinase activity, AIPs are transported into the bacteria

through oligopeptide transporter system. Bacillus subtilis Phr (phosphate regulator) AIPs

is one example. Phr precursor polypeptides has a secretion signal, it becomes the final

peptide form after being secreted and cleaved by secreted proteases. The active Phr

peptide is then transport back into the cell via ABC transporter family, Opp (oligopeptide



permease) (McQuade et al., 2001). Phr can inhibit Raps (regulator aspartate

phosphatase), a phosphatase involved in phosphorylation pathway that regulates

transcription of several genes, Phr then further alters downstream gene expression

(Bischofs et al., 2009). Currently, AIPs are only known for intraspecies communication

and regulation but could possess other biological functions such as antimicrobial

properties of lantibiotic nisin peptide produced by Lactococcus lactis (Sturme et al.,

2002) and potentially influence human tumor progression (De Spiegeleer et al.,

2015;Wynendaele et al., 2015).

Gram-negative system

Some Gram-negative bacteria use diffusible molecule acyl-homoserine lactones (AHL) as

the communication signal. Unlike AIPs, certain AHLs has been demonstrated to be

secreted and sensed by different species of Gram-negative bacteria therefore AHLs can

potentially act as interspecies communication signals.

The typical pathway is the LuxI/LuxR QS system that regulates bioluminescence

found in the marine bacteria Vibrio fischeri. LuxlI is responsible for the synthesis of Als.

LuxR protein contains two functional domains, an N-terminal ligand-binding domain,



and a C-terminal DNA-binding domain. As the concentration of autoinducers increases

with the rise of the bacterial population, LuxR binds to autoinducers. The LuxR-

autoinducer complex then activates the transcription of targeted genes. These Als are

species-specific, it has the core homoserine lactone ring structure plus various acyl tails

that provides species specificity (Hawver et al., 2016).

Universal QS signal

This process also occurs between different species in both Gram-positive and Gram-

negative bacteria. Vibrio harveyi was found to produce autoinducer 2 (AI-2, (2S,4S)-2-

methyl-2,3,3,4-tetrahydroxytetrahydrofuran borate) (Higgins et al., 2007) by LuxS

enzyme from 4,5-dihydroxy-2,3-pentanedione (DPD) and sensed through LuxP/Q

signaling pathway. LuxS homologues are widespread among Gram-positive and Gram-

negative bacteria (Pereira et al., 2013). Interestingly, there are different forms of active

Al-2, one is identified in V. harveyi, a boron containing AI-2 molecule (Chen et al.,

2002); in Escherichia coli and Salmonella spp., Al-2 is a non-borated cyclized DPD

derivative (Miller et al., 2004).

Different from the LuxP/Q signaling pathway, E. coli and Salmonella



typhimurium sense Al-2 through Isr system. The Isr system was first found in S.

typhimurium as an operon that includes eight genes (IsyKRACDBFG) (Taga et al., 2001).

In the Isr operon, IsrACDB genes encodes the Lsr transporter located in the inner cell

membrane. After AI-2 uptake, LsrK kinase will phosphorylate AI-2 in the cytoplasm. The

phosphorylated AI-2 further regulates /sr operon expression by inactivating the repressor,

LsrR (Taga et al., 2001;Taga et al., 2003). LsrR, located upstream of Is» operon, represses

the expression of both s operon and itself by binding to the promoter (Xue et al., 2009).

LsrF and LsrG are involved in processing the intracellular AI-2 molecule. LsrF is the

terminal protein in the AI-2 processing pathway act as a thiolase that catalyzes the

transfer of acetyl group from P-HPD (3-hydroxy-2,4-pentadione-5-phosphate, Al-2-

phosphate isomer) to coenzyme A, forming dihydroxyacetone phosphate and acetyl-

CoA(Marques et al., 2014). LsrG is involved in catalyzing the cleavage of P-DPD to

produce 2-phosphoglycolic acid and possibly the first step to stop Isr operon expression

(Xavier et al., 2007). Although Gram-negative bacteria also possess LuxS enzyme, the

detection method is not clear.

Researchers have also discovered a AI-3 system that is independent of LuxS

enzyme (Waters and Bassler, 2005). AI-3 molecules are mediated by threonine



dehydrogenase (Tdh) and aminoacyl-tRNA synthetases-related spontaneous cyclization

to form pyrazinone family structure (Kim et al., 2020). AI-3 is sensed by QseC receptor

found in both E. coli and V. cholerae (Moreira et al., 2010).

Another metabolite that have impact on bacterial behavior is indole. Host

environmental conditions that regulates indole production and extracellular indole

concentration can affects indole-producing and non-indole-producing bacteria activity in

different ways (Lee and Lee, 2010). Indole molecule has been shown to activate succinate

associated genes, spore or biofilm formation, drug resistance, virulence, as well as

plasmid stability (Martino et al., 2003;Hirakawa et al., 2005).

Cross-kingdom communication

Direct signaling may also happen cross-kingdom between mammalian host and the

pathogen. Some bacterial growth and virulence expression respond to mammalian stress

hormones, including E. coli and other Gram-negative bacteria. For example, the

neuroendocrine stress hormone norepinephrine is capable of stimulating the growth in

cell number and the production growth stimulation signals (Lyte et al., 1996b;Freestone

et al., 1999) in E. coli; addition of norepinephrine to growth media increased E. coli



O157:H7 growth rate by several log in 24 hours of growth period. In addition to growth,

the production of toxin has also increased. With the supplementation of physiologically

relevant concentration of norepinephrine E. coli O157:H7 toxin production increased by

100-160 fold during first 12 hours of culture time (Lyte et al., 1996a).Other than hormone

produced by host, Bassler lab shown that mammalian epithelial cell from colon, lung, and

cervical tissues are capable of producing AI-2 mimic that can be detected by bacterial Al-

2 receptor, LuxP/LstB in V. harveyi and S. typhimurium. When co-culturing V. harveyi

AI-2 reporter strain with mammalian epithelial cells, the reporter strain showed 10-50

times more signal activity then hematopoietic origin cell. They also tested with A/uxS'S.

typhimurium strain carrying an Al-2 inducible Isr-luxCDABE transcriptional reporter co-

cultured with Caco-2 cells and observed a 100-fold more light production from the

reporter. This indicates the host produce an AI-2 mimic that are capable of activate

quorum-sensing regulated gene expression through LuxPQ system (Ismail et al., 2016)

(Figure 1-1) (Cho et al., 2021).
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ﬂ ‘\gQ L J Induction of mucosal escape genes

» | Ethanolamine  CgsR

TCP and CT gene repression

" | Species-specific QS |

L] [ Inter-species QS J
. —
L) .‘ ‘ ._ V. cholerae synthase
‘ L LuxS Shared synthase
Commensal microbes Non-Vibrio synthase

Figure 1-1. Production of small signaling molecules by the gut microbiome
influences gene expression in V. cholerae.

Gut commensals are able to interface with V. cholerae gene regulation during infection
through the production of autoinducer (AI) molecules associated with quorum sensing
(QS). QS pathways can be species specific or inter-species, and numerous Al signaling
molecule/sensor pairs have been described in V. cholerae. Broadly, QS activation by
intra- and inter-species specific Al signaling in V. cholerae can lead to repression of
virulence gene expression, and modulation of pathways associated with inter-bacterial
competition (e.g., T6SS), and detachment from the mucosa. Thus, premature activation of
QS by commensal microbes may disrupt the ability of V. cholerae to properly time
virulence gene activation during early infection, and affect the outcome of infection in

Vivo.



Table 1-1 Summary of bacterial QS system

Pathway Bacterial type Signal wnstream effect ferences
Intra species
When CSP has accumulated activates the Havarstein et al., 1995; Pozzi et al.,
Com system Gram-positive CSP S. pneumoniae expression of structural genes required for 1996; Hui et al., 1991; Hui et al., 1995;
developing competence in S. pneumoniae Lee etal., 1999
AgrC sense the accumulated AIP activates the Jietal., 1995; Koetje et al., 1995;
Agr system Gram-positive AIP S. aureus phosphorylation cascade that regulates cell density ~ Morfeldt et al., 1995; Ji et al., 1997; Lina
dependent pathogenicity etal.,, 1998; Peng et al., 1988
e . . Martin-Verstraete et al., 2001; Darkoh
C. difficile Regulates the toxin synthesis etal, 2015
AIP self-signaling Gram-positive Phr AIPs Bacillus subilis Inhibit Raps !nvolved in phosphorylation pathway McQuade et al., 2001; Bischofs et al,,
phosphorylation pathway and alter gene expression 2009
Binding of CAI-1 leads to downstream regulator
. . LuxO dephosphorelate and repress aphA/upregulate Miller et al., 2002; Zhu et al., 2002;
e CIEILegaE Gl Wit hapR, inhibits virulence and biofilm biosynthetic Hammer et al., 2003; Shao et al., 2014
gene expression
Inter species
Binding to Al-2 cause conformational change leads
LuxP/Q Gram-negative Al-2 V. cholerae to dephsphorelation of LuxO and repress virulence  Neiditch et al.,2005; Neiditch et al., 2006
and biofilm biosynthetic gene expression
CrsR RNA i d i
] : s Qrrs S CEINCRI LS Jung et al., 2015; Watve et al., 2019;
CgsR Gram-negative Ethanolamine Host hapR expression leads to inhibition of colonization in
) ) Watve et al., 2020
mouse small intestine
When DP VgmA VgmR k .
. e bo_u i) qm. upregulgtes am X 283 Papenfort et al.,2017; Liu et al., 2006;
VgmA Gram-negative DPO V. cholerae to downregulation of toxin and biofilm synthesis vps .
A, . . 5 Hai Wu et al., 2019
genes inhibits infection and virulence expression
Low oxygen level inhibits VgmA to from disulfide
Oxygen levels Environment bond decrease VgmA activity leades to higher Mashruwala et al., 2020
virulence expression
Bile salts distrupts VgmA disulfide bound formation
Bile salts Host leades to increase of tcpA and biofilm-associated ~ Mashruwala et al., 2020
Vps gene expression
Cross-kingdom
Mammalian The host produced Al-2 mimic can interact with V.
LuxP/Q, LsrB Gram-negative Al-2 mimic epithelial cells harveyi LuxP/Q receptor and S. typhimurium Lsr Ismail et al., 2016

Neuroendocrine stress
hormone norepinephrine

Mammalian cells

system and interfere with bacteria QS regulation

The presense of norepinephrine in the media is
capable of stimulating cellular proliferation and
increase toxin production in E. coli O157:H7

Lyte et al., 1996; Freestone et al.,1999;
Lyte et al., 1996
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Vibrio cholerae
Vibrio cholerae is a comma-shaped, Gram-negative gastrointestinal pathogen which has
caused cholera pandemics over the last two centuries. It has caused six major pandemics
since 1817 and an ongoing seventh pandemics that started in 1961 and reached America
in 1991. Cholera is still endemic in many countries lacking clean water sources, poor
sanitation, and hygiene infrastructures, affecting millions of people and causing over
100,000 deaths yearly (ECDC, 2021). The most characteristic symptoms of cholera are
vomiting and watery diarrhea which cause rapid fluid lose and leads to rapid dehydration,
hypotensive shock, and, if untreated, death rate over 50% (Clemens et al., 2017).
Although the treatment of oral rehydration can significantly reduce fatality rate, cholera
continues to give rise to global health and economical issues (Mogasale et al., 2020) and
requires better prevention and therapeutic strategies.

The bacterial strains of V. cholerae that cause cholera were discovered by Robert
Koch in 1884 (Koch, 1884). While hundreds of serogroups have been identified,
including pathogenic and non-pathogenic strains, current knowledge is that the
pandemics were caused by only two serogroups, O1 and 0139, and two biotypes,

classical and El Tor (Finkelstein, 1996;Somboonwit et al., 2017). The spread of V.

11



cholerae from infected patients to other individuals can be through fecal contaminated

water sources. Other than the fecal-oral route of infection, V. cholerae can also populate

aquatic environments such as rivers, and coastal waters with zooplankton and other

marine organisms as the natural reservoirs (Halpern et al., 2008). This allows toxigenic V.

cholerae to spread through contamination of water and food sources into human host.

Once infected, V. cholerae stars to colonize distal small intestine epithelial cells and

produce cholera toxin (CT) and the toxin coregulated pilus (TCP) in response to

environmental cues (Waldor and Mekalanos, 1996). TCP is essential for V. cholerae

colonization of gut epithelial cell, while CT interacts with intestinal cells, leading to

endocytosis of the toxin. CT activates G protein and leads to the continuous production of

cyclic AMP (cAMP). High level of cAMP causes dramatic efflux of ions and water from

infected enterocytes, leading to watery diarrhea releasing the pathogen back into the

environment to start the next infectious cycle (Sack et al., 2004).

Cholera effects on the gut microbiome

Until recently, the impact of cholera on the human gut microbiome was much better
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understood than the role of the gut microbiome on V. cholerae infection outcomes. The

profuse watery diarrhea associated with cholera has long been associated with changes in

commensal microbial populations; culture-dependent studies have shown that cholera

leads to a multi-log reduction in non-Vibrio bacteria during acute diarrhea compared to

convalescent populations (Gorbach et al., 1970). Recent studies by Hsiao et al. using

deep sequencing of fecal 16S ribosomal RNA gene amplicons examined the fecal

microbiomes of adult cholera patients in Bangladesh from clinical presentation to 3

months convalescence after the end of diarrhea (Hsiao et al., 2014). In concordance with

culturing studies, the diversity of the gut microbiome during cholera dropped

dramatically during acute disease, becoming overwhelmingly dominated by streptococci,

enterococci, and Proteobacteria. Species more characteristic of healthy human gut

microbiomes were detected as very low abundance reservoirs during disease, but over the

course of convalescence expanded to re-establish the gut in a manner similar to microbial

succession, the ordered process of microbial colonization seen from infancy. Several

other culture-independent studies have demonstrated that this transient dysbiosis in

microbiome structure seen in cholera can also be caused by malnutrition (Subramanian et

al., 2014), and diarrhea of multiple etiologies including rotavirus and pathogenic
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Escherichia coli infection (David et al., 2015;Kieser et al., 2018). These environmental
insults can be common in cholera-endemic areas and thus potentially drive a reinforcing
cycle of microbiome-dependent vulnerability to infection.

In addition to causing diarrhea that disrupt native gut microbial communities, V.
cholerae can also directly compete with commensals through the use of contact-
dependent killing via the T6SS (Ho et al., 2014;Russell et al., 2014). T6SS delivers toxin
to ‘prey’ cells by puncturing the bacterial membrane using a spike and tube structure that
also shares functional homology with the T4 bacteriophage, while T6SS-encoding cells
are protected via the production of cognate immune proteins (Leiman et al., 2009;Pell et
al., 2009;Dong et al., 2013;Fu et al., 2013). In vitro, V. cholerae is capable of reducing S.
typhimurium and E. coli survival up to 10° fold using T6SS (Maclntyre et al., 2010). In
vivo, mutations in T6SS have driven colonization defects compared to wild-type in
suckling mice (Fu et al., 2013;Alavi et al., 2020), infant rabbits (Fu et al., 2013), and
Drosophila (Fast et al., 2018). Zhao et al. showed that V. cholerae was able to directly
attack host commensal E. coli in the suckling mouse model of infection; commensal E.
coli load was lowered by ~300 fold in the wild-type group compared to a vip4™ T6SS

mutant (Zhao et al., 2018). Interestingly, T6SS-mediated killing of E. coli led to
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additional upregulation of tcp and ctx virulence genes during infection compared to mice

lacking T6SS target microbes via an as-yet undefined mechanism. Separately from

contact-dependent T6SS killing, V. cholerae can also use T6SS to increase host gut

contractility to expel resident bacterial species, for example the expulsion of Aderomonas

veronii in a zebrafish colonization model (Logan et al., 2018). Taken together, these

findings suggest that in vivo T6SS interactions with the microbiota plays a complex role

in inter-bacterial competition during infection and driving V. cholerae fitness in the gut.

Commensal microbes and V. cholerae virulence regulation during infection

V. cholerae is a native organism of aquatic environments such as brackish water and

estuaries, often complexed with marine organisms such as zooplankton (Colwell et al.,

1977;Hugq et al., 1983;Tamplin et al., 1990;Colwell and Huq, 1994). In the aquatic

reservoir, V. cholerae is often found within biofilms that enable attachment to nutritive

substrates such as plankton exoskeletons (Huq et al., 1983;Tamplin et al., 1990). These

biofilm structures also represent an important host infection mechanism (Watnick and

Kolter, 1999) as biofilm-associated V. cholerae are much more acid-tolerant than
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planktonic cells, which is essential for passage through the stomach acid barrier at the

beginning of human infection (Zhu and Mekalanos, 2003). Upon transition into the gut,

V. cholerae undergoes a carefully orchestrated set of gene expression changes in order to

adapt to host-specific environmental stresses and cause disease. This transcriptional

program is triggered by a series of environmental signals such as temperature, osmolarity,

oxygen concentration, and exposure to host-specific molecules such as bile acids, and

leads to the activation of a number of virulence factors critical to colonization,

persistence, and pathology (Figure 1-2) (Cho et al., 2021). The two major virulence

determinants of V. cholerae are Cholera Toxin (CT), which is responsible for the

characteristic diarrhea of cholera, and the Toxin-Coregulated Pilus (TCP), which is

required for colonization of the intestinal mucosa in both humans and mice (Miller et al.,

1987;Herrington et al., 1988). CT is encoded by the ctxAB genes on the lysogenic CTX®

bacteriophage (Waldor and Mekalanos, 1996), and TCP serves both as the receptor for

CTX® (Shaw and Taylor, 1990;Waldor and Mekalanos, 1996) and in microcolony

formation at the intestinal epithelium (Kirn et al., 2000). TCP biosynthetic genes,

including that of the primary structural subunit TcpA and accessory colonization factor

(acf) genes and several transcriptional activators of virulence gene production, are found
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on a 40-kb Vibrio pathogenicity island (Karaolis et al., 1998). Both ctx4B and tcpA are

activated by the activity of the AraC/XylS-family transcriptional regulator ToxT (DiRita

and Mekalanos, 1991;Higgins et al., 1992;Gallegos et al., 1997;Martin and Rosner,

2001). which binds to a degenerate 13-bp DNA sequence known as the ‘toxbox’ in target

promoters (Matson et al., 2007). Several factors comprise a complex regulatory path to

ToxT expression. ToxR was the first identified positive regulator of V. cholerae virulence

(Skorupski and Taylor, 1997), and together with the regulator TcpP activates transcription

of toxT (Higgins and DiRita, 1994;Hase and Mekalanos, 1998;Childers and Klose, 2007).

The expression of tcpP is in turn regulated by the transcriptional regulators AphA and

AphB, which cooperatively bind to the tcpP promoter, while AphB is able to enhance the

toxR transcription (Xu et al., 2010).
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Figure 1-2. Virulence gene expression, including that of the key virulence factors
cholera toxin (CT) and the toxin coregulated pilus (TCP), can be influenced by
numerous pathways controlled by gut commensals.

The gut microbiome is able to produce or modulate several molecular factors leading to
changes in V. cholerae virulence gene expression, including the production of quorum
sensing autoinducers, the metabolism of bile molecules and host environmental nutrients

such as mucin.
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Gut microbiome effects V. cholerae pathogenesis through QS

In V. cholerae, QS is capable of repressing the expression of virulence- and biofilm-

associated genes at high cell density (HCD). While at low cell density (LCD), such as

during early infection, QS is inactive and virulence gene and biofilm biosynthetic gene

expression is active. At LCD, the V. cholerae QS regulatory system acts to phosphorylate

the regulator LuxO via a phosphorelay protein LuxU (Freeman and Bassler, 1999b;a).

Phospho-LuxO is then able to activate the expression of a set of small non-coding

regulatory RNAs, Qrrl-4 (quorum regulatory RNAs) (Lenz et al., 2004) that employ a

number of mechanisms to suppress QS gene activation, including the hapR gene

encoding the master QS regulator HapR, and activate production of the virulence

activator AphA (Feng et al., 2015). At HCD, when autoinducer concentrations are high,

LuxO becomes de-phosphorylated and Qrrs are not produced, allowing for the expression

of HapR. HapR is then able to repress virulence gene expression, via direct repression of

aphA, as well as the expression of biofilm biosynthetic genes (Lenz et al.,

2004;Rutherford et al., 2011;Jung et al., 2016).

