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ABSTRACT

Biofilms were first observed by Antonie van Leeuwenhoek in the mid-17" century
from samples of his own oral and fecal microbiota. Leeuwenhoek was limited by the
technology of the times; much of his research was spent characterizing what could be seen
with a rudimentary microscope. Today, knowledge of biofilms in vitro has grown
substantially with modern technology; however, knowledge of biofilms in vivo is still
lacking. By forming a biofilm, the bacterium increases its persistence and chances of
survival outside of the host as it awaits transmission to a new host.

Most of the biomass of the enteric biofilm is a thick extracellular matrix composed
of curli, cellulose, BapA, and extracellular DNA. Curli are functional amyloids with a rich
B-sheet structure strikingly similar to pathological and immunomodulatory human
amyloids such as p-amyloid, a-synuclein, and serum amyloid A. It is often debated if
enteric bacteria express curli and form biofilms in the gut during infection due to the
contrasting conditions between life outside versus inside the host. However, there is
indirect evidence in support of curli expression in both humans and mice during infection.
Furthermore, bacterial infections are important environmental triggers of autoimmunity
and can contribute to autoimmune disease onset and severity. Here, we investigated the
synthesis of curli in the gastrointestinal tract during Salmonella infection and how host-
derived metabolites, like nitrate, are important regulators of biofilm expression in vivo. S.
Typhimurium uses signals from the host environment to enhance its pathogen fitness
during infection. Together, these studies provide a link between biofilm associated

infections and autoimmune responses in the host.



In these studies, we sought to show curli expression in the gastrointestinal tract of
mice during S. Typhimurium infection. We determined that csgD was expressed and that S.
Typhimurium produced curli during acute infections in susceptible mouse strains, both
with and without streptomycin-pretreatment, and during chronic infections in genetically
resistant mouse strains (NRAMP-positive). Oral infection with S. Typhimurium triggered
an autoimmune response in mice, which correlated with in vivo synthesis of curli. The
production of curli was associated with an increase in anti-dsDNA autoantibodies and joint
inflammation in infected mice. This result demonstrated that a biofilm component
expressed in the intestinal tract can trigger subsequent autoimmune responses within the
host. Reactive arthritis (ReA) is a painful form of inflammatory arthritis that can develop
following gastrointestinal infections. The mechanisms of how enteric pathogens induce
ReA are not known; however, curli fibrils are highly conserved in enteric bacteria and
could represent a link between enteric infections and ReA development. Oral exposure to
purified curli alone was not enough to trigger an autoimmune response as curli needed to
cross the epithelial barrier and become systemic to negatively impact the host. Overall,
these data show a leaky gut induced by invasive pathogens like S. Typhimurium or
dysbiosis common in autoimmune disease, allows curli-producing bacteria and curli
complexes to translocate to sterile tissues and contribute to known complications of enteric
infections and exacerbation of autoimmune diseases.

Enteric bacteria like S. Typhimurium and Escherichia coli (E. coli), form biofilms
during the environmental phase of their life cycle to protect the bacteria from various
environmental insults. The in vitro conditions necessary for curli expression in the

laboratory are well-known, but these conditions are not reproduced in the host leading



many to theorize in vivo expression of curli is not possible; however, our research showed
in vivo expression of curli in acute and chronic infection models of gastroenteritis and
Typhoid fever in mice. This led us to our next question: what could be triggering curli
expression in vivo? We began by considering the metabolites and byproducts produced
within the inflammatory gut environment. A study by Smith et al. showed a mutation in
anaerobic respiration, specifically those in the NarQ-NarP sensor response, decreased curli
expression, suggesting involvement of electron transport chains in curli production. narQ
is one of four genes responsible for regulating anaerobic respiratory gene expression in
response to nitrate and nitrite. Furthermore, recent studies involving Burkholderia
pseudomallei and uropathogenic E. coli revealed an association between nitrate reduction
and biofilm dispersal and biofilm extracellular matrix (ECM) biosynthesis in vitro,
respectively. Therefore, we investigated whether nitrate could serve as a signal for biofilm
regulation during S. Typhimurium infection.