V. cholerae cells are able to produce a set of Al signals that integrate with LuxO

as well as other gene regulatory pathways (Jung et al., 2015;Papenfort et al., 2017). The
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V. cholerae Al molecule CAI-1 ((S)-3-hydroxytridecan-4-one) (Higgins et al., 2007;Wei

et al., 2011) is synthesized by the enzyme CqsA (Kelly et al., 2009). While long thought

to be specific to Vibrios, recent work has demonstrated that pathogenic E. coli are also

able to sense this autoinducer (Gorelik et al., 2019). CAI-1 levels are monitored by the

membrane-bound histidine kinase sensor CqgsS (Miller et al., 2002), which acts as a

kinase at low cell- and Al-density, auto phosphorylating and transferring this phosphate

to LuxU and thence to the regulator LuxO, leading to Qrr SRNA expression and the

upregulation of aphA and repression of hapR. At high cell density and thus high CAI-1

concentrations, CAI-1 binds to CgsS converting it from kinase to phosphatase activity,

leading to the dephosphorylation of LuxO (Freeman and Bassler, 1999b;Boyaci et al.,

2016). The resulting loss of Qrr SRNA expression leads to the repression of aphA4 and

thus virulence gene expression, as well as the repression of biofilm formation via the

activity of HapR (Miller et al., 2002;Zhu et al., 2002;Hammer and Bassler, 2003;Shao

and Bassler, 2014).

Several other autoinducers produced and sensed by V. cholerae are inter-species

in nature and thus potentially active during infection of host compartments bearing

complex microbial communities. One inter-species autoinducer that is broadly distributed
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amongst gut microbes and that plays a role in virulence gene regulation in V. cholerae is

autoinducer 2 (AI-2), synthesized by the enzyme LuxS from 4,5-dihydroxy-2,3-

pentanedione (DPD). Homologs of [uxS are found in V. cholerae (VC0557) as well as the

genomes of more than 500 Gram-positive and Gram-negative bacterial species (Pereira et

al., 2013). In V. cholerae, Al-2 is sensed through the LuxP/Q signaling pathway (Neiditch

et al., 2005). LuxP is located in the periplasm and forms a heterotetramer when joined

with LuxQ. At LCD when AI-2 is not bound, LuxQ acts as a kinase and auto-

phosphorylates the cytoplasmic domains, leading to the phosphorylation of LuxU and

then LuxO. At HCD, the binding of AI-2 facilitates a conformational change, breaking

the symmetry of the LuxPQ heterotetramer, thus, interrupting the phosphorylation

cascade and leading to repression of virulence factor expression (Neiditch et al., 2006).

Several different active structures of AI-2 have been identified. In Vibrios, Al-2s are

produced as a furanosyl borate diester compound ((2S,4S)-2-methyl-2,3,3,4-

tetrahydroxytetrahydrofuran borate) (Chen et al., 2002;Higgins et al., 2007), in contrast to

the cyclized but non-borated DPD derivative found in E. coli and Salmonella spp. (Miller

et al., 2004). The interspecies nature of these AI-2 molecules is highlighted by bacteria

that lack /uxS, for example Pseudomonas aeruginosa, is still capable of detecting AI-2
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produced by other bacterial species and accordingly altering gene expression (Duan et al.,

2003). In contrast, V. cholerae cells are able to produce their own Al-2 and sense other

AI-2 forms. This was shown using cell-free supernatants of AI-2 producing E. coli that

are able to induce gene expression changes in Vibrio spp. (Xavier and Bassler, 2005a).

In addition to the CAI-1/AI-2 QS pathways acting through LuxO/HapR described

above, several novel signaling molecules and QS receptors have recently been identified.

The intestinal metabolite ethanolamine has been shown to regulate #apR expression

through the regulator CqsR (Jung et al., 2015;Watve et al., 2019;Watve et al., 2020).

Ethanolamine is sensed by the CqsR periplasmic CACHE ligand binding domain with

high specificity, and addition of ethanolamine repressed Qrr SRNA expression and

increased hapR expression leading to inhibition of colonization of the mouse small

intestine (Watve et al., 2019). Levels of ethanolamine may be controlled and sensed by

numerous bacterial pathways. For instance, in pathogens such as enterohaemorrhagic E.

coli (EHEC), ethanolamine has been shown to increase virulence gene expression

(Kendall et al., 2012). Similarly, ethanolamine metabolism and Type III secretion system

is regulated by environmental ethanolamine levels in Sa/monella (Anderson et al.,

2015;Anderson and Kendall, 2016), and other common gut pathogens such as
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Enterococcus faecalis (Kaval and Garsin, 2018) and Clostridioides difficile (Nawrocki et

al., 2018) also exhibit ethanolamine-dependent gene regulation. Papenfort et al.

demonstrated that 3,5-dimethylpyrazin-2-ol (DPO) acts as a QS signaling molecule in V.

cholerae (Papenfort et al., 2017). DPO is synthesized from threonine and alanine by the

enzyme threonine dehydrogenase (Tdh); threonine metabolism is commonly observed in

several intestinal microbes including E. coli (Ma and Ma, 2019). DPO is able to bind to

the LuxR family transcriptional regulator VqgmA, and in so doing leads to the increase in

the transcription of the small regulatory RNA VgmR, leading to the downregulation of

accessory toxin genes and the vps genes involved in biofilm synthesis. Expression of

VgmA was previously shown to be deleterious to V. cholerae infection and virulence

expression via direct activation of HapR without modification of DPO synthesis (Liu et

al., 2006).

Recently, Hai Wu et al. have solved the crystal structure of the VqmA-DPO-DNA

complex, demonstrating a direct interaction between DPO and the PAS ligand binding

domain of VgmA, and speculated that DPO and DNA binding may stabilize VqmA (Wu

et al., 2019a). In another study, they observed conformational differences when VgmA is

not bound to the target promoter DNA, leading to a possible Al-dependent regulation
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differential mechanism (Wu et al., 2019b). Additional work by Mashruwala et al.

suggested VgmA activity is related to cell density, environmental oxygen levels, and host

produced bile (Mashruwala and Bassler, 2020). In the microaerophilic gut environment,

CAI-1 and AI-2 production increased, and VgmA was shown to form disulfide bonds

leading to increased transcriptional activity. The presence of bile salts disrupted these

disulfide bonds, leading to an observed increase of fcp4 and biofilm-associated vps gene

expression. The inter-species nature of DPO and VqmaA in the gut is highlighted by recent

studies showing that a Vibrio parahemolyticus-bacteriophage-encoded VgmaA is able to

respond to DPO in the gut and mediates cell lysis by activating expression of the phage

gene gtip. Qtip sequesters the phage cl repressor and leading to the observed bacterial

host lysis (Silpe and Bassler, 2019).

The diversity of interspecies signaling molecules produced by commensal

microorganisms underlines the complexity of the QS environment of the gut during

infection. Several studies have examined the ability of targeted manipulation of QS to

affect both gut microbiome structure and outcomes of V. cholerae colonization and

infection. Experiments conducted by Thompson et al. show that by modifying the Lsr Al-

2 transport pathway, transgenic E. coli could alter intestinal AI-2 levels in antibiotic-

24



treated mice, leading to an AI-2 dependent difference in relative abundance between two

major bacterial phyla of gut commensals, the Bacteroidetes and Firmicutes (Thompson et

al., 2015;Thompson et al., 2016). Duan et al. employed E. coli Nissle 1917 as a carrier to

express CAI-1 via expression of cgs4 (Duan and March, 2010). They found that

pretreating suckling mice with CAl-1-producing E. coli for 8 hours could increase mouse

survival by over 90% upon infection with V. cholerae, and that co-ingestion of CAI-1-

producing E. coli and V. cholerae resulted in a 25% increase in survival rate post-

infection.

QS-mediated interference in V. cholerae pathogenesis is not restricted to artificial

manipulation. Studies have shown that the common human gut commensal Blautia

obeum (previously classified as Ruminococcus obeum) encodes a functional AI-2

synthase /uxS that drives reduced tcpA expression in V. cholerae and mediates

microbiome-mediated resistance to infection (Hsiao et al., 2014). In germfree mice

inoculated with both B. obeum and V. cholerae, expression of /uxS in B. obeum increased

and V. cholerae colonization was ablated. Targeted removal of B. obeum from defined

microbial communities established in germfree animals dramatically reduced the ability

of these microbial assemblages to resist invasion by V. cholerae, and transgenic
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expression of the B. obeum luxS in Al-2-E. coli was sufficient to restrict V. cholerae

colonization in gnotobiotic mice. This signaling was independent of the canonical LuxP

AI-2 sensor system; deletion of /uxP did not rescue the ability of V. cholerae to colonize

when B. obeum was present in the gut. However, expression of vgmA4 was increased

during infection in response to B. obeum, and V. cholerae lacking vgmA showed

improved colonization in the presence of B. obeum compared to wild-type pathogen.

Interestingly, hapR expression did not seem to respond strongly to increased vgmA. Taken

together with findings of DPO interaction, these data suggest that this multi-functional

Al-sensor/regulator may respond to several QS signaling pathways with different

regulatory targets. The dispensability of LuxP to signaling with B. obeum Al-2 also

suggests that there may be substantial un-characterized diversity in the structure and

function of these inter-species autoinducers.

These recent advances in studying cross-species QS signaling in the gut, and the

ability of these pathways to interfere with key V. cholerae infectious processes such as

TCP biogenesis and biofilm production suggest that further characterization of QS in the

microbiome may yield novel clinical therapeutic and prophylactic targets for cholera

management.
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Microbiome-driven modification of the gut chemical environment controls V.

cholerae gene expression

In addition to QS systems, the action of commensal microbes can affect the levels and

function of several other components used by V. cholerae to appropriately time virulence

gene activity in the gut. One of these major virulence-regulatory components is bile, a

digestive secretion that aids in emulsification and solubilization of dietary lipids. Bile is a

complex mixture of compounds comprising bile acids, cholesterol, phospholipids, and

immunoglobulins (Hofmann, 1999). The synthesis of the predominant bile component,

bile acids, occurs in the liver from cholesterol, often in amino-acid conjugated forms

containing taurine and glycine. Bile is stored in the gall bladder and secreted into the

small intestine in response to food intake. The local pH of the intestine means that bile

acids are often found as primary bile salts, and can be further modified by the action of

gut bacteria into secondary forms (Ridlon et al., 2006;Jones et al., 2008;Song et al.,

2019). Up to 95% of secreted bile acids are reabsorbed within the distal ileum and passed

via portal circulation back to the liver to be re-conjugated to amino acids and re-secreted

(Dawson and Karpen, 2015;Di Ciaula et al., 2017).
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The detergent nature of bile salts and the activities of the various other bile

components can have potent bacteriostatic activity, affecting membrane stability and

cellular homeostasis; pathogenic and commensal gut microbes have evolved mechanisms

to survive and exploit this gut-specific component (Begley et al., 2005). V. cholerae bile

resistance is mediated by the action of efflux pumps and outer membrane porins in bile

salt accessibility to the cell (Provenzano and Klose, 2000;Simonet et al., 2003;Bina et al.,

2008;Cerda-Maira et al., 2008). Since bile secretion and re-absorption predominantly

occurs in the small intestine, the favored site of V. cholerae colonization, this pathogen

has evolved mechanisms to take advantage of this intestinal-specific signal in order to

time expression of virulence genes (Figure 1-3) (Cho et al., 2021). A set of primary bile

salts (e.g., taurocholate, glychocholate) has been shown to activate expression of

virulence genes by affecting the structure and function of several key transcriptional

regulators of virulence. Taurocholate has been shown to increase TcpP activity by

promoting the formation of intermolecular disulfide bond formation and dimerization

under microaerophilic/reducing conditions (Yang et al., 2013), and bile salt-induced

TepP-TepP interactions are further enhanced by the presence of calcium (Hay et al.,

2017). Bile salts have also been shown to modulate ToxR activity by preventing
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proteolysis of ToxR and promoting formation of ToxRS complexes (Lembke et al.,
2018;Lembke et al., 2020). Taurocholate has also been shown to promote detachment
from biofilm structures, enabling V. cholerae to colonize mucosal surfaces after passage
through the gastric acid barrier (Hay and Zhu, 2015). The heterogenous nature of bile
means that other bile components have been shown to drive variable effects on V.
cholerae virulence. For example, unsaturated fatty acids in bile and crude bile can inhibit
the transcriptional activity of ToxT (Lowden et al., 2010), and a mixture of bile salts can
also reduce the ability of VgmA to mediate QS-dependent repression regulation of

biofilm and virulence (Mashruwala and Bassler, 2020).
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Figure 1-3. Gut microbe bile salt hydrolase changes gut bile composition influences
gene expression in V. cholerae.

The gut microbiome is able to dramatically shape the composition of the bile salts within
the preferred site of V. cholerae colonization, the distal small intestine. Bile components
can be bacteriostatic but also act as a key signal for microbes in the small intestine, and
numerous microbes adapted to this environment have enzymatic pathways that alter the
structure and activity of bile salts. In V. cholerae, primary bile salts promote strong
virulence gene activation through interaction with the TcpPH and ToxRS upstream
regulatory complexes, and also promotes detachment from biofilms to allow for spread to
host tissues. Commensal activity processes primary bile salts to secondary forms, leading
to decreased virulence gene activation in vivo and inhibition of type VI secretion activity
(T6SS).

One key mechanism for commensal gut microbes to control the bacteriostatic

activity of bile is the expression of bile salt hydrolase (bsh) enzymes, which mediate the

hydrolysis of amino-acid conjugated bile salts and reduces the detergent-like effects of

bile and increase bile salt resistance (De Smet et al., 1995;Grill et al., 2000;Chand et al.,

2017). The importance of microbial activity in modulating bile composition in the gut can

30



be seen in germfree mice, where essentially all bile acids in the small intestine are amino

acid conjugated, in contrast to conventionally-reared animals (Sayin et al., 2013).

Bioinformatics analyses show that BSH is broadly distributed among members of the

human gut microbiota, and can be classed into several broad phylotypes that differ in

substrate specificity and activity (Song et al., 2019). Thus, the presence and expression of

different microbial enzymes can have dramatic effects on the bile acid pool of the

intestines, with consequent differential effects on V. cholerae gene regulation and

responses in these different microbiome contexts.

Recent work by Alavi et al. has demonstrated that the bsh activity of the V.

cholerae-restricting commensal microbe B. obeum is able to contribute to V. cholerae

infection outcomes (Alavi et al., 2020). This work demonstrated that B. obeum encodes a

bsh with high activity against the key virulence-activating factor taurocholate. The

presence and activity of bsh was shown to be higher in healthy human gut microbiomes

in vitro, and the fecal metagenomes of healthy Bangladeshi adults were also characterized

by higher levels of bsh compared to V. cholerae-susceptible dysbiotic microbiomes. They

demonstrated that this enzymatic activity was able to ablate the induction of tcp4

expression in response to intestinal tissues through depletion of taurocholate levels, and
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that in vivo, the presence of B. obeum bsh activity was associated with lower fcpA

expression and V. cholerae colonization. These effects were independent of Al-2, as this

commensal-encoded enzyme was able to ablate tcpA4 activation by intestinal tissues even

when these tissues were boiled to remove AI-2. Expression of B. obeum bsh by a natively

bsh™ luxS E. coli was also able to significantly reduce V. cholerae colonization in

suckling mice. These data suggest that differential capacity for bile metabolism by

commensal microbes is a key driver of individual- and microbiome-specific differences

in V. cholerae infection outcome and may serve as a recurrent window of vulnerability to

infection by V. cholerae.

A combination of microbiota-driven effects on chemical signals in the gut may

also be important for the regulation of T6SS-mediated pathogen-commensal competition.

Several studies have demonstrated a link between QS and regulation of T6SS; HapR

directly regulates T6SS genes (Zheng et al., 2010) and indirectly through the action of

QstR (Watve et al., 2015), and QS sRNAs can repress T6SS-related gene expression

(Shao and Bassler, 2014). T6SS regulation is also affected by several processes that

intersect with the functions of the microbiota. Bile acids are also able to regulate T6SS

gene expression, with deoxycholic acid, a secondary bile acid generated via microbial 7-

32



a-dehydroxylation of cholic acid, shown to inhibit assembly of the T6SS apparatus

(Bachmann et al., 2015). Components of mucus, the protective glycoprotein coat at the

intestinal mucosa, are able to de-repress T6SS gene expression (Bachmann et al., 2015).

Since numerous commensal microbes have been shown to metabolize mucus in the gut

environment, and the role of microbes in bile metabolism has been intensively

investigated, complex microbiota-driven mechanisms may thus serve as triggers for the

control of inter-microbial killing mechanisms during infection.
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Abstract

The commensal microbes of the gut microbiota make important contributions to host

defense against gastrointestinal pathogens, including Vibrio cholerae, the etiologic agent

of cholera. As inter-individual microbiota variation drives individual differences in
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infection susceptibility, we examined both host and V. cholerae gene expression during

infection of suckling mice transplanted with different model human commensal

communities, including an infection-susceptible configuration representing communities

damaged by recurrent diarrhea and malnutrition in cholera endemic areas, and a

representative infection-resistant microbiota characteristic of healthy individuals. In

comparison to colonization of animals with resistant microbiota, animals bearing

susceptible microbiota challenged with V. cholerae downregulate genes associated with

generation of reactive oxygen/nitrogen stress, while V. cholerae in these animals

upregulates biofilm-associated genes. We show that V. cholerae in susceptible microbe

infection contexts are more resistant to oxidative stress and inhibitory bile metabolites

generated by the action of commensal microbes, and that both phenotypes are dependent

on biofilm-associated genes, including vpsL. We also show that susceptible and infection-

resistant microbes drive different bile acid compositions in vivo by the action of bile salt

hydrolase enzymes. Taken together, these findings provide a better understanding of how

the microbiota uses multiple mechanisms to modulate the infection-associated host

environment encountered by V. cholerae, leading to commensal-dependent differences in

infection susceptibility.
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Introduction

In the transition from the aquatic reservoir into the human gastrointestinal tract, Vibrio

cholerae encounters multiple host defense mechanisms, including low pH, oxidative

stress, and bile acids (Louis and O'Byrne, 2010). Growing evidence indicates that the

resident community of gut microbes, the gut microbiota, is also an essential factor

affecting host susceptibility to V. cholerae infection, using multiple mechanisms to

modulate pathogen fitness and gene expression during infection (Hsiao et al., 2014;Alavi

et al., 2020;Cho et al., 2021). The gut microbiota is highly complex and varies

dramatically between individuals, leading to individual-specific effects on V. cholerae

susceptibility driven partially by community-specific effects on V. cholerae behavior

during infection (Hsiao et al., 2014;Alavi et al., 2020). In cholera-endemic areas,

environmental insults such as malnutrition and diarrhea of multiple etiologies drive some
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individuals’ gut communities to recurring damaged or dysbiotic states that are unable to

resist the colonization of V. cholerae (Hsiao et al., 2014;David et al., 2015;Alavi et al.,

2020). Commensal microbes are able to modulate V. cholerae fitness and behavior during

infection through numerous mechanisms including quorum sensing regulation of

virulence genes (Hsiao et al., 2014) and direct competition via type VI secretion system

(T6SS) (Zhao et al., 2018). In addition to direct competition and modulating V. cholerae

transcription during infection, the gut microbiota is also able to broadly modulate gut

environmental conditions, such as through manipulation of oxidative conditions as well

as host metabolites such as bile. Both of these factors are active during V. cholerae

infection; transcriptomic studies of cholera patients reveal an increase in expression of

host enzymes responsible for oxidative stress (Ellis et al., 2015;Bourque et al., 2018), and

microbiota-dependent modulation of bile acid levels has been shown to affect V. cholerae

virulence gene expression (Alavi et al., 2020).

A key adaptation of V. cholerae to environmental stresses is the ability to form

biofilms, which in addition to protecting against acid, predation in the aquatic reservoir,

and bacteriostatic molecules in the host gut such as bile, also modulates V. cholerae

infectivity and epidemic spread (Zhu and Mekalanos, 2003;Matz et al., 2005;Hung et al.,
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2006;Hay and Zhu, 2015). Here, we show using model human microbiota compositions

that commensals are able to differentially affect V. cholerae fitness by modulating the

expression of biofilm-associated genes in V. cholerae. This process intersects with

microbiota-specific manipulation of gut redox conditions and bile acid composition that

both inhibit V. cholerae fitness in a biofilm-dependent fashion. Our findings suggest that

the composition and biochemical functions of the gut microbiota are able to use

reinforcing mechanisms, leading to commensal-dependent infection-permissive and

restrictive conditions in the mammalian gastrointestinal tract.

Methods

Bacterial strains and culture condition

All V. cholerae strains were derived from the C6706 O1 El Tor pandemic strain and

grown in LB liquid media with appropriate antibiotics at 37°C with agitation. All

anaerobic strains were grown in LYHBHI liquid media (BHI supplemented to 5g/L yeast

extract, Smg/L hemin, Img/mL cellobiose, Img/mL maltose, and 0.5mg/mL cysteine-

HCI) at 37°C in a Coy chamber under anaerobic conditions (5% Hz, 20% CO., balance

38



N>) (Alavi et al., 2020). All anaerobic strains used in animal experiments were grown for
48 hours, then 1:100 subcultured into fresh media and grown an additional 48 hours prior
to gavage. vpsL mutants were constructed using natural transformation based on the
published method (Dalia et al., 2014). Approximately 3 kb vpsL upstream (forward
primer: 5° - GTTAAGAGCACCGATTGCAC - 3°, reverse primer: 5’ -
GTCGACGGATCCCCGGAATCTTCATCACTAGACGCTCCTAAC - 3’) and
downstream (forward primer: 5’ -
GAAGCAGCTCCAGCCTACAGCGTATTAAGACAGGGCACTTG - 3, reverse
primer: 5° - GCATTTTTTACCGTCAGGGTC - 3”) sequence was amplified and added to
ends of a trimethoprim resistance (Tm®) cassettes amplified from SAD530 using primers
ABDI123 (5’ - ATTCCGGGGATCCGTCGAC - 3’) and ABD124 (5’ -
TGTAGGCTGGAGCTGCTTC - 3’) by overlapping PCR using Phusion High-Fidelity
PCR Master Mix (ThermoFisher scientific). First round of PCR consisted of equimolar
vpsL upstream fragment, vpsL downstream fragment, and Tm® cassette amplicons with
cycle condition of 98°C for 30 seconds, followed by 15 cycles (94°C for 10 seconds,
50°C for 30 seconds, 72°C for 4 minutes), and 72°C for 10 minutes. vpsL upstream

forward primer and downstream reverse primer were added to the PCR reaction and then

39



continued using cycle conditions as described above. The final PCR product was added to

0.45ml of instant ocean sea salts solution (7mg/ml) with chitin-induced V. cholerae and

incubated for 16-24 hours at 30°C stationary, allowing natural competence. 0.5ml LB was

then added, and the mixture was incubated for 2-3 hours at 30°C with agitation. The final

mixture was then plated on LB agar plate with 10pg/ml trimethoprim for overnight

incubation at 30°C to select for transformants. The final picked mutants were checked by

Sanger sequencing.

Animal experiments

Specific pathogen free (SPF) CD-1 suckling animals were purchased from Charles River

Laboratories. Upon receipt, suckling mice were fasted, and an equivalent of about Img/g

body weight streptomycin was gavaged with 30-gauge plastic tubing. Pups were then

placed with a lactating dam for one day before being inoculated with communities and V.

cholerae. Human gut bacterial strains were prepared by taking a total 300pl of ODgoo =

0.4 equivalent culture per animal divided evenly across constituent commensal strains.

Appropriate amounts of anaerobic strain culture were pooled and pelleted by

centrifugation, and resuspended in 25ul of fresh LYHBHI per animal. Mice then received
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25ul of the community mixture and 25ul of V. cholerae (1x10*-1x10° CFU) in PBS
(Alavi et al., 2020). 4-day old suckling CD-1 mice were fasted for 1.5 hours prior to all
gavages. 18 hours after infection, pups were sacrificed, intestinal tissue was homogenized
in 5ml of PBS and V. cholerae plated on streptomycin LB-agar plate for enumeration and
fitness assays. For RNA assays, 1ml of intestinal homogenate from each infected pup was

centrifuged at 14000 rpm, the supernatant was removed, and the pellet resuspended in

500ul of TRIzol (Ambion) at -80°C.

Quantitative PCR analysis of model microbiome

DNA was extracted from intestinal homogenate and used as template for model strain
detection by quantitative PCR. 500ul of intestinal homogenate was mixed with 210ul of
20% SDS, 500 nL phenol:chloroform:isoamyl-alcohol (24:24:1, Fisher Scientific) and
500pl of 0.1mm Zirconia beads (BioSpec). The mixture was then lysed with bead beater
at 2,400 RPM for 3 minutes. The qPCR assay to detect model strain were performed
using a universal 16S rRNA gene primer set to detect total bacterial load (forward primer:
5= GTGSTGCAYGGYTGTCGTCA — 3°, reverse primer: 5’ —

ACGTCRTCCMCACCTTCCTC - 3’) (Horz et al., 2005). Each reaction was done in
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triplicates with 12.5ul of iQ SYBR Green Supermix (BIO-RAD2), 1ul of 10uM forward

and reverse primers, 5.5ul nuclease free water and Sul of extracted DNA (200 ng/ul).

RNA extraction, RNA-Seq library prep, and sequencing

Total RNA was extracted using TRIzol according to manufacturer instructions. DNA was

degraded using Baseline-ZERO DNase (Lucigen), and the samples were then treated with

TRIzol again for purification. Sequencing library were prepared using the Ovation Mouse

RNA-Seq system with addition of V. cholerae enrichment primers (NuGEN). Final

libraries were checked using an Agilent Bioanalyzer, and a 75 bp single read sequencing

was performed on Illumina NextSeq500.

RNA-Seq analysis

All RNA-Seq sequenced libraries were trimmed using Trimmomatic v0.39 (Bolger et al.,

2014) and reads were aligned to mouse and V. cholerae genomes, using HISAT2 version

2.1.0 (Kim et al., 2015) with reference genomes GCF_000001635.26 GRCm38.p6 and

GCF_000006745.1 _ASM674v1. HTSeq (Anders et al., 2015) was used to calculate raw

counts. After rRNA and tRNA were removed, differential expression analysis was
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conducted using edgeR (Robinson et al., 2009;McCarthy et al., 2012). Statistical analysis

and visualization of V. cholerae pathway profiles were performed using package

clusterProfiler (Yu et al., 2012;Wu et al., 2021) in R with the selected database KEGG,

and genes with FDR<0.05 and FC>1 or FC<-1 used for further analyses.

Measurement of H20: levels in colonized intestines

Intestinal homogenates H>O; levels were measured using the Amplex UltraRed reagent

kit (Invitrogen). 50ul of intestinal homogenate is collected and mixed with 50ul of

working solution (SmM Amplex UltraRed reagent, 10U horseradish peroxidase, HRP,

0.05M sodium phosphate, pH 7.4) immediately after homogenization. The mixture was

incubated at room temperature for 30 minutes and measure absorbance (560nm). The

H>0; level was then determined based on H>O» standard curve.

V. cholerae ex vivo oxidative stress resistance assays

50ul of intestinal tissue homogenates collected from V. cholerae-infected suckling mice

colonized with different commensal groups were incubated with ImM of hydrogen

peroxide for 1 hour at room temperature. After incubation, 10ul of untreated and treated
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homogenates were collected, serially diluted, and plated on selective agar to determine

survival rates.

Intestinal homogenates ex vivo treatment with pure culture

Intestinal homogenates are prepared as described in previously published method (Alavi

et al., 2020). Briefly, intestines were collected from 6-day old CD-1 suckling mice fasted

for 18 hours and homogenized in 2.5ml sterile water, homogenates were centrifuged and

then collect aqueous supernatants. The supernatant was treated at 100°C for 30 minutes

and filter sterilized with 0.22pM filter. The sample was then dried with Savant Integrated

Speedvac System (Fisher Scientific) and resuspended in 0.5ml sterile water. 2ml of

acetonitrile (Sigma Aldrich) was added to the sample and incubated at room temperature

for 20 minutes to deprotienize after vortexing (Humbert et al., 2012). The aqueous layer

was then filter sterilized, dried, and resuspended in 0.5ml sterile water. 1.5ml of ODgoo =

0.4 pure culture was pelleted and resuspended in purified homogenates then incubated

anaerobically for 24 hours at 37°C. The culture was heat-treated at 100°C for 30 minutes

then centrifuged. The aqueous layer was then filter sterilized with 0.22uM filter after

cooled to room temperature and sent for mass spectrometry analysis.
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Quantitative PCR analysis of VPS gene expression

Overnight culture of V. cholerae was 1:100 inoculated into fresh LB liquid media

containing 100ug/ml streptomycin and grown to ODgoo = 0.3. 50uM of H»O, or equal

volume of PBS was added to the culture and incubated for 2 hours at 37°C with shaking.

The cultures were collected and RNA was extracted using TRIzol according to

manufacturer instructions. 2pug of total RNA was then used for reverse transcription PCR

using SuperScript™ IV One-Step RT-PCR System (Invitrogen). gPCR assays were
g dSup p p y g q y

preformed using gene specific primer sets targeting vpsR (forward primer: 5’ —

TGGCACACTGCTGCTAAA - 3°, reverse primer: 5° — ACATCGACTGCACGAACC -

3°), vpsT (forward primer: 5’ - ACCCTGATCAAAGGCATGAG - 3, reverse primer: 5’ —

GTGAGGTCACGACTGAGTTAC - 3°), and vpsL (forward primer: 5’ -

CAGTATGCGAGTGATGGATAATGG - 3’, reverse primer: 5° —

TCGTGGATCGCCTTTGGT - 3°), with recA (forward primer: 5’ —

ATTGAAGGCGAAATGGGCGATAG - 3°, reverse primer: 5’ —

TACACATACAGTTGGATTGCTTGAGG - 3°) as reference gene. Each reaction was

done in triplicate with 12.5ul of iQ SYBR Green Supermix (BIO-RAD2), 1ul of 10uM
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forward and reverse primers each, 8.5ul nuclease free water and 2ul of 2 fold diluted RT-

PCR reaction product.

Measurement of bile acid processing by B. obeurn BSH

Overnight cultures of E. coli bsh® and E. coli vector with pZE21 (Alavi et al., 2020) were

1:100 inoculated into fresh LB liquid media containing 50ug/ml kanamycin and

incubated for 24 hours at 37°C with shaking. The cultures were normalized to 1.5ml of

ODeoo = 0.4 culture, pelleted and washed with 1.5ml of PBS. The pellet was resuspended

in 1.5ml of PBS containing 2mM of TDCA and transferred to glass tubes then incubated

at 37°C stationary for 24 hours. After the incubation, supernatants were collected by

centrifuge and filter-sterilized with 0.22puM filters. Collected supernatants were send for

mass spectrometry analysis and test for V. cholerae growth inhibition.

V. cholerae growth curve measurements

Supernatants collected as previously described were 1:1 mixed with 1:1000 diluted log

phase V. cholerae culture in a 96 well plate. ODgoo was then taken every 30 minutes for
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20 hours with BioTek Synergy HTX multi-mode reader under 37°C with orbital shaking

at 180 cpm (6mm) using Gen5 2.09.

Bile acid extraction and preparation from in vitro enzymatic assays

Bile acids were extracted from in vifro enzymatic assays for LC-MS measurements. An

aliquot of 200ul of the assay was acidified to a final concentration of 2% acetic acid. A

liquid-liquid extraction was performed with 300ul of ethyl acetate. The supernatant was

collected (200ul) and dried down under a stream of nitrogen. Tube content after drying

was resuspended in 1ml methanol and diluted 20X for LC-MS analysis.

Liquid chromatography mass spectrometry measurement of bile salts

Standards for TDCA and DCA (1uM) were used to determine retention times and

fragmentation patterns for each compound. Chromatographic separations were conducted

in a Waters I-class UPLC system using an Acquity UPLC BEH C18 column (2.1 x

100mm, 1.7uM; Waters). Water with 0.1% formic acid (A) and acetonitrile with 0.1%

formic acid (B) were used as mobile phases. Sample separation was conducted after 1ul

injections with the column kept at 40°C, with a flow rate of 0.4ml/min under the
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following gradient: 0 minutes, 10% B; 1 minutes, 10% B; 1.5 minutes, 25% B; 8 minutes,

45% B, 10 minutes, 90% B; 16 minutes, 90% B, 17 minutes, 45% B, 19 minutes, 25% B;

21 minutes, 10% B; 26 minutes, 10% B. Mass spectrometry measurements were

conducted in a Synapt G2-Si quadrupole time-of-flight mass spectrometer (Waters). The

instrument was operated in negative ion mode under MS/MS conditions with a source

capillary voltage of 2.5 kV, source temperature of 150°C, desolvation temperature of

600°C and desolvation gas at 600L/hr. Leucine enkephalin was used as lock spray

standard for mass correction. The following mass transitions (m/z) produced by the

indicated collision energies (trap and transfer) were used for signal identification TDCA

and DCA (TDCA, 79.95 and 124.00 (CE 40 V); DCA, 343.26 and 391.28 (CE 25 V).

The Quanlynx software (Waters) was used for peak integration and peak area calculation

and processing. A quality control sample was produced by pooling equal amounts of

samples and used to monitor system stability and reproducibility.

Bile acid growth inhibition of biofilm-associated V. cholerae

Overnight V. cholerae cultures were 1:100 inoculated into fresh LB liquid media with

100pg/ml streptomycin and 2ml of dilution aliquoted into 100 x 15mm sterilized
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polystyrene petri dishes with 10mg glass beads (50-100um Polysciences), followed by

incubation for 24 hours at room temperature with slow shaking (10rpm) (Zhu and

Mekalanos, 2003). Planktonic cells were collected by pipetting media, followed by

pelleting via centrifugation and resuspension in LB media containing ImM of different

bile acids (diluted from 100x stock solution in dimethyl sulfoxide, DMSO). Beads were

rinsed with 1x PBS to remove residual planktonic cells, and the biofilm-associated

bacteria on the beads were then treated with Sml LB liquid media containing 1mM of

different bile acids. For both treatments, an identical volume of DMSO as bile acid stock

was added to LB liquid media as control. Both planktonic cells and biofilm on the beads

were treated for 4 hours, and surviving bacteria were then enumerated by serial dilution

and plating.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (Graphpad Software, Inc.).

Student’s unpaired ¢-test was used to analyze in vitro and ex vivo CFU and ratio group

difference. Mann-Whitney U-test was used to analyze in vivo CFU level differences
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between groups. Comparisons where P<(0.05 were considered statistically significant.

Results are representative of independent repeated experiments.

Results

Bacterial community dependent ¥, cholerae colonization

Previous studies have shown that specific human gut microbiota compositions can affect

V. cholerae colonization using the antibiotic-cleared infant CD-1 suckling mice model,

with dysbiotic gut microbiota being more susceptible to infection compared to

prototypical microbial communities characteristic of healthy individuals (Alavi et al.,

2020). As the gut microbiota is highly diverse from individual to individual, we used

simplified model groups of microbes representative of “healthy” and “unhealthy” or

dysbiotic states to examine the effects of microbiota structure on V. cholerae behavior

during infection. The simplified infection resistant model community (SR) consists of the

species representing the major taxa found in either the healthy individuals in Bangladesh

(Hsiao et al., 2014), Blautia obeum (previously classified as Ruminococcus obeum),

Bacteroides vulgatus, and Clostridium scindens. The low-diversity dysbiotic state
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induced by recurrent diarrhea or malnutrition was represented by Streptococcus
salivarius subsp. salivarius (SS). 4-day old suckling mice were first treated with
streptomycin to remove the host microbiome then co-infected with V. cholerae and the
community strains after 24 hours. The intestine was collected 18 hours post-infection and
homogenized for CFU enumeration of V. cholerae, with aliquots of homogenates also
stored for host and bacterial RNA-Seq analysis. In accordance with previous findings
using healthy and dysbiotic human gut microbiota (Alavi et al., 2020), we repeatedly
observed that V. cholerae was able to colonize SS-containing animals at around 10’ CFU;
when co-infected with SR, V. cholerae colonization was around ~4 fold lower (Figure
2.1-1A). We also verified the colonization of model microbes by measuring total bacterial
load using qPCR assay with universal 16S primers after antibiotic treatment and after
gavage; total bacterial 16S copy number was significantly higher after bacterial gavage
compared to antibiotic treated mice (Figure 2.1-1B). These findings replicate previous
studies that these model microbes are capable of colonizing mice intestine (Alavi et al.,

2020).
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Figure 2.1-1. V. cholerae colonization and fitness varies with model commensal
microbiota.

A. V. cholerae colonization of antibiotic-cleared 5-day old suckling CD-1 mice after co-
gavage with model microbial mixtures. B. Bacterial 16S copy number in intestinal

homogenates (n=3-4, *: P value<0.05, **: P value<0.01, ns: not significant).

RNA-Seq analysis reveals microbiota-dependent expression of biofilm-associated
genes

Alavi et al. determined that one contributor of microbiota-dependent variation in
infection resistance was a variable level of commensal-encoded bile salt hydrolase (BSH)

that de-conjugates the attached amino acid of the bile acid taurocholic acid (TCA),
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leading to differences in induction of virulence gene expression; B. obeum (an SR

organism) was a key BSH producer, while S. salivarius lacked BSH activity (Alavi et al.,

2020). To examine other potential contributors to SR/SS infection differences, we

examined V. cholerae and host gene expression during infection of suckling mice. We

extracted RNA from intestinal homogenates of animals colonized with both communities

and infected with V. cholerae and used RNA-Seq to examine community-dependent V.

cholerae gene expression patterns. Using pathway analysis with the Kyoto Encyclopedia

of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000;Kanehisa, 2019;Kanehisa et

al., 2021), we found that V. cholerae co-infected with SS significantly upregulated

biofilm formation and phosphotransferase system pathways relative to infection of SR

mice; in SR mice 16 pathways were increased in expression relative to SS, predominantly

metabolic pathways including carbon metabolism, amino acid metabolism and oxidative

phosphorylation (Figure 2.1-2A). Biofilm is a population of microbes aggregated and

attached to a surface in a matrix of extracellular polysaccharide (EPS), nucleic acid, and

proteins. The production and manipulation of Vibrio extracellular polysaccharide (VPS)

is driven by gene products encoded by two gene clusters vps-I (vpsU, vpsA-K) and vps-11

(vpsL-Q) (Yildiz and Schoolnik, 1999;Fong et al., 2010). We observed that expression of

53



most VPS genes is upregulated 2-4 fold during infection of SS colonized animals

compared to SR colonized animals. Among VPS genes, vpsL displayed the strongest

difference in expression between microbiota groups, with 4.5 fold higher in expression in

SS vs SR. VpsL is known to be essential for forming a stable biofilm structure (Fong et

al., 2010). Other than the exopolysaccharide matrix production genes, another vps-

coregulated protein, Bap1 (biofilm associated protein), also displayed a 2-fold increase in

expression in infection of SS animals (Figure 2B). Bapl1 is an extracellular matrix protein

that modulates biofilm structure and pellicle formation and mediates cell-to-surface

adhesion (Fong and Yildiz, 2008;Yan et al., 2016). Biofilms protect microbes, including

V. cholerae, from environmental stress including extreme environments and host defense

mechanism (Roilides et al., 2015;Yin et al., 2019), and increases infectivity (Zhu and

Mekalanos, 2003;Tamayo et al., 2010). Our findings suggest that infection of SS-like

permissive, dysbiotic microbiota could induce V. cholerae to form a more robust biofilm

structure either directly or indirectly, leading to stronger defenses against environmental

stress.
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Figure 2.1-2. Differentially gene regulation in V. cholerae on co-infection with
different model communities.