We began our studies by investigating the effects of nitrate on S. Typhimurium
biofilms in vitro and in vivo. We found that biofilms exposed to nitrate lost their integrity
and instigated the dispersal of biofilm-associated bacteria. Furthermore, nitrate exposure
facilitated a reduction in csgA gene expression. There was less CsgA protein expression
and production in biofilms treated with nitrate than biofilms grown in the absence of nitrate.
In contrast, flagellar motility was increased in the presence of nitrate. We discovered that
the addition of nitrate to S. Typhimurium cultured under biofilm-forming conditions led to
a dramatic decrease in cyclic di-GMP (c-di-GMP) levels. c-di-GMP inversely regulates
biofilm formation and motility; high levels are associated with attachment to surfaces,

ECM production, and biofilm formation and repression of motility, whereas low levels of



c-di-GMP are associated with increased motility and virulence. Decreased levels of c-di-
GMP led to decreased production of biofilm components and increased motility. Together,
these data showed increased concentrations of nitrate influenced an intracellular molecular
switch in c-di-GMP production, and, consequently, caused the bacterial community to shift

from a sessile, biofilm former to a more motile, virulent state.

Vi



DEDICATION

| dedicate this dissertation to two of the most important men in my life — my father,
Charles Miller, and my nephew, Sylas Miller.

Vii



ACKNOWLEDGEMENTS
First, I would like to say, obtaining my doctoral degree is one of the most difficult
things | have ever done, but also the most rewarding. These past six years have been a
journey (including a pandemic) and I would not be where I am today if it weren’t for the
support of my family, my friends, my lab, and my department. My time at Temple has not

only made me a better scientist, but a better person.

I would like to begin by thanking my family. To my mother and father, Barbara and
Charles Miller, I wouldn’t be the person I am today without your constant support,
encouragement, and love. Mom, you have always been my biggest fan and made me feel
like I could do anything if | put my mind to it. Dad, you taught me the value of hard work
and with enough persistence and determination that almost anything can be overcome. |
miss you more and more each day. To my older brother, CJ, thanks for teaching me how
to be tough and hold my own with the boys and for blessing me with the greatest nephew
ever, Sylas. Sylas, you are so smart, creative, kind, and inquisitive. You always know how
to make me smile even on my most stressful days and I cherish every moment we spend

together.

To my Nana, Claire, | thank you for supporting me, especially over these last few
years. | know | can always count on you to answer the phone and to talk with me for hours
at a time even if you don’t completely understand my research. Even during a Phillies game
where you give me a play by play of the game and the latest updates from that series, our

division, and where we are in the standings (although the updates usually aren’t good ones

viii



and just increase your blood pressure). | know three things: you love Jesus, baseball, and

me (your favorite grandchild, despite what you might say).

To my numerous aunts, uncles, and cousins (my dad was one of eight), | want to
thank you for your messages, comments, words of encouragement, and help, especially
when | lost my dad. You were my greatest support system especially my Aunt Connie (#1

Emotional Support Aunt), my Aunt Barb, my Uncle Peck, and my cousins, Chryssy, Dara,

and Jesse. | thank you for holding me together when | was unable to. And Aunt Connie,

you can EINALLY call me Dr. Miller.

To my dearest, closest, and oldest friends, Desiree, Shawna, and Sara Marie, we
have been through a lot together, but I guess that’s what happens when you know someone
for 15+ years? Although we don’t spend as much time as we used to back when we were
teens (oh, those were the days), | know all of you are just a text or a phone call away. As
soon as we see each other, it feels like we haven’t missed a beat or spent any time apart. I
want to thank you for offering me a shoulder to cry on, an ear to listen to my many
complaints, and a bottle opener for when the beer isn’t a twist off (and Sara Marie for
usually providing said beer). You aren’t just my best friends, you are like my sisters and,
luckily, the universe knew our parents couldn’t handle us growing up in one household. To
one of my closest friends from high school, KayCee Williams (who | knew when she was
a Flore). 1 want to thank you for making sure we kept in touch after we graduated (Class
of 2009 — what!?) even after you moved twice, got engaged, got married, and bought a
house! I'm glad I got to celebrate all those milestones with you and whenever we are
together, | feel like we’re back on the 27, on our way to or home from CAPA (except that

one time when SEPTA went on strike).