A. Number of genes involved in indicated KEGG gene pathways relatively significantly
upregulated in V. cholerae co-infected with SS vs SR (upper panel) and SR vs SS (bottom
panel). B. Relative abundance (%) of genes involved in Vibrio polysaccharides formation
and attachment from V. cholerae co-infected with SR or SS. Starred genes (*) are

significantly differentially expressed across microbiota groups (*: P<0.005).

Host iNOS and DUOX response towards microbiome structure

Given that the SS triggered the expression of the genes associated with biofilm formation
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in V. cholerae, and the critical role of biofilms in defense against environmental stresses,

we next examined whether the host environment during infection was modulated by the

microbiota through transcriptomic measures of host responses to V. cholerae infection in

the presence of SR and SS model microbes. We found that mice co-infected with SR and

V. cholerae exhibited a significantly higher expression of NOS1, NOS2, and DUOX2 in

the total intestine (Figure 2.1-3A-C). NOS2, and DUOX2 are known to involve in the

production of compounds such as nitric oxide (NO) and extracellular hydrogen peroxide

(H202), respectively (Geiszt et al., 2003;El Hassani et al., 2005). In response to numerous

gastrointestinal infections, host enzymes are able to generate increased local reactive

nitrogen stress (RNS) and reactive oxygen stress (ROS), which collectively form a key

mechanism to inhibit pathogens (Paiva and Bozza, 2014). Nitric oxide synthases (NOS)

catalyze the production of nitric oxide (NO), which includes three different isoforms,

NOS1-3. The NO synthesized by NOS1, and NOS3 mainly acts as a neurotransmitter in

the brain and peripheral nervous system and maintains a healthy cardiovascular system

(Forstermann and Munzel, 2006;Knott and Bossy-Wetzel, 2009). NOS2 is involved in

immune response and NO synthesis. ROS synthesis involves the expression of dual

oxidase (DUOX) that catalyzes hydrogen peroxide production (Sommer and Backhed,

56



2015). Prior studies have demonstrated an increase in both ROS and RNS during V.

cholerae infection; Ellis et al. showed that cholera patients show higher nitric oxide

synthase 2 (NOS2) protein abundant during acute-phase (Ellis et al., 2015), while an

examination of cholera patients' mucosal gene expression by Bourque et al. demonstrated

that dual oxidase 2 (DUOX2) and NOS? are higher in expression during the acute phase

(Bourque et al., 2018).

The resulting increase in NO and H>O> production leads to high local oxidative

stress, which forms a key element of the initial host response towards pathogen infection

(Kim and Lee, 2014;Krol and Kepinska, 2021). These anti-microbial effects are mediated

by several pathways, including conversion of NO to peroxynitrite (OONQO"), and form

OH- and nitrogen dioxide (-NO) (Nathan and Ding, 2010) to cause oxidative damage on

phagocytosed pathogens, and pathogen in phagosome, and H2O: or through catalytic

reaction to form hydroxyl radicals (OH-) leads to pathogen DNA breakage, base

oxidation and deamination, and lipid peroxidation, (Paiva and Bozza, 2014). This

increase in ROS production has been observed in cholera patients, as measured by NO

metabolite levels in serum and urine (Janoff et al., 1997). Cholera patients’ duodenum

samples at acute-phase showed more abundant NOS2 and DUOX?2 transcript levels
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compared to convalescent-phase (Ellis et al., 2015;Bourque et al., 2018). Other than

higher ROS/RNS enzyme expression, host catalase (CAT) gene expression is also

induced by infection in the presence of SS (Figure 2.1-3D). Since catalase is an

antioxidant enzyme that promotes the conversion and detoxification of ROS and H>O: to

prevent oxidative damage to host cells, this further supports an increase in ROS stress

during infection of individuals with SR-like microbiota compared to individuals with SS-

like commensal microbe. We then measured H20: production in the homogenates from

each model microbiome and found that colonization with the SR community induced

significantly higher production of H2O: (Figure 2.1-3E). Given that a significant

difference in overall H2O> was observed from total organ samples, local differences in

levels of H2O; at epithelial micro-environments as a function of microbiome and

infection may be even higher (Bhattacharyya et al., 2014;Ellis et al., 2015;Taylor and

Colgan, 2017;Burgueno et al., 2019;Imlay, 2019).
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Figure 2.1-3. Community dependent host oxidative stress responses during ¥
cholerae expression.

Host genes involved in the synthesis of reactive nitrogen species A. Nitric oxide
synthases 1 (NOS1), B. Nitric oxide synthase 2 (NOS2) and reactive oxygen species C.
Dual oxidase 2 (DUOX?2), D. Catalase (CAT), E. H2O> level measured from collected

intestinal homogenates. (n=4, *: P<0.01)
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Differential regulation of biofilm formation leads to oxidative stress resistance

Previous studies have shown that biofilm formation enhances V. cholerae resistance

towards oxidative stresses driven by early infection (Wang et al., 2018), and our data

suggest that SS can induce higher biofilm formation gene expression in V. cholerae. To

test whether microbiome-dependent differences in biofilm-associated gene expression

lead to increase oxidative stress resistance, we used an ex vivo ROS survival assay. We

co-infected suckling animals with wild-type and biofilm defective vpsL mutants (Figure

2.1-4A) and our two model commensal collections. The mutant showed no significant

differences in colonization between the two model microbiota (Figure 2.1-4B). We then

isolated V. cholerae and associated extracellular structures by homogenizing infected

small and large intestinal tissues and then treated V. cholerae-containing homogenates

with H2O». Survival rates of V. cholerae were then determined by plating. We found that

wild-type V. cholerae exhibited >90% H20- survival after infection of SS-co-colonized

small intestine, while V. cholerae that colonized SR-bearing animals exhibited only ~55%

survival. When the vpsL mutant was co-gavaged with the model microbes, this SS-

dependent advantage was ablated (Figure 2.1-4C), suggesting biofilm formation was
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necessary for this difference in oxidative stress resistance. We observed the same pattern

from the large intestine where wile type V. cholerae from SS animals exhibited higher

levels of ex vivo ROS resistance compared to V. cholerae from SR animals, and vpsL

mutants in either microbiota context (Figure 2.1-4D), though the rate of survival in both

colonization contacts were significantly reduced compared to small intestine, which may

indicate that the regulatory effects of commensal microbes are concentrated at the

preferred site of colonization of V. cholerae, the distal small intestine. To determine

whether biofilm biogenesis was induced by hydrogen peroxide, we treated V. cholerae

culture with H>O» in vitro and examined vpsR, vpsT, and vpsL expression. Quantitative

RT-PCR analysis showed no significant differences in expression level between H202

treated and untreated culture (Figure 2.1-4E), suggesting that other mechanisms,

potentially microbial in nature, are responsible for observed in vivo microbiome-specific

differences in V. cholerae biofilm production. Taken together, these findings suggest that

1) microbiota-associated biofilm expression leads to different levels of biofilm-dependent

ROS resistance in V. cholerae, and ii) that this effect is much more substantial in the

preferred site of colonization in the distal small intestine. In combination with higher

levels of oxidative stress during infection of SR-like communities, this suggests that
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modulation of biofilm or biofilm formation potentially contributes to the higher V.

cholerae colonization level observed during infection of SS-bearing individuals.
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Figure 2.1-4. Presence of different commensal microbes during infection drives

different biofilm-dependent V. cholerae oxidative stress resistance.

A. Confirmation of disruption of biofilm formation by vpsL gene deletion. B. vpsL

mutant V. cholerae colonization co-gavaged with indicated model microbiota. Survival of

V. cholerae strains in C. small intestine and D. large intestine of antibiotic-cleared

suckling mice co-colonized with indicated commensal communities after hydrogen

peroxide treatment. E. qPCR quantification of VPS gene expression in vitro after
hydrogen peroxide treatment (n=3, ¢ test, *: P<0.05; **: P<0.01; ***: P<0.001; ****;
P<0.0001; ns: not significant)
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Microbiota structure and bile salt hydrolase activity modulates bile acid

composition and affects V. cholerae growth

Since different bile acids have been associated with inhibition of V. cholerae growth in

vitro and regulation of biofilm production (Hay and Zhu, 2015), we examined how host

bile might affect microbiota- and biofilm-dependent V. cholerae fitness during infection.

Bile is a complex mixture secreted by the gallbladder into the proximal intestine in order

to aid with the emulsification and absorption of dietary fats. A dominant component of

bile are bile acids and their salt forms, the primary forms of which are synthesized in the

liver from cholesterol, often in amino-acid conjugated forms. The cycle of bile secretion

and subsequent re-absorption in the small intestine and the detergent effects of bile means

that commensals and pathogens that target this body site have evolved methods to

detoxify bile components and also use them as signaling cues to time body site-specific

gene expression programs. One key element of microbial bile response is the expression

of bile salt hydrolase (BSH) enzymes, which catalyze the deconjugation of amino acids

from primary bile, leading to a reduction in detergent activity and subsequent toxicity

(Chand et al., 2017). Subsequent microbial action can also dehydroxylate the sterol

backbone of bile acids, leading to a variety of different forms of bile acids that circulate
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within the intestine of animals housing resident microbes (De Smet et al., 1995).

Taurocholic acid (TCA), an abundant amino-acid conjugated bile species in mouse and

human gut, is able to strongly activate the V. cholerae virulence regulatory cascade by

promoting the formation of disulfide bonds in the upstream regulator TcpP (Fu et al.,

2013). In contrast, the de-conjugated form, cholic acid (CA), and the deconjugated and

dehydroxylated form deoxycholic acid (DCA), cannot strongly induce virulence.

Previous study has shown that SR microbes and SS can help drive differential

colonization resistance by modulating the level of TCA conjugation and virulence gene

expression (Alavi et al., 2020), however the interaction of V. cholerae with other TCA-

derived bile acid metabolites has not been well described. This is especially important as

DCA generated by BSH-dependent deconjugation of TCA is re-absorbed and

reconjugated to taurine by the host, being secreted as taurodeoxycholic acid (TDCA)

(Figure 2.1-5A). We therefore used mass spectrometry to analyze the bile salt

composition in the intestinal homogenates, before and after incubation with B. obeum and

S. salivarius. We found that TDCA signal in both control and SS are significantly higher

than when incubating with B. obeum (Figure 2.1-5B). DCA levels in B. obeum treated

intestinal homogenates were several logs higher compared to Streptococcus-treated and
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control homogenates (Figure 2.1-5C). The accumulation of DCA suggests that B. obeum

is able to de-conjugate TDCA to DCA in addition to de-conjugating TCA to CA. To

examine whether the B. obeum BSH enzyme is able to catalyze this reaction, we

examined TDCA and DCA levels in intestinal homogenates incubated with E. coli

expressing B. obeum BSH (bsh®) compared to isogenic vector strains lacking any

endogenous BSH activity. We observed the same low TDCA and high DCA signal pattern

compared to vector control (Figure 2.1-5).
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Figure 2.1-5. Bile salt hydrolase-dependent TDCA and DCA levels in infant mouse
intestines.

A. Model of microbial modification of bile salt in the gut. B. Tauro-deoxycholate
(TDCA) and C. deoxycholate (DCA) levels in intestinal homogenates after incubation

with indicated strains. (n=4, ¢ test, *: P<0.05; ****: P<(0.0001; ns: not significant)
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To confirm the conversion from TDCA to DCA via B. obeum BSH, pure solutions

of TDCA was added to bsh¢ cell pellets in PBS and incubated for 24 hours. The

supernatant was collected, filter sterilized, and used for mass spectrometry analysis.

Consistent with our previous findings, the level of TDCA remaining was significantly

higher in the vector control compared with bsh¢, while DCA levels were ~600 fold higher

in bsh® compared to vector control (Figure 2.1-6A-B). Previous studies have shown that

DCA is inhibitory to V. cholerae growth (Hung et al., 2006). To confirm this, TDCA

treated with bsh® or vector control was added to fresh ¥ cholerae culture and ODsoo was

taken every 30 minutes for 20 hours. We observed that V. cholerae growth was inhibited

by bsh® processed supernatant compared to vector strain (Figure 2.1-6C). Importantly, the

presence of B. obeum bsh activity is able to provide inhibitory activity in the presence of

Streptococcus, supporting the idea that the presence of infection-resistant microbes are

able to restore colonization resistance to otherwise susceptible microbiota configurations

(Alavi et al., 2020). Taken together, these results indicate that B. obeum is capable of

converting TDCA to DCA via BSH expression, leading to V. cholerae growth inhibition

during colonization.
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Figure 2.1-6. Blautia obeum bile salt hydrolase processes TDCA to DCA leading to
inhibition of V. cholerae growth.

A. TDCA and B. DCA levels after 24hr incubation of 2mM TDCA with E. coli vector and
bsh¢ strains as measured by mass spectrometry. C. Effect on V. cholerae growth in vitro of
addition of filtered supernatants from TDCA incubation with the indicated strains. (n=4, ¢
test, ***: P<0.001; ****: P<0.0001)
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Biofilm dependent bile acid resistance

Previous studies have indicated that crude bile is able to induce biofilm formation, and

that biofilm-associated cells are more resistant to bile toxicity (Hung et al., 2006). To test

whether biofilm will contribute to V. cholerae resistance against different microbially-

modified bile acids, we first generated biofilm V. cholerae populations in media with

beads as a surface for microbial attachment and subsequent biofilm development. We

then exposed planktonic and biofilm-formed populations with products of microbial TCA

metabolism: TCA, DCA, and TDCA. We found that TCA and TDCA do not significantly

affect V. cholerae planktonic cell fitness in comparison with no bile acid (Figure 2.1-7A),

but that after 4 hours of treatment with ImM of DCA, planktonic V. cholerae exhibited

significantly lower survival. In contrast, biofilm-associated V. cholerae were insensitive

to all bile treatments (Figure 2.1-7B). These repeatable data suggest the formation of

biofilm provides V. cholerae resistance towards certain bile acids present in the intestinal

tract.
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Figure 2.1-7. Biofilm provides V. cholerae resistance against secondary bile acid
deoxycholate.

Survival of A. planktonic and B. biofilm associated V. cholerae after 4 hours of
incubation with 1mM of different bile acids including conjugated bile acids taurocholate
(TCA) and tauro-deoxycholate (TDCA), and the deconjugated secondary bile acid
deoxycholate (DCA). (n=4, T-test, **: P<0.01, ***: P<0.001; ns: not significant)

Discussion

Increasing evidence demonstrates the composition of the gut microbiota influences host

defenses against pathogens (Ribet and Cossart, 2015;Cho et al., 2021). This study

demonstrates that commensal-dependent manipulation of both V. cholerae and host
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behavior during infection leads to differential outcomes in V. cholerae fitness. V. cholerae

in the context of infection susceptible communities expresses more biofilm-associated

genes, which protects the pathogen against the inhibitory activity of host oxidative

mechanisms and inhibitory bile metabolites. The commensal community present during

infection in turn affects both mechanisms; SR-colonized mice during infection express

significantly higher levels of ROS/RNS production enzymes and display elevated

hydrogen peroxide production compared to SS-colonized animals, and we show that one

bile acid processing enzyme within the key SR community member B. obeum can

accumulate deoxycholate, which is inhibitory to planktonic, but not biofilm-associated, V.

cholerae. These results demonstrate the multi-factorial nature of commensal-associated

colonization resistance; prior studies show that the dysbiotic, high Streptoccocus

microbiota is more susceptible to V. cholerae infection due to the inability to ablate bile-

dependent virulence gene activation compared to microbiota containing B. obeum (Alavi

et al., 2020).

The exact mechanism by which commensal microbes cause differential regulation

of V. cholerae is not well understood. V. cholerae biofilm production in vitro is modulated

by several pathways, including quorum sensing and bile response (Hung et al., 2006;Hay
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and Zhu, 2015). Quorum sensing (QS) plays a key role in the regulation of multiple

infection-associated pathways in V. cholerae including biofilm production. The sensing of

autoinducers leads to a series of dephosphorylation events leading to the repression of the

expression of the small RNA regulators Qrr 1-4 (quorum regulatory RNAs) (Lenz et al.,

2004). The absence of Qrr sSRNAs allows for the expression of the master QS regulator

hapR, which leads to the repression of the virulence genes and biofilm formation (Miller

et al., 2002;Zhu et al., 2002;Hammer and Bassler, 2003;Shao and Bassler, 2014). HapR

represses biofilm formation by binding to the regulatory regions of positive regulator

vpsT and polysaccharide biosynthesis glycosyltransferase vpsL, also the first gene of vps-

II cluster in V. cholerae (Waters et al., 2008). Interestingly, production of the inter-species

capable autoinducer AI-2 by B. obeum has been associated with downregulation of V.

cholerae virulence and biofilm formation through HapR by transcription regulator VqmA

(Liu et al., 2006;Hsiao et al., 2014;Papenfort et al., 2015). While bi-association of B.

obeum and V. cholerae in adult germfree mice revealed no specific transcriptional

signatures for biofilm gene regulation in fecal samples, our results suggest significant

differences in biofilm regulation in small intestine vs large intestine (Figure 4C-D);

compartment-specific microbiota effects on transcription may thus be masked in fecal
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transcriptomic data. Treatment with hydrogen peroxide in vitro also caused no significant

increases in VPS gene expression, further suggesting that the regulation of biofilm is a

host environment specific phenotype (Figure 4E). In vitro studies have also examined the

role of bile salts/acids in biofilm regulation. Hung et al. showed that deoxycholate is able

to significantly induce V. cholerae biofilm formation in culture (Hung et al., 2006). The

presence of bile also has been shown to alter VqmA activity and effect on V. cholerae

virulence regulation (Mashruwala and Bassler, 2020). While this suggests that the SR

community, with the ability to accumulate DCA via the activity of B. obeum BSH, should

promote biofilm formation, the intersection of other signaling and regulatory pathways

such as quorum sensing (Mashruwala and Bassler, 2020), and host oxidative stresses,

which lead to increased biofilm formation (Wang et al., 2018), may combine to yield gut

compartment- and microbiota-specific effects on V. cholerae biofilm regulation.

The role of microbial enzymes in manipulating the host bile acid pool is complex.

TCA, CA, TDCA, and DCA are all metabolic products driven by microbial action; in

germfree animals, the bile acid pool is almost exclusively amino acid conjugated primary

bile molecules such as TCA (Sayin et al., 2013). Microbial BSH activity deconjugates

primary molecules such as TCA, generating CA. Further microbial enzymatic action
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leads to dehydroxylation of CA to DCA (Molinaro et al., 2018), which can then be

reabsorbed by the host, re-conjugated to amino acids, and re-secreted as TDCA (Figure

5A). Thus, multiple commensal pathways can contribute to highly community- and

individual-specific bile acid pools. Microbial communities may interact to drive bile acid

compositions in vivo; both Bacteroides and C. scindens within the SR community have

been shown to exhibit both BSH and dehydroxylation activity (Kawamoto et al.,

1989;Kang et al., 2008). Further complexity is added by the substrate specificity of

microbial BSH, which has been grouped into eight phylotypes based on amino acid

sequence similarity and substrate specificity (Song et al., 2019). Previous work by Alavi

et al. showed that B. obeum BSH activity leads to restriction of V. cholerae infection by

processing TCA, which is a potent activator of key V. cholerae virulence genes. In this

study, we show that B. obeum is also able to process TDCA to DCA; accumulation of

DCA leads to inhibition of planktonic, but not biofilm-associated V. cholerae. The

reduction of V. cholerae vps gene expression in SR communities thus reinforces the

colonization resistant nature of host intestines bearing SR microbes.

This suggests that infection resistant commensal communities, including B.

obeum, can control V. cholerae fitness during infection by multiple, reinforcing
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mechanisms. Production of quorum sensing autoinducers and depletion of conjugated

bile acids serving as virulence regulators interrupt the finely calibrate sequence of

virulence gene expression regulatory events during early infection, coincident with an

increased host oxidative ROS/RNS response compared to the high Streptococcus

dysbiotic and permissive microbiota. While the precise mechanism leading to lower vps

gene expression in colonization-resistant communities requires additional work to

elucidate, the reduced biofilm formation leads to increased susceptibility to the

heightened oxidative stress encountered by V. cholerae during infection in these

microbiota contexts. Furthermore, B. obeum bile salt hydrolase activity not only depletes

virulence-gene activating signals such as TCA, but leads to the accumulation of DCA, the

growth-inhibitory effects of which are accentuated by reduced V. cholerae biofilm

production.
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Chapter 2.2 Quorum Sensing Regulates Vibrio cholerae Fitness Through VqmA

Introduction

During infection V. cholerae encounters environmental factors that alter the regulation of

virulence gene expression and pathogen fitness. These environmental factors include pH,

oxidative states, and molecules. Evidence has shown that gut microbes alter bile

composition and effect V. cholerae virulence gene expression (Alavi et al., 2020). Further

the presence of different microbes also effects host iNOS and catalase expression

changing gut environmental oxidative stress (Cho et al., 2022). And expression of B.

obeum luxS gene is capable of lowering V. cholerae colonization in mice model (Hsiao et

al., 2014). In particular, modulation of V. cholerae quorum sensing (QS) by the gut

microbiota may have some of the most important effects on V. cholerae virulence.

V. cholerae QS involves several sensing pathways for signaling molecules that are

ultimately involved in regulating various key gene expression regulons including

motility, susceptibility to antibiotics, biofilm formation, and virulence factor production

(Rutherford and Bassler, 2012;Pereira et al., 2013). In V. cholerae, there are multiple

receptors that senses Al signals and regulates downstream virulence expression including
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CAI-1/CgsS signaling pathway (Miller et al., 2002), AI-2/LuxPQ signaling pathway

(Neiditch et al., 2005), and a more recently discovered DPO/VgmA signaling pathway

(Liu et al., 2006;Papenfort et al., 2015;Wu et al., 2019a) (Figure 2.2-1).

Here, I examine the DPO/VgmA signaling pathway regarding the potential

regulation by interacting with B. obeum Al-2 signaling molecule. I measured AI-2

activity from different LuxS enzyme source, examined V. cholerae gene expression

pattern in presence off different AI-2 signal source, and measured V. cholerae

colonization level with the presence of LuxS expression strain. Result showed that

expressing LuxS enzyme from multiple bacteria is capable of producing active Al-2

signal, V. cholerae gene expression pattern is different when sensing Al-2 signal from

different bacteria, and VqmA could regulate V. cholerae colonization dependent on the

AI-2 sorce.
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Figure 2.2-1. Model of QS regulating V. Cholerae virulence by different Al signals.
V. cholerae virulence is regulated by QS at different cell densities and environmental
signals. At LCD when AI-2 is not bound, LuxQ act as a kinase and auto-phosphorylate
the cytoplasmic domains, similar to CqsS by passing phosphoryl group, leads to the
phosphorylation of LuxU then LuxO and activates the expression virulence and biofilm
formation. When at HCD, the binding of AI-2 facilitates a conformational change
breaking the symmetry of LuxPQ heterotetramer prevented the phosphorylation cascade
and inactivates the expression of virulence and biofilm formation. The biding of DPO to
VgmA also activates the expression of ~apR and vgmR, leads to the inhibition of

virulence expression and biofilm formation.
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Methods

Bacterial strains and culture condition

All V. cholerae strains were derivatives from C6706 O1 El Tor strain and grown in Luria-

Bertani (LB) medium under 37°C, shaking at 250 rpm overnight for subsequent use. All

anaerobic strains were grown in LY HBHI medium (BHI supplemented to 5g/L yeast

extract, Smg/L hemin, Img/mL cellobiose, Img/mL maltose and 0.5mg/mL cysteine-

HCI) in a Coy chamber at 37°C (5% Ha, 20% CO., balance N3) then 1:100 subcultured

into fresh media and grown an additional 48 hours prior to gavage. All E. coli strains

were grown in LB medium shaking with 250 rpm under 37°C overnight, then subcultures

into fresh media and grown for overnight prior to gavage.

V. cholerae strain construct

VgmA and PAS domain deleted constitutive expression plasmid was constructed using

Gibson assembly master mix (New England BioLabs Inc.). pZE21 vector was linearized

PCR using Phusion master mix (ThermoFisher scientific) (forward primer: 5’ -

TGATATCGAATTCCTGCAGC - 3°, reverse primer: 5’ -

TATCGATACCGTCGACCTCG - 3°). Gene fragment of vgmA (forward primer: 5’ -
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CGAGGTCGACGGTATCGATAATGCCTAACCATCTGACATTAG - 3°, reverse

primer: 5’ - GCTGCAGGAATTCGATATCATTACTGGGCGACAACGTCAAC - 3’) and

vgmA PAS domain deleted (forward primer: 5’ -

CGAGGTCGACGGTATCGATAATGATTCTTGAAGTTGGTCATTG - 3°, reverse

primer: 5* - GCTGCAGGAATTCGATATCATTACTGGGCGACAACGTCAAC - 3°)

was amplified using Phusion master mix. Linearized vector backbone and gene fragment

were assembled according to manufacturer’s protocol. Assembled product was digested

with Dpnl to remove vector template then electroporated into an electrocompetent V.

cholerae and incubated in LB media at 37°C with 250 rpm for 30 minutes and plated on

LB agar plates containing 50pg/ml kanamycin. Single colonies are pick and sanger

sequenced to confirm the construct. VqmA mutant V. cholerae was constructed by SacB

selection. pPWMBO91 vector was linearized using Xhol digestion, vgmA4 upstream (forward

primer: 5° - GTACCGGGCCCCCCCTGCATAAAGGGGGGATTTC - 3°, reverse primer:

5’ - GACGTTGTTGCGCCATATCCTCCACTGGAAATG - 3’) and downstream

(forward primer: 5’ - GATATGGCGCAACAACGTCAAGCTGATTG - 3’, reverse

primer: 5° - TCGATACCGTCGACCATTTCATGTCGCGCCCGA - 3’) fragments are

amplified using Phusion mater mix. Three fragments where assembled using Gibson
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master mix according to manufacturer’s protocol and electroporated into an

electrocompetent SM10Apir E. coli. The plasmid sequence was checked via sanger

sequencing, conjugated into V. cholerae, and selected on LB agar plates containing

100ug/ml ampicillin and streptomycin then incubate overnight. Single colonies were re-

streak onto LB agar plates containing 100ug/ml ampicillin and streptomycin again for

colony purification. The purified single colonies were then picked and streaked on a non-

selective LB agar plate allowing out-growth for recombination. Mutants were then

selected on sucrose plates (5% tryptone, 2.5% yeast, 7.5% agar, and 6% sucrose) by

streaking multiple colonies and incubate at room temperature for 2 days. Single colonies

were then checked for mutation by PCR.

AlI-2 expression strain construct

The luxS gene from commensal bacteria were codon-optimized for E. coli, placed

downstream of the Priet-0-1 constitutive promoter sequence derived from the plasmid

vector pZE21, and the resulting construct cloned into vector pMK using the GeneArt

Subcloning & Express Cloning Service (ThermoFisher).
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AlI-2 signal production

AI-2 expression E. coli strains were grown overnight in LB media with 50pg/ml

kanamycin at 37°C, shaking with 250 rpm. Cultures were then 1:100 subcultured into

fresh LB media. Supernatants were then collected at different ODeoo and filtered with

0.22uM filter.

Bioluminescence assay of AI-2 signal

Supernatant from different LuxS expressing strains were tested by BB170 (V. harveyi Al-

2 reporter). BB170 was grown at 30°C shaking in Luria-marine (LM) medium overnight

(Bassler et al., 1994). BB170 overnight culture was then 1:1000 diluted into Al bioassay

(AB) medium (Greenberg et al., 1979). 90ul of diluted culture was aliquoted into 96-well

plates and mixed with 10ul of cell-free supernatant in triplicate. The plates were

incubated at 30°C, shaking at 175 rpm for 2 hours, luminescence and ODsoo were

measured every 30 minutes.

Infant mouse experiment

4-day old sucking CD-1 mice (Charles River Laboratories) were fasted for 1.5 hours,
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then gavaged with ~Img/g body weight streptomycin using 30-gauge plastic tubing. The

animals were placed with the dam for 1 day. Mice then receive model community strains

balanced based on ODsoo with V. cholerae in a 50uL gavage after 24 hours. At 18 hours

post-infection, animals were sacrificed and their intestines were homogenized in PBS

buffer for CFU measure on LB agar plates containing 200pg/mL streptomycin (Alavi et

al., 2020).

Preparation of bacteria inoculum into mice

Each model community bacterium was cultured from glycerol stocks in LY HBHI media

for 48 hours at 37°C and then diluted (1:100) in fresh LYHBHI media. After growth for

an additional 48 hours, cultures were balanced based on ODsoo. For inoculation into

suckling mice, the equivalent total of 300ul of ODgoo ~ 0.4 culture divided evenly across

community strains was pooled, pelleted by centrifugation, and re-suspended in fresh

LYHBHI. Each mouse received this mass of bacterial cells in a maximum gavage volume

of 50ul. In mice containing multiple defined communities, normalized mixtures were

prepared so that 300ul of ODesoo = 0.4 equivalent of each community was represented in

the final gavage. In mice receiving V. cholerae, the total resuspension volume of
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commensal strains was 25pl, with the remaining 25l containing about 1x10° CFU V.
cholerae in LYHBHI. In mice receiving AlI-2 signals, the communities and V. cholerae
were re-suspended in degassed cell-free supernatant collected from E. coli strains

harboring different /uxS gene.

RNA extraction, RNA-seq library preparation and sequencing

V. cholerae strains are subcultured 1:100 from overnight culture into fresh LB media and
grown in 37°C at 250 rpm and cell free supernatant was 1:10 added. 1ml of bacteria
culture are spin down and collected at ODgoo ~ 0.4. Total RNA was then extracted using
TRIzol reagent according to manufacturer instructions. Extracted total RNA was treated
with Baseline-ZERO DNase (Lucigen) to degrade remaining DNA, and then treated with
TRIzol again for DNase removal. RNA library were generated using the Ovation Mouse
RNA-Seq system with addition of V. cholerae enrichment primers (NuGEN). Final
libraries were checked using an Agilent Bioanalyzer, and a 75 bp single read sequencing

was performed on [llumina NextSeq500.
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RNA-seq analysis

All RNA-seq sequencing results are mapped and analyzed with Rockhopper (McClure et

al., 2013;Tjaden, 2015;2020). Differential gene expression analysis was done using

DEseq (Anders and Huber, 2010) and edgeR (Robinson et al., 2009;McCarthy et al.,

2012).

Al-2 identification by mass spectrometry

Cell-free supernatants collected from LuxS expression strains at ODgoo ~ 0.23 where

purified with Bligh and Dyer lipid extraction method (Bligh and Dyer, 1959). The

supernatant was mixed with chloroform and methanol (chloroform: methanol: sample,

1:2:0.8, v/v) and the polar layer was taken to dry down and re-suspend in water. Re-

suspended samples were then analyzed with mass spectrometry and fractionated with ion

exchange chromatography. The collected fractions were the tested with BB170 to look for

AI-2 rich fractions.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (Graphpad Software, Inc.).
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Mann-Whitney U-test was used to analyze in vivo CFU level differences between groups.

Comparisons where P<0.05 were considered statistically significant.

Results

Active AI-2 signals from different LuxS enzymes

Al-2s are synthesized by LuxS from 4,5-dihydroxy-2,3-pentanedione (DPD). LuxS

homologues are found in more than 500 bacterial species, in both Gram-positive and

Gram-negative bacteria (Pereira et al., 2013). There are different forms of active Al-2, in

Vibrio, AI-2 molecule contains boron (Chen et al., 2002); in E. coli and Salmonella spp.,

Al-2 is a non-borated cyclized DPD derivative (Miller et al., 2004). To test whether if

different autoinducers produced by gut commensal microbes will have different effects

on V. cholerae colonization, we cloned /uxS genes from a phylogenetically diverse

selection of gut commensals and expressed them in A/uxS E. coli. The sequences of these

luxS homologs were codon optimized for E. coli and constitutively expressed under the

pLtet-O1 promoter. With AI-2 being a secreted signaling molecule, supernatant was

collected from E. coli expressing these /uxS- and filtered. Filtered cell-free supernatants
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were then detected via the BB170 (AI-1 sensor -, AI-2 sensor +) bioassay (Bassler et al.,
1994). I was able to observe strong induction of bioluminescence from all of the LuxS
expressing strain compare to negative control. These result indicated difference source of

the LuxS enzyme are capable of producing detectable AI-2 signal (Figure2.2-2).
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Figure 2.2-2. AI-2 signal detection from LuxS expression E. coli strain.

Al-2 signals from different LuxS enzymes cloned from members of human gut
microbiome tested with BB170 bioassay. Al-2 signals are produced by LuxS from
different strain and reported as luminescence normalized by ODsoo of the reporter strain.

AlI-2 signal dependent V. cholerae colonization in vivo
There are multiple factors that can regulate V. cholerae virulence and its ability to
colonize the host. Hsiao et al. has found co-culturing V. cholerae with E. coli expressing

B. obeum luxS has a reduced expression of fcp. V. cholerae has a lower colonization level
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when co-colonized with B. obeum luxS expression strain comparing to a vector control in

gnotobiotic mice (Hsiao et al., 2014). This suggested that the restriction of V. cholerae

colonization from microbiome could also be due to AI-2 signal composition. We then

focused on AI-2 signals from Streptococcus infantarius, strain from the susceptible model

community, and Blautia obeum (previously classified as Ruminococcus obeum), strain

from resistance model community that has been shown to reduce V. cholerae colonization

in previous studies (Hsiao et al., 2014;Alavi et al., 2020) (Table 2.2-1).

Table 2.2-1. List of bacterial strains in the model community. Bold highlighted strains

are the constructed /uxS gene sequence source from the community.

Resistant

Susceptible

Dorea longicatena
Bacteroides Caccae
Bacteroides vulgatus
Dorea formicigenerans
Collinsella aerofaciens
Ruminococcus torques
Eubacterium rectale
Faecalibacterium prausnitzii
Bacteroides thetaiotaomicron
Blautia obeum
Clostridium scindens
Bactreroides uniformis

Bifidobacterium longum

Escherichia coli
Streptococcus infantarius
Enterococcus faecalis
Streptococcus salivarius subsp. salivarius

Streptococcus salivarius subsp. thermophilus
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To test the effect of different AI-2 signal on V. cholerae colonization, we co-

infected V. cholerae with different model community in an antibiotic cleared infant mice

model. Consistent with previous findings, V. cholerae was able to colonize better with a

model community that represents the disrupted microbiome (Susceptible) compared to a

model community that represents a ‘healthy’ microbiome (Resistant) (Alavi et al., 2020).

Interestingly, when introducing AI-2 signals of bacteria from the two model communities,

we found that V. cholerae colonization level has no significant difference between

susceptible community with or without the addition of Streptococcus Al-2, but when B.

obeum Al-2 signal was added to the susceptible community, V. cholerae colonization

level was significantly lower than only with susceptible community (Figure2.2-3). This

suggests that LuxS enzyme from different microbes are capable of producing different

Al-2 signal that could affect V. cholerae colonization.
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Figure 2.2-3. AI-2 produced by B. obeum is capable of restoring resistance against V.
cholerae colonization in an infant mice model.
V. cholerae colonization of 5-day old infant CD-1 mice after co-gavage with model

microbial mixtures. (n=3-4, *: P value<0.05, **: P value<0.01, ns: not significant).

AI-2 signal lead to differential V. cholerae gene expression pattern through VqmA

Given that B. obeum Al-2 signal is able to resist V. cholerae colonization, we next want to

determine the mechanism. Previously Hsiao et al. observed that V. cholerae VqmA

transcript abundance was significantly higher in B. obeum co-colonization compare to

mono-colonized mice (Hsiao et al., 2014). VgmA has been proven to be able to regulate
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the expression of VgmR and HapR (Liu et al., 2006;Papenfort et al., 2015). To further

exam the interaction between B. obeum Al-2, Streptococcus Al-2, and VqmA, we

overexpressed full length VgmA as well as PAS domain deleted VqmA in V. cholerae,

cultured with cell free supernatant and collect RNA at mid-log phase. RNA-seq analysis

of the expression pattern show V. cholerae may respond to B. obeum Al-2 molecules via

the PAS domain and is different from Streptococcus Al-2 (Figure 2.2-4). This response is

dominating V. cholerae response to Streptococcus Al-2. This suggests a potentially novel

role of this protein in sensing several forms of autoinducers related to V. cholerae gene

expression.
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Figure 2.2-4. Gene expression pattern Venn diagram of V. cholerae overexpression
full length or PAS truncated VqmA under different AI-2 signal.

A. Total comparison of V. cholerae gene expression pattern under different conditions.
The numbers suggest genes being differentially regulated with the presence of AI-2 signal
comparing to negative control. B. Breakdown of group comparison. Blue: number of
upregulated genes; Red: number of down regulated genes. BO: B. obeum, STR:

Streptococcus.
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VqmA PAS domain dependent V. cholerae colonization

With VgqmA-DPO-DNA complex crystal structure solved demonstrating the PAS domain

ligand binding interaction with DPO (Wu et al., 2019a) and the suggestion from previous

data, we want to look at the direct effect of B. obeum Al-2 on V. cholerae colonization

through interaction with VqmA PAS domain in vivo. Wild type and PAS domain

truncated V. cholerae were co-infected with E. coli expressing B. obeum luxsS,

Streptococcus luxS, and luxS negative control respectively. Result show that with the

presence of B. obeum Al-2, V. cholerae colonization was restricted comparing with no

signal present; where with Streptococcus Al-2, there was no significant difference in V.

cholerae colonization level. When PAS domain is removed, this AI-2 dependent

colonization difference phenotype no longer existed (Figure 2.2-5).
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Figure 2.2-5. VqmA PAS domain dependent V. cholerae colonization difference in
response to AI-2 signal.

A. Wild type V. cholerae with full length VgmA colonization level co-infected with JuxS
expression strain in infant mice intestine. B. PAS domain truncated V. cholerae
colonization level co-infected with /uxS expression strain in infant mice intestine. (n=5, *:

P value<0.05, ns: not significant)

AI-2 signaling molecule analysis with mass spectrometry

Currently, the known AI-2 signaling molecule was identified and purified through the

binding with its receptor (Chen et al., 2002;Miller et al., 2004) and culture based

bioluminescence, high-performance liquid chromatography (HPLC), or mass

spectrometer as a sensor system (Bassler et al., 1994;Campagna et al., 2009;Thiel et al.,

2009;Song et al., 2014). We attempt to use mass spectrometry to identify possible

chemical structure of both B. obeum and Streptococcus Al-2 molecule by comparing the
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chemical component in cell-free supernatant when expressing respective /uxS gene while

using LuxS~ E. coli as background. We were only being able to find a peak that showed

up in both AI-2 expression strain that was unique to LuxS~ strain at 213.96 m/z while

there was a significant amount of background noise. The evidence suggests this molecule

could have a SO3 group, but we were unable to determine the structure and the fact that it

exists in both /uxS expression strains, it is unlikely to be the AI-2 molecule. We also try to

fractionate the supernatant in order to reduce background noise. The fractions collected

was then tested with BB170 assay to identify potential target fraction that contain AI-2

molecules. Unfortunately, none of the fraction showed induction of luminescence in

BB170 bioassay. This could be due to low abundance of the molecule or potentially

unstable structure of the molecule.

Discussion

Increasing evidence demonstrated the importance of gut microbiome composition

influencing host defense against pathogens in a wide variety of mechanism (Cho et al.,

2021). There are multiple factors that could affect V. cholerae fitness from gut
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microbiome either directly or indirectly. In this chapter, we show quorum sensing

dependent regulation of V. cholerae gene expression and colonization through

transcription factor VqmA. V. cholerae fitness to host infection is mediated by the

structure of gut microbiome. A more diverse community that represents a healthy human

microbiome is capable of restricting V. cholerae’s ability to colonize host compare to a

less diverse community that are similar to a dysbiotic microbiome (Alavi et al., 2020).