To some of my newest friends who, oddly enough, I met at my PhD interview at
Temple University: Brittany, Sterling, and NC, I’'m glad we were able to enjoy this
rollercoaster ride of a PhD together: from M2C to IRPs and finally preparing to graduate.
Brittany, you are a great roommate and an even better friend. We moved in together during
our third year and are still going strong and now have two fat cats, Ash and Tully. | want
to thank you for always offering to help me with my family, especially my mom. Oh and
for being Sylas’ other “aunt,” spoiling him and tolerating his antics as if he were your
nephew. To Sterling, you were the first person that I introduced myself to when we were
interviewing for the program and now you are in my dissertation! I want to thank you for
being the life of the party and suggesting fun and creative things to do to give us a small
break from lab and science (and for having one of the best unicorn themed birthday parties
ever). To NC, | remember you having a lot less hair when we first met. | sat behind you in
M2C and all our other subsequent classes and two memories stand out distinctly to me: 1.
when | fell backwards in my chair and you couldn’t stop laughing and 2. when I spilled
your chocolate covered espresso beans all over the floor during Dr. Goldfinger’s lecture
and we both couldn’t stop laughing. I’'m glad we went from being classmates to being
friends and | appreciate your advice when it comes to research and life. Plus, I’'m not the

only one with an accent anymore.

To the members of the Tukel lab, both old and new, we have experienced a lot
together. I rotated in Cagla’s lab for my second rotation and knew almost immediately that
| wanted to join her lab. As that time, the lab consisted of two graduate students, Sarah and
Lauren, and a technician, Amy. We were the girl gang of the original Kresge crew,

complemented by the boys of the Tam lab, Vincent and Ron. First and foremost, without



Sarah and Lauren | would have been lost navigating the world of committee meetings,
IDPs, IRPs, seminars, thesis proposals, posters, and much more. Sarah, | want to thank you
for being the first one to welcome me to the lab and for helping me by proofreading,
brainstorming, and troubleshooting several of my experiments. Lauren, once Sarah left, we
were just Theodore and Simon without our Alvin, but we made it through. From helping
me with my experiments and letting me use your “math brain” almost every day and
jamming out to Disney songs while road tripping to Maryland and Wintergreen. Plus, our
trips to Reading Terminal Market and Maxi’s for some delicious General Tso’s pizza (yes,
it is delicious). For always having my back and giving me support and tough love when |
needed it most. | want to say thank you, Dr. Nicastro. | would also like to thank Long Le
and Jamie Rosenstein, although you had a shorter stint in the lab, it was a memorable one.
Long, our trip to Texas and our stay at the questionable motel, but at least the BBQ and the
Tex-Mex was good. Jamie, I’ll always remember you for introducing our lab to trap
Beatle’s music. And to the newest members of the Tiikel lab, Kaitlyn and Shingo, we didn’t
know what we were getting into when you joined the lab in the same year, but you two fit
rightin. I appreciate your help and contributions to my project and my papers, plus tackling
that review within a few short months. I would also like to thank Shingo’s fiancé, Maddie
(yes, he liked it, so he put a ring on it), for cooking pounds (yes, pounds!) of delicious
pasta, vegetables, and potatoes when my father passed. Oh, and for having two of the cutest
Corgis ever! Ron, we also met on our interview day, as | told you about the sights to see
while you were staying in Philadelphia. We made it through M2C, Cell signaling, and the

IRP together. You were a great lab neighbor and friend. | could always count on you for

Xi



sound advice about science and life. I hope you’re living it up in Chicago, Dr. Lucarelli,

and accomplishing great things. This Philly girl will always remember you.

| would like to thank my committee members, Dr. Buttaro, Dr. Monestier, Dr.
Gallucci, and Dr. Tam for their support and guidance over these last four years. | recently
attended a seminar where the speaker mentioned graduate students only seeing their
committee members twice a year, but I’'m lucky enough to interact with most of you every
day; whether it be brainstorming in the hallway with Dr. Buttaro, Dr. Tam helping me with
the fluorescent microscopy, mincing spleens with Dr. Gallucci, or discussing ELISAs with
Dr. Monestier. All of you were wonderful committee members and amazing scientists —

something I hope to become someday.

Lastly, I would like to give my biggest thanks to my advisor, Dr. Cagla Tiikel. [ am
grateful for how supportive and understanding you have been when it comes to issues both
inside and outside of the lab. My experience in your lab is one I will never forget and has
helped me mature not only as a scientist, but as a person. | learned to not be so hard on
myself and that when something does not work, to approach it from a different angle, and
to try it again. However, if it does not work at all, you are willing to move on and head the
project in another direction. You are one of the few people I know that can, somehow, turn
negative results into a positive. So, | would like to say thank you for believing in me and

allowing me to be a part of the Ttikel lab.

xii



TABLE OF CONTENTS

Page
AB S T R A C T . iii
DEDICATION. ...t ettt e e e vii
ACKNOWLEDGMENTS. ... viii
LISTOF FIGURES. ... e xVii
LIST OF ABBREVIATIONS . ....oiitii e XX
CHAPTER