The introducing of exogenous signal produced from B. obeum Al-2 synthase, /uxS, to the

susceptible microbiome restores the restriction phenotype (Figure 2.2-3). The expression

of B. obeum [uxS gene has shown to induce the expression of V. cholerae transcription

factor, VqmA (Hsiao et al., 2014). By analyzing VgmA amino acid sequence, it was

previously identified as a LuxR family transcriptional regulator. LuxR type proteins were

first described as quorum sensing related pheromone receptor and transcription regulators

in V. fischeri in 1983 (Engebrecht et al., 1983). LuxR and its homolog has been found

involved in QS in multiple bacteria and leads to various downstream regulation. This type

of protein has a characteristic structure of DNA binding site at carboxyl terminus and a

Al binding site at amino terminus (Fuqua et al., 1996;Patankar and Gonzalez, 2009). As a

LuxR-type protein, VgmA contains a Per-Arnt-Sim (PAS) ligand binding domain, a
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common domain found in signaling protein involved in signal transduction, and a DNA-

binding domain (Papenfort et al., 2017;Wu et al., 2019a). The PAS domain is an

important sensor domain that can be involved in monitoring various environmental

factors including light, oxygen level, redox status, chemical ligand, as well as energy

level (Glagolev, 1980;Baryshev et al., 1981;Taylor, 1983). VgmA is able to bind to DPO

(3,5-dimethylpyrazin-2-ol) synthesized by Tdh (threonine dehydrogenase) from threonine

and alanine (Ma and Ma, 2019) and lead to increasing expression of small regulatory

RNA VgmR. Co-crystallization of VqmA-DPO-DAN indicated a VqgmA dimer bound to

two DPO molecules mainly through hydrophobic interactions. The hydroxyl of DPO was

fixed by Lys-101 and six-membered ring was sandwiched by Phe-99 and Phe-67 (Wu et

al., 2019a). Huang et al. showed that VgmA contain basal transcriptional activity without

binding to DPO, the interaction with DPO leads to VqmA conformational change and

increase in activity (Huang et al., 2020). Other than interacting with DPO, VqmA

regulation strength is also influenced by oxygen level, bile salts, and redox. The change

in theses environmental cues alters VqmA DNA binding activity through altering

disulfide bond formation and leads to the regulation of biofilm structural gene vpsL and

toxin coregulated pilus gene tcpA expression (Mashruwala and Bassler, 2020). Our data
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suggests that VqmA could also interacts with B. obeum Al-2 signal through PAS ligand

binding domain and alters in vivo colonization level in V. cholerae (Figure 2.2-4,5).

Based on the research done by Huang et al., 2'-hydroxyl or 2'-carbonyl group is necessary

for binding and promoting VqmA activity and the structure of DPO (Huang et al., 2020),

we could hypothesize that the structure of B. obeum Al-2 is more similar to the non-

borate version. Amino acid alignment also demonstrated B. obeum LuxS has a higher

similarity against E. coli LuxS and a conserved binding site. With these information, we

could adjust the experimental set up for mass spectrometry to try to identify B. obeum Al-

2 structure. The understanding of AI-2 signaling molecules interspecies communications

are very limited due to the difficulty of isolating AI-2 molecule, a receptor pair is

required in order to identify a AI-2 molecule structure by crystallography. By further

adjusting the conditions, the combination of both detection and fractionating supernatants

containing AI-2 molecules could potentially identify these molecules in a more efficient

manner.
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Chapter 3.1 Quorum sensing effect on microbiome composition

Introduction

Quorum sensing (QS) is a signal communication process in the bacterial community, and

this is currently a developing field in which we are slowly building up our understanding

of how the process works. QS controls multiple bacterial behaviors, including

bioluminescence, competence, biofilm formation, virulence expression, and more,

through sensing signaling molecules called autoinducers (Als) in the environment. Gram-

positive bacteria intra-species communication is via using autoinducer peptides (AIPs) as

signaling molecules, which can range from 5 to 17 amino acids and in the form of

circular or linear (Okada et al., 2005;Bouillaut et al., 2008; Thoendel et al.,

2011;Rutherford and Bassler, 2012). Unlike Gram-positive bacteria, Gram-negative

bacteria use acyl-homoserine lactones (AHLs) that have a N-acylated homoserine-lactone

ring structure and with the 4-18 carbon acyl chain modifications (von Bodman et al.,

2008;Galloway et al., 2011). This process also occurs between different species. LuxS,

the enzyme that catalyzes the production of autoinducer 2 (AI-2) signaling molecule, was

found present among Gram-positive bacteria and Gram-negative bacteria (Pereira et al.,
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2013). It has been shown that the expression of B. obeum [uxS gene alone is capable of

inhibiting V. cholerae colonization in the germ-free mouse model (Hsiao et al., 2014),

indicating direct inter-species communication.

The composition of the gut microbiome is associated with human diseases and the

host's ability to resist gut pathogen colonization (Hsiao et al., 2014;Jandhyala et al.,

2015). Experiments conducted by Thompson et al. have shown that by using E. coli to

alter signal levels, AI-2 can modulate the structure of gut microbiota, influencing

bacterial behaviors and restoring the balance between Bacteroidetes and Firmicutes

(Thompson et al., 2015;Thompson et al., 2016). Although with the increasing research on

the QS process, the understanding of these environmental signaling molecules' role in

mediating microbiome structure in a healthy configuration and providing protection

against pathogens is still limited.

Here, I infected germ-free mice with defined model community and human fecal

sample with the presence of LuxS expressing strain then analyzed microbiome structure

and gene expression pattern. The result indicated that exogenous AI-2 will shift the

microbiome structure and alters overall bacterial behavior.
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Method

Bacterial culture condition

All E. coli strains are inoculated in LB media and grown overnight under 37°C at 250

rpm for subsequent experiments. Anaerobic strains were grown at 37°C in a Coy chamber

under anaerobic conditions (5% Ha, 20% CO», balance N») in LYHBHI media (BHI

supplemented to 5g/L yeast extract, Smg/L hemin, 1mg/mL cellobiose, Img/mL maltose,

and 0.5mg/mL cysteine-HCI) (Alavi et al., 2020). All anaerobic strains were inoculated in

LYHBHI media and grown for 48 hours, then 1:100 subcultured into fresh media and

grown for another 48 hours before gavage.

Animal experiment

Germ-free C57BL/6J mice were bred and maintained in plastic gnotobiotic isolators at

the University of California, Riverside. 5-8 week old mice were fasted for 30 minutes and

gavaged with 100pul 1M NaHCOs3 20 min prior to introduction bacteria. An equal amount

of culture density between resistant, susceptible, and AI-2 producing E. coli strains were

normalized based on ODego, then pooled, pelleted by centrifuge, and resuspended in fresh

LYHBHI. Human fecal slurries were normalized so that each adult mouse received ~16pug
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of microbial genomic DNA and ~10° CFU AI-2 producing E. coli. Fecal pellets were
collected across the course of the experiment. Mice were sacrificed 4 or 14 days after the
introduction of bacteria, and three equal sections of the small intestine were collected.

Samples were homogenized in PBS for CFU counts on LB agar plates.

DNA extraction and 16S sequencing
For fecal samples, pellets were resuspended in 500ul PBS and used for DNA extraction.
For intestinal samples, the small intestine was separated into three sections according to
length and homogenized in 5ml PBS, 500ul of homogenates were used for DNA
extraction. ~500ul 0.1mm glass beads (BioSpec), 210ul SDS %20, and 500ul neutral
phenol:chloroform:isoamyl-alcohol (24:24:1, Fisher Scientific) were added to each
sample, and samples were then purified as described previously (Hsiao et al., 2014).
Bacterial 16S ribosomal RNA gene V4 variable region was amplified in 25ul of
PCR reaction using 1pl of extracted DNA as the template, 10ul Platinum Hot Start PCR
Master Mix (ThermoFisher), 13ul PCR-grade water, and 0.5ul of forward and reverse
primers (10 uM). PCR cycle conditions were 94°C for 3 min, followed by 30 cycles

(94°C for 45 sec, 50°C for 60 sec, 72°C for 90 sec), and 72°C for 10 min, then hold at
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4°C. An equal amount of each amplicon was pooled and purified using QIAquick PCR

purification columns (Qiagen) and then sequenced with the Illumina MiSeq platform.

Quantitative PCR to determine bacteria and AI-2 strain abundance

To determine the bacterial load, DNA extracted from the fecal pellet and distal intestine

was used as the template for the qPCR assay. Universal 16S primer set (Forward: 5°-

GTGSTGCAYGGYTGTCGTCA -3’, reverse: 5’- ACGTCRTCCMCACCTTCCTC -3”)

(Horz et al., 2005) was used to determine total bacterial load and AI-2 strain-specific

primers, E. coli luxS mutant (No signal) (Forward: 5°- CGCCTGTTAATCGCCAATTT -

3’, reverse: 5°- AAAAGAATGCCAGGTTGAACG -3°), B. obeum luxS expresser

(BO_LuxS) (Forward: 5’- GTATGACCAGCCCGAATGAA -3’, reverse: 5’°-

CGGACCAAATTCTGCATGATTAC -3°), and S. infantarius luxS expresser (STR_LuxS)

(Forward: 5°- CCATTGTGAAAGCACCGTATG -3’, reverse: 5°-

GCTGCACCAGACGAATATCA -3’) to determine each AI-2 producing strain.

Quantitative PCR reaction was performed in triplicates and consisted of 12.5 uL of iQ

SYBR Green Supermix (BIO-RAD2, Hercules, CA), 0.25 pL of forward and reverse

103



primers at 10 uM concentration, 10 uL nuclease-free water and 2 uL of DNA (250

ng/ul).

RNA extraction and RNA-seq library preparation

Total RNA was extracted from fecal pellets resuspended in nuclease-free water and 500ul

of homogenized distal small intestinal tissue using TRIzol according to manufacturer

instructions. DNA was removed by Baseline-ZERO DNase (Lucigen) digestion and

purified with TRIzol. Sequencing libraries were prepared using Stranded Total RNA Prep

with Ribo-Zero Plus (Illumina), analyzed using Agilent Bioanalyzer, and 75 bp single

read sequencing was performed on Illumina NextSeq500.

16S sequencing analysis

All 16S sequencing libraries were analyzed using QIIME 2 version 2022.2, where

sampling depth was set at 1000 (Bolyen et al., 2019). Visualization of PCoA plots was

performed using ggplot2 (Wickham, 2016).
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RNA-Seq analysis

Taxonomic profiling of the microbial community was analyzed with MetaPhlAn3

(Beghini et al., 2021), of which a species’ value depends on its overall genomic

abundance and the average transcriptional level of its unique marker genes. Functional

profiling of transcript was done using HUMAnN3 (Beghini et al., 2021), and the cpm of

the gene family and the pathway abundance was used for the following analysis.

Statistical analysis of gene differential expression was performed using MaAslin2

(Mallick et al., 2021), with the settings: model=NEGBIN, normalization=NONE, min-

prevalence=0.1, min-abundance=0.0001.

Results

AI-2 signal shifts microbiome structure

Gut microbes are capable of modifying AI-2 pools in the gut via synthesis and

scavenging which in turn can alter community composition (Sperandio et al.,

2003;Thompson et al., 2015). To determine the specific impacts of AI-2 produced by gut

Firmicutes associated with V. cholera resistance or susceptibility we used LuxS mutant E.
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coli as control (no signal) and expressed /uxS gene of S. infantarius (STR_LuxS) or B.
obeum (BO_LuxS) co-gavaged with both resistant and susceptible model community
(Table 3.1-1) into germ-free mice and collected fecal pellets along the course of the

experiment and sacrificed the animals at day 14.

Table 3.1-1. Model community strains used in the germ-free experiment.

Resistant Susceptible
Dorea longicatena Enterococcus faecalis
Bacteroides caccae Streptococcus salivarius
Bacteroides vulgatus Streptococcus infantarius
Dorea formicigenerans Streptococcus thermophilus

Collinsella aerofaciens
Blautia torques
Eubacterium rectale
Faecalibacterium prausnitzii_cc
Bacteroides thetaiotaomicron- VPI
Blautia obeum
Clostridium scindens

Bacteroides uniformis

We examined total bacterial abundance using qPCR targeting 16S DNA, there
was no difference in whole bacterial load in earlier time points and distal small intestine
at the time of collection, but after day 7 there was a significant difference between with
and without signal groups (Figure 3.1-1A-B). The AI-2 producer and non-producer E.

coli loads were significantly different in fecal pellets, not distal small intestine, but when
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counting CFUs, no signal strain was not detectable (Figure 3.1-1C-D, and G). When

looking at the relative abundance of the signal strains, the was no difference between the

AI-2 producing strains where non-producer was significantly lower than the other two

groups fecal samples, and showed no difference between the three groups in the distal

small intestine (Figure 3.1-1E-F).
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We then identified gut microbiome structure by 16S sequencing. Results show

that on day 3 there was no significant separation between with or without the addition of

AI-2 nor with the AI-2 source. The microbiome structure started to diverge with the

addition of AI-2 by day 7 post-gavage. Both fecal pellet and distal small intestine showed

strong differences at day 14, while some samples from community with BO_LuxS

overlapped with no signal group in the distal small intestine (Figure 3.1-2). While

pairwise unweighted UniFrac distances showed the same trend, on day 14, fecal pellet

showed significance between the two signals with STR_LuxS closer to no signal group

(Figure 3.1-3). These results suggest that the AI-2 signal can shape the microbiome

structure, but either the difference between B. obeum Al-2 and S. infantarius Al-2 is

insignificant or, due to the low abundance of the producer, is not capable of diverging

between the two after 14 days of colonization. Further analysis of microbiome

composition with analysis of the composition of microbiomes (ANCOM) indicated that

Faecalibacterium prausnitzii was statistically difference between the groups. F.

prausnitzii percentile abundances are lower in the two /uxS expression groups compared

to the no signal group. Based on the KEGG database, although F. prausnitzii contains
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LuxS enzyme, the two known AI-2 receptor was not found. F. prausnitzii abundance may

be affected by the AI-2 signal through a non-direct regulation due to the change in other

microbial behavior.
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Figure 3.1-2. The addition of AI-2 drives microbiome structure change.

Principal coordinates analysis (PCoA) of microbiome community diversity based on
unweighted UniFrac distance of A-C. fecal pellet sample collected days post-inoculation
of bacteria into germ-free mice as labeled, and D. distal small intestine. % variance
explained shown in each axis; Ellipses show 95% confidence intervals. (**: P<0.01; ***;
P<0.005; ****: P<0.0001; ns: not significant; No signal: /uxS mutant E. coli group;

BO_ LuxS: B. obeum luxS expressing E. coli group; S. infantarius luxS expressing E. coli
group)
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Figure 3.1-3. Pairwise unweighted UniFrac distances to no signal samples.

A. day 3, B. day 7, day 14 post-inoculation of bacteria into germ-free mice, and D. distal
small intestine. (Mann-Whitney U-test, **: P<0.01; ***: P<0.005; ****: P<0.0001; ns:
not significant; No signal: /uxS mutant E. coli group; BO LuxS: B. obeum luxS

expressing E. coli group; S. infantarius luxS expressing E. coli group)

Except for using a model community, we also inoculated from healthy human

donors’ communities using fecal pellet slurries and co-gavaged with AI-2 producing E.

coli strains. We included two donors that were shown to possess differences in the ability

to restrict V. cholerae colonization (Alavi et al., 2020). Human donor A was slightly
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different in total 16S DNA load (Figure 3.1-4A-B) with AI-2 expressing strain showed no
difference in bacterial load between the two expressers, but when comparing relative
abundances to total bacterial B. obeum [uxS expressing strain was higher (Figure 3.1-4C-
F). We also observed that the signal expressing E. coli has colonization dropped by three
logs by day 4 post-gavage and with about 10° CFU in the distal small intestine (Figure
3.1-4G-H).

16S sequence analysis on the fecal samples showed a difference between no
signal with S. infantarius Al-2 in fecal samples on day 3 based on PCoA results. On day
4, the fecal sample indicated the addition of B. obeum Al-2 drives the structure to be
different from the other two groups, but the microbiome in the distal small intestine
showed no difference between the groups. Pairwise unweighted UniFrac distances
analysis showed no significant difference between the groups at different time points

(Figure 3.1-5).
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Figure 3.1-4. Total bacterial and AI-2 signal strain 16S DNA load in adult germ-free
mice with human donor A fecal microbiome.
Total Bacterial 16S DNA load in A. fecal pellets, B. distal small intestine. Total AI-2

expressing strain load in C. fecal pellets, D. distal small intestine. Percentage of AI-2

producing strain to total bacterial load in E. fecal pellets, F. distal small intestine. AI-2

producing E. coli CFU in G. fecal pellets, H. distal small intestine. (Mann-Whitney U-
test, *. P<0.05; **: P<0.01; ***: P<0.005 ns: not significant; No signal: /uxS mutant E.
coli group; BO LuxS: B. obeum luxS expressing E. coli group; S. infantarius luxS

expressing E. coli group)
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Figure 3.1-5. Human donor A PCoA and Pairwise unweighted UniFrac distances
analysis.

PCoA plot of A. day 3 fecal pellet, C. day 4 fecal pellet, E. distal small intestine sample.
Pairwise unweighted UniFrac distances of B. day 3 fecal pellet, D. day 4 fecal pellet, F.
distal small intestine sample. (*. P<0.05; **: P<0.01; ***: P<0.005; ns: not significant;
No signal: /uxS mutant E. coli group; BO_LuxS: B. obeum luxS expressing E. coli group;

S. infantarius luxS expressing E. coli group)

Human donor B showed no significant difference in total bacterial load and no

difference between the two AI-2 producing strains, but both were higher than the non-

producing strain (Figure 3.1-6A-F). CFU counts also showed that non-producing strain
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was not detectable after 4 days in both fecal pellet and distal small intestine (Figure 3.1-

6G-H). Unlike donor A, donor B PCoA showed no difference in the fecal samples. The

distal small intestine content indicated a difference between no signal and S. infantarius

AI-2 group pairwise unweighted UniFrac distances analysis indicated a difference

between the two AI-2 signal added groups (Figure 3.1-7). This difference in microbiome

response to Al-2 signal between the two donors could be due to microbiome composition

variation leading to the disparity of microbial behavior.
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Figure 3.1-6. Total bacterial and AI-2 signal strain 16S DNA load in adult germ-free
mice with human donor B fecal microbiome.
Total Bacterial 16S DNA load in A. fecal pellets, B. distal small intestine. Total AI-2

expressing strain load in C. fecal pellets, D. distal small intestine. Percentage of AI-2

producing strain to total bacterial load in E. fecal pellets, F. distal small intestine. AI-2

producing E. coli CFU in G. fecal pellets, H. distal small intestine. (Mann-Whitney U-
test, *. P<0.05; **: P<0.01; ***: P<0.005 ns: not significant; No signal: /uxS mutant E.
coli group; BO LuxS: B. obeum luxS expressing E. coli group; S. infantarius luxS

expressing E. coli group)
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Figure 3.1-7. Human donor B PCoA and Pairwise unweighted UniFrac distances

analysis.

PCoA plot of A. day 3 fecal pellet, C. day 4 fecal pellet, E. distal small intestine sample.

Pairwise unweighted UniFrac distances of B. day 3 fecal pellet, D. day 4 fecal pellet, F.
distal small intestine sample. (*. P<0.05; **: P<0.01; ***: P<0.005; ns: not significant;

No signal: /uxS mutant E. coli group; BO_LuxS: B. obeum luxS expressing E. coli group;

S. infantarius luxS expressing E. coli group)

AI-2 signal leads to different transcriptional activity

Given that the presence of the AI-2 signal is capable of changing the structure of the

microbiome, we further analyzed the transcriptomic pattern from the model community
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sample of the day 3 pellets. When comparing the relative abundance of each community

strain based on 16S analysis and Metatranscriptomics analysis, we found that while

Bacteroides spp. has a relatively high relative abundance but the transcript abundance

was low. In comparison, B. obeum was not the most abundant strain in the microbiome,

but its transcript was most abundant, being close to 50% of total transcripts (Figure 3.1-

8). Although we did not observe a significant difference between each group based on

16S analysis (Figure 3.1-4A), Metatranscriptomics analysis showed diverging from with

or without exogenous AI-2 signal on day 3 (Figure3.1-9).
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Figure 3.1-8. Bacterial activity was different from the structure.
Relative abundance of each strain based on A. 16S sequencing analysis, B. RNA-seq
Metatranscriptomics analysis of day 3 fecal pellet total transcripts of defined model

communities.
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When comparing to the no signal group, Metatranscriptomics analysis

demonstrated that the differences in transcript expression patterns were different between

the two signals. Although most of the transcripts are unidentified proteins, the

microbiome in both signal groups increases metabolic-related proteins like cysteine

synthase. In STR_LuxS, DNA-binding protein HU which is involved in multiple

bacterial survival-related mechanisms, growth, virulence genes expression, and many

other processes was upregulated (Stojkova et al., 2019), potentially indicating that S.

infantarius Al-2 induces bacterial survival and virulence direct or indirectly (Figure 3.1-

10).
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Top 50 features with significant associations (-log(qval)*sign(coeff))
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Figure 3.1-10. Metatranscriptomics analysis showing features that are significantly
different using no signal group as control.
Scale represents -log(qvalue)*sign(coeft), positive value indicating upregulation,

negative value indicating downregulation.

When directly comparing the two signal groups, fewer features were significantly

different most of them being uncharacterized protein. However, BO_LuxS shows to have
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higher cysteine synthase expression than the STR LuxS and the LuxS enzyme (Figure 3.1-
11). The synthesis of the AI-2 molecule is catalyzed by LuxS cleaving S-
ribosylhomocysteine (SRH) into homocysteine and 4,5-dihydroxy-2,3-pentanedione
(DPD). DPD is an unstable linear molecule and will spontaneously cyclize and form the
final AI-2 molecule (Schauder et al., 2001;Chen et al., 2002;Winzer et al., 2002) (Figure
3.1-12). Although the gene is identified as B. obeum cysteine synthase and LuxS enzyme,
most likely coming from the B. obeum IluxS expressing strain, these results could still
potentially suggest the overall change in global quorum sensing, metabolism, and growth.

More detailed analysis on individual bacterial gene expression is needed.

Top 50 features with significant associations (-log(qval)*sign(coeff))
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Figure 3.1-11. Metatranscriptomics analysis showing features that are significantly
different between Al-2 signal groups.
Scale represents -log(qvalue)*sign(coett), positive value indicating upregulation,

negative value indicating downregulation
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Figure 3.1-12. AI-2 biosynthesis pathway.

Discussion

With building evidence indicating human gut microbiota affects the host's ability to

defend against pathogen infection, multiple factors could lead to the alteration of

microbiome composition (Cho et al., 2021). This chapter focused on the Al-2 signaling

molecule, expressed by both Gram-positive and Gram-negative bacteria. Currently, AI-2

molecules are found in two forms, a boron-containing and a non-borated cyclized DPD

derivative (Miller et al., 2004). The manipulation of AI-2 levels changes microbiome

structure and gene expression (Xavier and Bassler, 2005a;Thompson et al., 2015). By

introducing /uxS mutant E. coli and expressing /uxS gene from B. obeum and S.

infantarius, results show that adding exogenous AI-2 source will start to shift model
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microbiome structure 7 days post-inoculation (Figure 3.1-2,3) and the change of the

structure could be through an indirect mechanism.

Results also suggest the ability of AI-2 signal effecting microbiome structure

depends on the microbiome's overall composition (Figure 3.1-5,7). Analyzing the gene

expression profile at day 3 post-gavage demonstrated that bacteria's relative abundance is

quite different from transcripts. This difference suggests that although with low

abundance, certain bacteria can be more active and potentially plays a critical role (Figure

3.1-8). Although the microbiome structure has not yet started to diverge significantly on

day 3, adding AI-2 shifts gene expression patterns away from the control group (Figure

3.1-9). Interestingly, we found that DNA-binding protein HU, involved in bacterial

survival and growth (Stojkova et al., 2019), was upregulated in S. infantarius luxS

expression group (Figure 3.1-10). We also observed the differential expression of genes

involved in the biosynthesis of Al-2, suggesting regulating the global AI-2 level (Figure

3.1-10,11). Further analysis of Metatranscriptomics of different microbes are need to gain

more information on the impact of each strain.

Research has indicated the microbiome's importance in defending and regulating

the host response against pathogen infection (Hsiao et al., 2014;Alavi et al., 2020), and
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with increasing evidence showing that the QS process alters the microbiota structure,

transcriptomic behavior, and host immune response (Thompson et al., 2015;Zargar et al.,

2015;Li et al., 2019), understanding the QS process in controlling bacterial behavior

within the microbiome has become more crucial.
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Summary

The human gut microbiome modulates tumor microenvironment and influences response

to immune checkpoint inhibitors (ICI). Here, we designed a pathway-centric

computational pipeline and analyzed three independent clinical cohorts of metastatic

melanoma patients treated with anti-PD-1. Our analyses discovered quorum sensing (QS)

and ABC transporters pathways significantly enriched in responders to anti-PD-1 vs non-

responders. Furthermore, we found that 8 synthase (/uxS) genes for the QS signal AI-2

from different species were identified with significant differential abundances between

responders and non-responders in a clinical cohort. Follow-up microbiota transplant

experiments showed that inter-species signaling by different QS AI-2 molecules can act

on overall community function to promote the colonization of Akkermansia muciniphila,

which has been reported to associate with superior response to ICI. Together, our data

suggest a role for QS/ABC transporters pathways in modulation of microbiome and anti-

tumor immunity in cancer patients.
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Introduction
Cancer immunotherapy is considered to be the “fifth pillar” of cancer therapy, joining the
ranks of surgery, chemotherapy, radiation, and targeted therapy (Oiseth and Aziz, 2017).
The principle of immunotherapy is to boost or restore ability of the immune system to
detect and destroy cancer cells by overcoming mechanisms by which tumors evade and
suppress the immune response (Disis, 2014). Immune checkpoint inhibitors (ICIs)
targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Halpert et al., 2016)
and the programmed cell death protein 1 (PD-1) (Van der Kooij et al., 2017) have
revolutionized the therapeutic landscape of many cancer types. However, responses to
ICIs are often heterogeneous. A recently recognized important host factor that could
contribute to inter-patient heterogeneity is differential composition of the patients’ gut
microbiome, which has been shown to affect antitumor immunity and therapeutic
efficacy from ICIs (Frankel et al., 2017;Gopalakrishnan et al., 2018;Matson et al.,
2018;Routy et al., 2018).

Interactions between the host immune system and microbiome have been recently
scrutinized to identify immunogenic bacteria species that may impact responses to ICI

therapy through facilitating recruitment and activation of CD8" T cells, identifying
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several potential bacterial determinants (Frankel et al., 2017;Gopalakrishnan et al.,

2018;Matson et al., 2018;Routy et al., 2018;Gharaibeh and Jobin, 2019;Lee et al., 2022).

Gopalakrishnan et al. found higher abundance of Faecalibacterium prausnitzii (F.

prausnitzii) in responders (R) compare to non-responders (NR) with metastatic melanoma

treated with anti-PD-1 (Gopalakrishnan et al., 2018), while in a different cohort of

patients with metastatic melanoma, Matson et al. reported that response to anti-PD-1

therapy was associated with an increased abundance of a consortium of eight species

driven by Bifidobacterium longum (B. longum) (Matson et al., 2018). In another study, of

metastatic melanoma patients, Frankel et al. observed that responders to anti-PD-1

therapy were enriched for Dorea formicogenerans (D. formicogenerans) (Frankel et al.,

2017). In non-small cell lung cancer, Routy et al. observed increased relative abundance

of Akkermansia muciniphila (A. muciniphila) in anti-PD-1 R compared to NR (Routy et

al., 2018).

This species-centric approach to identify consistent microbial biomarkers for predicting

efficacy to ICI is limited by rapid evolution at strain level, the enormous inter-individual

heterogeneity in human gut microbiomes (Thursby and Juge, 2017), and the inability to

convert taxon-level data to mechanistic molecular understanding of how candidate

130



microbes drive associated phenotypes. Rather than focusing on specific bacterial strains,

we hypothesize that gut microbiome may share common molecular pathways that

functionally impact host immune repertoire may be critical determinants for response to

ICIs. To test this, we designed a computational pipeline using metagenomic shotgun

sequencing data analysis of human gut microbiome to identify significantly enriched

molecular pathways across different patient cohorts. With our computational pipelines,

we demonstrated that quorum sensing (QS) and ABC transporters pathways were

significantly enriched between R and NR groups, and then explored the potential

mechanisms of QS/ABC transporter molecules of gut microbiota in the three ICI clinical

cohorts. Finally, we designed a mouse colonization model to confirm the association of

QS AI-2 molecules with the fitness of immune-modulatory species, and demonstrated

that indirect QS effects on commensal communities can drive the abundance of key taxa

independent of direct signal interaction.
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Methods

QS pathway functional characterization

AI-2 mediated QS system were obtained from KEGG ‘Quorum sensing’ pathway.

Representative reaction pathway shown in Figure 3A. The abundance of microbial genes

related AI-2 mediated QS system with significant differential abundance was identified

from supplementary table 1.

Phylogenetic analysis

LuxS sequences were aligned and a phylogenetic tree was generated using MEGA

version X (Kumar et al., 2018). Sequences were aligned and analyzed by ClustalW using

the default setting. The phylogenetic tree was generated using the aligned result by

UPGMA Tree using the default setting.

Bacterial growth conditions

Strains incorporated into the defined human gut community are listed in Table S2. All

strains were grown in LYH-BHI liquid media (BHI supplemented to 5 g/L yeast extract, 5

mg/L hemin,1 mg/mL cellobiose, 1 mg/mL maltose and 0.5 mg/mL cysteine-HCI). In

132



order to optimize the growth of 4. muciniphila, LYH-BHI media was supplemented with

3% of porcine mucin. All cultures were placed inside a static incubator at 37 °C for 48

hours under anaerobic conditions (5% H», 20% CO., balance N), and then, subcultured

at 1:100 in fresh LYH-BHI media for 48 hours prior to use. All E. coli strains containing

luxS expression constructs were grown aerobically in Luria broth medium (LB media)

with agitation at 37 °C overnight, and subcultured at 1:100 in fresh LB media overnight

prior to use.

Generation of AI-2 expression strains

E. coli strains overexpressing the luxS enzymes of S. infantarius or B. obeum were

constructed using an E. coli luxS mutant strain (BW30045). The B. obeum luxS coding

region (from genome position 33,305-33,784) and the S. infantarius luxS coding region

(from genome position 414,476-414,994) were codon-optimized for E. coli, placed

downstream of the Pitet-0-1 constitutive promoter sequence derived from the plasmid vector

pZE21, and the resulting construct cloned into vector pMK using the GeneArt Subcloning

& Express Cloning Service (ThermoFisher). These expression constructs were then
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amplified and inserted into the endA gene of the E. coli genome using primers (forward:

5’-CCAAAACAGCTTTCGCTACGT

TGCTGGCTCGTTTTAACACGGAGTAAGTGTTAGAAAAATTCATCCAGCA-3’,

reverse: 5’-GGTTGTAC

GCGTGGGGTAGGGGTTAACAAAAAGAATCCCGCTAGTGTAGGCGGGCAGTG

AAAGGAAGGCC-3’).

BB170 AI-2 bioassay

Cultures of signal-producing E. coli strains or luxS- parental strains were grown overnight

in LB, and subcultured 1:100 into 12 mL of LB and grown with agitation at 37 °C until

ODeoo = 0.2, centrifuged, and the supernatant filtered using 0.22 um filters. AI-2 activity

in the resulting cell-free supernatants was then assessed using the BB170 bioassay (Bassler

et al., 1994). Briefly, overnight cultures of reporter strain BB170 in LM medium were

diluted at 1:1000 in AB medium and 10 uL of cell-free supernatant or heat-treated cell-free

supernatant were then added to 90 pL of BB170 dilution. The luminescence and ODeoo Of

each sample were measured immediately and after ~3 hours growth at 30 °C with agitation.
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Infant mouse colonization

Four-day-old CD-1 suckling mice were purchased from Charles River Laboratories. All

animal protocols were approved by University of California, Riverside's Institutional

Animal Care and Use Committee. To deplete the gut microbiota, the suckling mice were

fasted for 1.5 hours and treated with approximately 1 mg/g body weight of streptomycin

by gavage with a 30-gauge plastic tubing. Pups were then placed back with a lactating

dam. After 24 hours, the mice were separated into three groups (n = 7), and each mouse

received a maximum gavage volume of 50 pL of a defined bacterial mixture. The

bacterial mixture for gavage consisted a total microbial mass of 300 uL of ODgoo = 0.4

per inoculum, divided into (i) 45% microbial community, 20% E. coli expressing luxS

from either Streptococcus, B. obeum, or empty expression vector, and 35% of A4.

muciniphila or (i1) equal quantities of E. coli strains and A. muciniphila. Gavaged mice

were placed in at 30 °C for 16 hours and then sacrificed. The small and large intestines

were dissected, separated, and homogenized in 5 mL LYH-BHI followed by DNA

1solation.
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Quantitative PCR analysis of bacteria abundance

To determine the abundance of A. muciniphila relative to the bacterial load, DNA extracts

were isolated from both small and large intestines of colonized suckling mice. 500 uL of

intestinal homogenates were mixed with 500 uL 0.1mm Zirconia beads (BioSpec), 210

puL SDS 20%, 500 pL phenol:chloroform:isoamyl-alcohol (24:24:1, Fisher Scientific) and

lysed using a bead beater at 2,400 RPM for one minute. Next, qPCR assays were

performed using primers specific to A. muciniphila (Forward: 5’-

CAGCACGTGAAGGTGGGGA-3’, reverse: 5’-CCTTGCGGTTGGCTTCAGATC-3")

and a primer set targeting the total bacterial load (Forward: 5’-

CTCCTACGGGAGGCAGCAG-3’, reverse: 5-TTACCGCGGCTGCTGGCAC-3’), B.

longum (Forward: 5°-GTTCCCGACGGTCGTAGAG-3’, reverse: 5’-

GTGAGTTCCCGGCATAATCC-3’), and F. prausnitzii (Forward: 5’-

GATGGCCTCGCGTCCGATTAG-3’, reverse: 5’-CCGAAGACCTTCTTCCTCC-3’).

Each reaction was performed in triplicates and consisted of 12.5 pL of iQ SYBR Green

Supermix (BIO-RAD2, Hercules, CA), 0.25 pL of forward and reverse primers at 10 pm

concentration, 10 pL nuclease free water and 2 pL of genomic DNA (500 ng/uL).
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Results

QS and ABC transporters pathways were enriched in multi ICI clinical cohorts

We first applied metagenomic shotgun sequencing data analysis to Matson et al.’s dataset

(n=139, 15R, 24NR) and Gopalakrishnan et al.’s dataset (n = 25, 14R, 11NR), which

collected gut microbiome sample from patients with metastatic melanoma treated with

anti-PD-1 (Frankel et al., 2017;Gopalakrishnan et al., 2018;Matson et al., 2018). Pathway

analysis on these two data sets revealed 19 pathways in Matson et al.’s cohort (Figure

3.2-1A), and 5 pathways in Gopalakrishnan et al.’s cohort (Figure 1B) that were

statistically enriched (false discovery rate, FDR < 0.05). The 19 pathways in Matson et

al.’s cohort included QS, ABC transporters, phosphotransferase system, ribosome,

aminoacyl-tRNA biosynthesis, flagellar assembly, base excision repair, protein export and

lysosome, and other metabolism pathways, while the 5 pathways in Gopalakrishnan et

al.’s cohort were QS, ABC transporters, bacterial secretion system, cationic antimicrobial

peptide resistance and carbon fixation in photosynthetic organisms (Figures 3.2-1A and

IB).

We also analyzed a recently published anti-PD-1 therapy in melanoma patients,

which performed shotgun metagenomic sequencing of 223 fecal samples obtained from
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15 recipients and 7 donors (Davar et al., 2021). For each recipient, they sequenced one
pre-fecal microbiota transplantation (FMT) sample (obtained 7 to 21 days before FMT)
and all available post-FMT samples (obtained weekly for 12 weeks and then every 3
weeks for as long as the patient remained on trial). The data indicated that QS and ABC
transporters pathways were the top two most significantly enriched pathways (Figure 3.2-
1C). Taken together, the QS and ABC transporters pathways were enriched in all three
independent clinical cohorts, suggesting that these pathways may affect microbial-driven

divergence in response to ICI therapy.
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Figure 3.2-1. Metagenomic data analysis of metastatic melanoma patients treated
with ICI therapy from Matson et al.’s, Gopalakrishnan et al.’s and Davar et al.’s
cohorts.

Pathway enrichment analysis based on genes with significantly different abundance from
A. Matson et al.’s, B. Gopalakrishnan et al.’s, and C. Davar et al.’s cohorts, respectively.
y-Axis indicates the pathway name; x-axis indicates rich factor. Rich factor is the ratio of
the number of differentially abundant genes annotated in a pathway term to the number of
all genes annotated in this pathway term. Greater rich factor means greater intensiveness.
The bubble size indicates the number of genes. The color bar indicates the corrected P

value, red represents higher value, blue represents lower value.

The analysis of Frankel et al.’s dataset (n = 39, 24R, 15NR), which collected gut

microbiome sample from patients with metastatic melanoma treated with various anti-

PD-1 drugs (Frankel et al., 2017), found that QS, excluding ABC transporters was also

significantly enriched between R and NR (Figure 2.3-2).
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Figure 3.2-2. Pathway enrichment analysis based on genes with significantly
different abundance from Frankel et al.” cohort.

y-Axis indicates the pathway name; x-axis indicates rich factor. Rich factor is the ratio of
the number of differentially abundant genes annotated in a pathway term to the number of
all genes annotated in this pathway term. Greater rich factor means greater intensiveness.
The bubble size indicates the number of genes. The color bar indicates the corrected P

value, red represents higher value, blue represents lower value.

LuxS homologues from different species differ in abundance between R and NR

Gut bacteria use QS to efficiently synchronize behaviors across populations in response

to changes in population density and community species composition by producing and

sensing diffusible signaling molecules called autoinducers (Als) (Li et al., 2019). These

signals can be species-specific or inter-species in nature, with the best characterized of

the latter systems being the autoinducer-2 (AI-2) system. Among all autoinducer-related

genes with significant differential abundance between R and NR sample groups, we
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found that a total of 8 /ux.S (Al-2 synthase) genes in Matson et al.’s dataset (Figure 3.2-

3A and Figure 3.2-4). The abundance of gene 1373611, 1271590, 1432971, 1440705,

1741886, and 1464080 were significantly elevated in R group (P < 0.05, Wilcoxon rank-

sum test, log2 (fold change) > 1, Figure 3.2-4). Second, the abundance of gene 1253822

and 144119 were significantly down-regulated in R group (P < 0.05, Wilcoxon rank-sum

test, log2 (fold change) < -1, Figure 3.2-4). Interestingly, while overall reads mapping to

luxS were not significantly different between NR and R groups in all three ICI cohorts

(Figure 3.2-3C), we found that /uxS genes can be grouped into distinct clusters based on

sequence similarity (Figure 3.2-3B), which displayed differential abundance in NR and R

groups, suggesting that LuxS expression and thus Al-2 production may not be uniform

across gut commensals. To identify the evolutionary relationship of these /uxS genes to

publicly available gut species representative of broader gut microbial diversity, we

constructed a phylogenetic tree. The UPGMA phylogenetic tree revealed that these

differentially abundant genes were distributed across nine major clusters (Figure 3.2-3B).

For the down-regulated LuxS homologues, gene 1253822 clustered with Dorea

longicatena (Figure 3.2-3B and 3D). Of note, the top 3 significantly up-regulated genes,

1432971, 1741886, and 1464080, clustered with B. longum (Cluster 9), D.
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formicigenerans (Cluster 1), F. prausnitzii (Cluster 6), respectively (Figure 2B and 2D),
which have been reported to potentially influence the response of ICI treatment by
promoting the recruitment and activation of CD8" T cells (Frankel et al.,
2017;Gopalakrishnan et al., 2018;Matson et al., 2018). In addition, we showed that LuxS
clusters 7, and 8 were enriched in R group, while Cluster 1 and Cluster 2 /uxS were
enriched in both R and NR groups depending on sequence. These genes mapped to
phylum Firmicutes, a significantly phylogenetically and biochemically diverse group of

gut commensal microorganisms (Jandhyala et al., 2015).
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Figure 3.2-3. AI-2 mediated QS system have differential abundance between R and
NR in three ICI cohorts.

A. Model for production, regulation, transport and modification of AI-2 in the KEGG
database. Circles represent intermediate metabolites. DHAP, dihydroxyacetone
phosphate; P-TOP, 3,3,4-trihydroxy-2-pentanone-5-phosphate. B. Nucleotide similarity
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different clusters. C. Boxplot of the total abundance of LuxS in Matson et al.’s,
Gopalakrishnan et al.’s and Davar et al.’s cohorts. TPM, transcripts per million. ns, not
significant. Wilcoxon rank-sum test. D. Heatmap of the differentially abundant genes
related to LuxS between R and NR in Matson et al.’s cohort.
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Additionally, some bacteria, such as Escherichia coli (E. coli), can quench the Al-

2 signal produced by a variety of species present in the gut environment, and thus can

influence Al-2—dependent bacterial behaviors (Marques et al., 2014). This process

involves uptake of AI-2 via an ATP binding cassette (ABC) transporter (encoded by

IstACDB), followed by phosphorylation (/s7K) and consequent intracellular sequestration

(IsrF and IsrG, Figure 3.2-3A). Within the KEGG QS pathway, we identified 14 genes in

the canonical Lsr system for AI-2 sensing, including ISrA, IsrD, IsrF, IsrG and IsrK, that

were differentially enriched between R and NR in two of the three ICI cohorts (Figure

3.2-5). All these results suggest that AI-2 mediated QS system is a potentially important

and relevant molecular pathway underpinning gut microbiota mediated response to

cancer ICI therapy.
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AlI-2 was associated with colonization of immunogenic strains in mouse model
To examine the role of AI-2 in driving the fitness or behavior of immune-modulatory
species, we first examined the genome of A. muciniphila, previously shown to have

higher abundance in patient responded to ICI treatment (Routy et al., 2018), for putative

146



homologs to known AI-2 related pathways. We mapped 4. muciniphila against the KEGG

database to identify putative QS pathways. Although one ABC transporter family

homolog, Opp (oligopeptide permease) (McQuade et al., 2001) was identified, strikingly,

no luxS, Isr, or luxPQ homologs were identified, and A. muciniphila also does not encode

a Com or Agr autoinducer peptide (AIP) sensing/regulation system. These findings

suggested that the relationship of 4. muciniphila abundance to AI-2 may be an indirect

one working via the effect of bacterial signaling on the rest of the gut commensal

community. Similar to 4. muciniphila, B. longum have not been reported to carry /sr or

luxPQ AI-2 receptors, but does possess functional /uxS (Sun et al., 2014). A recently

published work has identified homologs to RbsB-type AI-2 receptors and showed AI-2

dependent biofilm formation in B. longum (Liu et al., 2021). To confirm this, we used a

suckling mouse colonization model (Alavi and Hsiao, 2020) where the putative

immunogenic taxa 4. muciniphila, B. longum, and F. prausnitzii were co-colonized with

transgenic AluxS E. coli modified to express the Al-2 synthase enzymes from two human

gut commensals, Blautia obeum (B. obeum, cluster 1) and Streptococcus infantarius (S.

infantarius, cluster 9), whose genomes contain /uxS homologs of high sequence

variability (33.3% amino acid identity, 33.6-34.2% amino acid identify with E. coli LuxS,
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Figure 3.2-3B). The luxS enzymes of these different species were codon-optimized for

expression in E. coli, and stably integrated in single copy into the E. coli chromosome

and driven by the same constitutive promoter. Constitutive expression of these different

AI-2 synthase enzymes drove consistent AI-2 signal levels in the filtered supernatants

(Figure 3.2-6A) when measured using the Vibrio BB170 bioassay, suggesting that these

enzymes produce Al-2 signals able to mediate cross-species communication.

Next, we designed an experiment to explore the association of AI-2 molecules

with immune-modulatory species in a mouse colonization model. Three groups of mice

received the immunomodulatory strain 4. muciniphila, a defined human gut commensal

community, and either 1) AluxS E. coli, or E. coli expressing the /uxS enzyme of two

different human gut commensals, (ii) B. obeum and (iii) S. infantarius. The background

model microbiome was based on healthy US human gut microbiomes, and included A.

muciniphila, B. longum, D. formicigenerans, and F. prausnitzii (Table 3.2-1). qPCR with

universal 16S primers showed similar overall microbial load, and no statistically

significant differences between AI-2 signal types in either compartment (Figure 3.2-6B).

We found using quantitative PCR with A. muciniphila-specific primers that the presence

of E. coli expressing Al-2 from B. obeum was associated with a significantly increased
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abundance of 4. muciniphila in the small intestine and large intestine compared to AluxS

E. coli (Figure 3.2-6C). In contrast, a potentially direct interaction between cognate Al-2

pathways was observed for B. longum, which displayed increased abundance in the

presence of cluster 9 LuxS signal products, i.e. in the presence of E. coli expressing the

Streptococcal luxS (Figure 3.2-6D), while F. prausnitzii did not significantly respond to

either signal type (Figure 3.2-6E). A. muciniphila, was unexpected given that it lacks

canonical Al-2 receiver genes. To determine if these effects were mediated via changes in

community behavior or if they were direct response of A. muciniphila to the AI-2, we co-

colonized this immunomodulatory organism with either AluxS E. coli or E. coli

expressing the B. obeum luxS alone (Figure 3.2-6F) and we observed no statistically

significant signal-dependent colonization phenotype. These data indicate that the A.

muciniphila 1s responding to indirect effects of AI-2 signaling to other community

members.
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Figure 3.2-6. Commensal-encoded AI-2 quorum sensing signals promote A.

muciniphila colonization.

A. Al-2 signal levels of cell-free supernatants from indicated bacterial strains. B. Overall

16S levels measured by quantitative PCR. C. Colonization of A. muciniphila with defined

model community and E. coli expressing Al-2 signals from indicated bacteria. D.

Colonization of B. longum with defined model community and E. coli expressing Al-2

signals from indicated bacteria. E. Colonization of F. prausnitzii with defined model

community and E. coli expressing Al-2 signals from indicated bacteria. F. 4. muciniphila

levels when co-colonized with bacteria expressing indicated AI-2 signals. (*, P <0.05;
¥ P<0.01, *** P<0.001. Mann-Whitney U test.)
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Taken together, our results suggest that AI-2 signal sources are not homogenous
within the gut, and that different LuxS enzymes are able to produce signal that
differentially affects specific gut taxa vis direct and indirect mechanisms, depending on
the overall structure of the gut microbiome. These signal-dependent effects can modulate
the levels of putative immune-modulatory taxa that are associated with R and NR

outcomes for immunotherapy.

Table 3.2-1 List of healthy US human gut microbes.

Bacterium Phylum Strain Name  NCBI Taxonomy ID
Bifidobacterium longum subsp. longum Actinobacteria DSM 20219 565042
Collinsella aerofaciens Actinobacteria ~ ATCC 25986 411903
Dorea formicigenerans Firmicutes ATCC 27755 411461
Eubacterium rectale Firmicutes ATCC 33656 515619
Faecalibacterium prausnitzii Firmicutes DSM 17677 411483
Bacteroides vulgatus Bacteroidetes ATCC 8482 435590
Blautia obeum Firmicutes ATCC 29174 411459
Clostridium scindens Firmicutes ATCC 35704 411468
Akkermanisa muciniphila Verrucomicrobia ATCC BAA-835 239934

Discussion
The role of the human microbiome on cancer progression and response to cancer therapy

have recently been under investigation. Several studies have suggested that gut
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microbiota can modulate response to ICIs across several cancer types (Frankel et al.,

2017;Gopalakrishnan et al., 2018;Matson et al., 2018;Routy et al., 2018). Gut microbes

may impact antitumor immunity via a number of mechanisms, including interaction of

microbial components or products with antigen-presenting cells (APCs), which can help

prime an adaptive immune response; induction of cytokine production by APCs or

lymphocytes, and the effects of microbial metabolites (Helmink et al., 2019). Notably,

there was only modest overlap in these checkpoint blockade responsive microbiome

signatures across cohorts, though some phylogenetic commonalities exist among

identified bacterial taxa in studies utilizing different checkpoint inhibitors (Lee et al.,

2022). At the species level there is enormous inter-individual heterogeneity in gut

microbiomes, which has hindered efforts to define a core microbiome shared between

healthy individuals. Instead, the functional capacity of the microbiota, as defined

abundances of genes involved in metabolic pathways, has been advanced as a better

metric for defining a core healthy microbiota (Huttenhower et al., 2012;Integrative,

2014); indeed, the basic categories of metabolic pathways were more evenly represented

across individuals as compared to bacterial taxonomy (Huttenhower et al., 2012).

Recently, Gharaibeh and Jobin (Gharaibeh and Jobin, 2019) also performed
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functional analysis to the same cohorts from Matson et al. and Gopalakrishnan et al. as in

the current study. In their pioneer work, 869 and 653 KOs from these two datasets

respectively were found to have significantly different abundance between R and NR

groups, but further pathway analyses were not performed. By using KO to annotate gene

function and depicted enriched pathways based on genes with significant differential

abundance, over 52,000 and 22,000 genes were identified with significant differential

abundance from Matson’s and Gopalakrishnan’s cohorts respectively. Pathway level

analysis identified significantly enriched ABC transporters and QS pathways across three

independent ICI cohorts of metastatic melanoma. ABC transporters are members of a

transport system super family, with representatives in all phyla, from prokaryotes to

humans (Polgar and Bates, 2005). In gut microenvironment, bacteria use ABC

transporters to uptake a large variety of nutrients, biosynthetic precursors, trace metals,

and vitamins from the intestinal lumen, while exporting sterols, lipids, drugs, and a large

variety of primary and secondary metabolites. Knocking out of oligopeptides ABC

transporter oppD can alter the ability of the bacterium to trigger cytokine (TNF-o, IL-6

and IL-1b) release from infected macrophages (Dasgupta et al., 2010). We hypothesize

that gut microbiota use ABC transporters system to secrete bacterial products into the
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lumen, which act as antigens can be internalized by dendritic cells in the intestinal lamina

propria (Arques et al., 2009), and thus, contribute to ICI therapy by favoring recruitment

and activation of CD8" T cells.

QS process enables bacteria in a population to synchronize their actions and

engage in group behaviors. The most commonly studied QS signals belong to one of the

following three categories: acylated homoserine lactones (Al-1), used by Gram-negative

bacteria; peptide signals, used by Gram-positive bacteria; and Al-2, used by both Gram-

negative and Gram-positive bacteria (Jimenez and Sperandio, 2019). Of these systems,

Al-2 is the only one thought to be an inter-species signaling system, capable of mediating

communication within and across many bacterial species. The autoinducer Al-2 is

synthesized via the action of the enzyme LuxS and has been shown to be mediated by

several pathways. In Vibrio species, a transmembrane LuxPQ protein complex recognizes

the AI-2 molecule, initiating a phosphorelay via adapter proteins that leads to modulation

of the activity of a complex set of downstream transcriptional regulators (Bassler et al.,

1994;Zhu et al., 2002), while the Lsr system in E. coli and Sa/monella encodes for an

ABC-type transporter complex that moves Al-2 from the environment to the cytoplasm,

where it is phosphorylated, sequestering the signal in the cell and allowing it to mediate
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transcriptional regulatory changes in the bacterial cell (Xavier and Bassler, 2005b).

Despite the abundance of AI-2 signaling homologs in the gut microbiome, very few

studies have attempted to define the community effects of AI-2 manipulation. Engineered

strains of E. coli with modified Lsr system expression to sequester AI-2 signal from the

gut environment of mice has been observed to drive changes in the composition of the

gut microbiota (Thompson et al., 2015), suggesting that the manipulation of AI-2 levels

have great potential in maintaining microbiota homeostasis. Our results suggest that there

is substantial AI-2 signal diversity based on different types of the AI-2 synthase LuxS,

and that differential addition of these LuxS products in a gut community can affect the

abundance of immunomodulatory species.

Our studies investigate the potential role of A. muciniphila associated with

response to cancer immunotherapy. However, no relevant literature regarding the

products of AI-2 by 4. muciniphila has been published. Our results show that LuxS

orthologs from different species were identified with significant differential abundance

between R and NR in one ICI cohorts. In addition, we found that the provision of

exogenous Al-2 from the common human gut commensal B. obeum, but not

Streptococcus species, promote 4. muciniphila colonization in the small and large
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intestine of animals. This suggests that microbial AI-2 is able to affect the gut
microbiome to favor the expansion of immunomodulatory species, and that separate AI-2
products of the AI-2 synthase enzyme LuxS can drive divergent community phenotypes.
Of note, Meger et al. (Mager et al., 2020) identify inosine as a metabolite produced by 4.
muciniphila and Bifidobacterium pseudolongum that markedly increases the level of
intratumoral and splenic CD4" and CD8" T cells and further enhance the efficacy of ICI
therapy in mouse model. In addition, the outer membrane protein Amuc of A. muciniphila
strengthens the antitumor immune response in subcutaneous melanoma and colorectal
tumor-bearing mice, through activating toll-like receptor 2 signaling pathway (Shi et al.,
2020). Therefore, these data support a mechanistic model where AI-2 action on the
overall microbiota promotes accumulation of 4. muciniphila that then can increase the
efficacy of ICI therapy and antitumor immune response via inosine and Amuc production
in the gut microenvironment. Furthermore, Zargar et al. (Zargar et al., 2015)
demonstrated that AI-2 from nonpathogenic bacteria affect host immune function by
stimulating the expression of inflammatory cytokine IL8, suggesting that AI-2 directly
mediate interkingdom communication between the microbiome and the host in the

gastrointestinal tract. In conclusion, our findings suggest that AI-2 is likely a vital
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regulatory molecule for gut microbiota response to cancer ICI therapy, and that further

investigation of the effect of other bacterial Als including AI-1 and AIP signals as well as

other potential AI-2 variants are warranted.
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Chapter 4 Conclusion

Summary

Bacteria communicates using signaling molecules to alter its behavior and lead to

changes in microbiome structure. Gut microbiome varies between individuals due to

multiple factors including health statues. When individual's gut microbiome is in a

dysbiotic state, it becomes more vulnerable to pathogen infection then individual with

normal gut microbiome acting as barrier against pathogens. Therefore, studying bacterial

communication processes affecting gut microbiome structure is critical to prevent

pathogen infection.

In chapter 2, results demonstrated the ability of model microbes representing

simplified infection resistant model community mediated repression of V. cholerae

colonization in mouse model. We first demonstrated V. cholerae colonization difference

under simplified model communities representing a resistant (SR) or susceptible (SS)

state of microbiome in antibiotic treated infant mice model based on previously published

data (Alavi et al., 2020). Our findings indicated mice co-infected with SR community

expresses significantly higher reactive nitrogen species (RNS) and reactive oxygen

species (ROS) related gene, NOSI, NOS2, and DUOX2, while V. cholerae has significant
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lower expression of biofilm formation related gene. On the other hand, SS community

co-infected mice showed higher expression of antioxidant enzyme, catalase (CAT). Direct

measurement of H>O» in the homogenates from each model microbiome indicated that

SR community is capable of induced higher H>O> production. Treating V. cholerae-

containing homogenates with H,O2, wild-type V. cholerae survival rate was significantly

higher when co-infected with SS, on the other hand, biofilm formation deficient V.

cholerae does not possess this advantage. Additionally, SR community strain also

demonstrated the ability to alter bile acid composition that affects V. cholerae growth. We

also demonstrated the addition of quorum sensing (QS) signaling molecule, AI-2, from a

member of resistant community to the complex susceptible community could restore

restriction against V. cholerae colonization. Our finding suggests that this could be due

direct regulation of AI-2 interacting with V. cholerae transcription factor altering its gene

expression. Taken together, our results suggest microbiome composition affects pathogen

infection through manipulating environmental stress and regulation of pathogen defense

mechanism.

With the understanding of gut microbiome composition and QS effect on

pathogen infection, we turn our attention to QS, microbiome, and host interaction in
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chapter 3. We first show that the addition of exogenous QS signal, AlI-2, shifts the

microbiome structure away from no signal added microbiome after a week of inoculation

into germ-free mice. Unfortunately, we did not see significant difference between

different AI-2 signal source. Metatranscriptomics analysis demonstrated diverge between

presence of exogenous Al-2 or not in expression profile started at an earlier time point.

Results also demonstrated that bacterial relative abundance is different from transcript

relative abundance indicating bacterial activity differences in the microbiome. In addition

to model communities, we demonstrated QS pathways were enriched in multiple immune

checkpoint inhibitors (ICI) treatment clinical cohorts. Between responder (R) and non-

responder (NR) to ICI treatment, Al-2 synthase genes (luxS) shown differential

abundance between clusters distinct based on sequence similarity, suggesting AI-2

production may not be uniform across gut commensals. The examination of immune-

modulatory species reaction on Al-2 signal indicating LuxS enzymes are able to produce

signal that differentially affects bacteria in a direct and indirect mechanisms depending

on gut microbiome structure. These signal-dependent effects are capable of altering

immune-modulatory species that are associated with immunotherapy outcomes. Here, we

demonstrated the regulation of QS signal affects microbiome structure and behavior leads
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to host response to immunotherapy.

Future studies and applications

With growing evidence of QS signals being able to regulate biofilm formation and

virulence in pathogenic bacteria and with increasing of pathogen resistance to antibiotics,

researchers have been think of using QS as potential clinical therapies. Duan and March

used commensal E. coli Nissle 1917 as a carrier to express CAl-1. They found pretreating

the infant mice with CAI-1 producing E. coli for 8 hours could increase mice survival by

over 90%. When co-ingesting CAI-1 producing E. coli and V. cholerae also has about

25% increase in survival rate (Duan and March, 2010). Other than V. cholerae, QS

signaling pathway are also used to potentially treat other pathogens. With the developing

of a high-throughput screening, Christensen et al. discovered AHLs synthase inhibitors

that can potentially use as antivirulence agent (Christensen et al., 2013). Quorum sensing

signal DSF (diffusible signal factor) showed to be capable of inducing bacterial antibiotic

susceptibility (Deng et al., 2014). By programing cheZ (motility gene), Dnasel (P.

aeruginosa biofilm degradation gene), and mcsS (antimicrobial peptides) with /lasl

promoter to respond to AHL sensing protein, LasR, Hwang et al. reprogramed and

engineered an E. coli strain capable of seeking and targeting pathogen P. aeruginosa
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(Hwang et al., 2014). As previously described, B. obeum and E. coli has shown potential

of restricting pathogen colonization and restoring microbiome homeostasis through the

expression of AI-2 signaling molecule (Hsiao et al., 2014;Thompson et al., 2015). Xavier

et al. also proposed that AI-2 can alter gut microbiota in mammalian intestine (Bivar

Xavier, 2018).

QS signal communication also happens cross-kingdom. Studies reported That QS

signal induces host cell apoptosis and regulating immune mediators secretion (Shiner et

al., 2006). E. coli AI-2 signal has been found to activate NF-kB-mediated signaling

pathways in HCT-8 cells (Zargar et al., 2015). Intestinal bacteria secreted AI-2 also been

reported to regulate epithelium inflammatory responses (Li et al., 2019). These studies

indications the importance of QS in regulating host immune response and with more

understanding of host-pathogen or gut microbiome and pathogen cross-species

communication, it is possible to prevent and potentially treat V. cholerae and other

pathogen infection with QS regulation as well as improving immunotherapy treatment.
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