1. REVIEW OF THE LITERATURE. ... .o, 1
The Human MiIcrobiota. ... ... 1
The GUEIMICIODIOTA. . .....onee e 2
Function in HOMEOSASIS. .......ouiiiiiie e, 3

Early-life Microbiota and Immune System Development..................... 3
Biofilms in Research and MediCine..............oooiiiiiiiiiii e, 4
Enteric Biofilm CompoSItion. ... ... ..o 7
AMYIOIA CUTE. ..o e, 8
Discovery and Identification of Amyloid Curli............................... 9
Synthesis of Curli FIDers.........coooiii 9

Functional Role of Curli Fibers in the Enteric Biofilm...................... 12
In Vivo Expression of Curli Fibers.............ooooiiiiii 13

CeIIUIOSE. . ... 14
Cellulose BIOSYNhESIS. .....ccoee e e 14

Functional Role of Cellulose in the Enteric Biofilm............................15

Xiii



Morphology of Curli and Cellulose Containing Biofilms............................. 16

EXtracellular DNA . ... .o 16
Secondary Biofilms Components.............ooouiiiiiiiii i 19
Implications of Curli in Human DiSease..............ooviiiiiiiiiiiiiiieiae 21
Immunomodulatory Effects of Amyloid Curli............................... 21
Immune Evasion and Virulence..............ocooiiiiiiiiiiiie 23
Gastrointestinal and Urinary Tract Infection.......................coi, 26
AULOIMMUNE DISEASES. ...ttt ettt et e e 27
Systemic Lupus Erythematosus..............covviiiiiiiiiieeee, 27
Reactive Arthritis..... ..o, 28
Neurological DISEASES. ... ...ttt 30
Parkinson’s DiSease..........c.ooviuiiiiiiiii i, 31
AlzZheimer’s DiSease. .. .c..viiinii i, 32
Colorectal CanCer .. .. ..ot e 34
Concluding REMArKS. ... ..ot e 35
ReferenCeS Cited. ... ..ot e 38

2. INVIVO SYNTHESIS OF BACTERIAL AMYLOID CURLI IN THE

GASTROINTESTINAL TRACT CONTRIBUTES TO JOIN INFLAMMATION

DURING SALMONELLA INFECTION. ... 68
ADSTIACT. .., 69
INEFOTUCTION. ... e 70
RESUILS. ... 72

Xiv



Detection of Curli in the Intestinal Tract of Mice Infected with Salmonella
TYPhIMUIIUM . . 72
Curli are Produced by Salmonella Typhimurium After Oral Infection of
Antibiotic Treated or Untreated Mice.............cccoviiiiiiiiiinss 73
Oral Infection with Wild-type Salmonella Typhimurium Leads to the
Generation of Anti-dsSDNA Autoantibodies.............cccooeeiiiiiiiinininnn 77

Curli Expression Leads to Autoimmunity and Inflammation of

JOINES. L 80
DISCUSSION. ...ttt 86
Materials and Methods. ...........oeiriei e, 92

Bacterial Strains and Growth Conditions..............c.cocviiiiinian 92

Curli Purification and Generation of Polyclonal Immune Serum........... 92

Detection of CsgA Specific 1gG..... ..o, 94

Detection of Anti-dsDNA Autoantibodies..............cooeviiiiiiinnan. 95

In Vivo Infection of MICE.........ooiii e, 96

Immunohistochemistry.... ..o 97

Curli Detection in Murine Tissues Using SDS-PAGE and

IMMUNOBIOLEING. ... 98
Histopathology.......c.oiniii e 99
Statistical ANalYSIS........vieiii 99
References Cited..........o.iiii i 100
Supplemental FIQUIES. .......oiei 107

Xv



3. NITRATE IS AN ENVIRONMENTAL CUE IN THE GUT FOR SALMONELLA

TYPHIMURIUM BIOFILM DISPERAL THROUGH CURLI REPRESSION AND

FLAGELLA ACTIVATION VIA C-DI-GMP SIGNALING..........cccovieieene, 112
ADSIIACT. ... 113
Importance...........coovveviiiiininnn... P e e e e e e e 113
INEFOTUCTION. ... 114
RESUIES. ..o 116

Nitrate Attenuates S. Typhimurium Production of a Major Biofilm
Component, Curli, During Biofilm Formation............................... 116

Nitrate Decreases the Levels of the Second Messenger C-di-GMP Leading

to a Reduction in Biofilm Formation and an Increase in Motility......... 119
Nitrate Enhances Migration in Biofilm-Inducing Conditions............. 121
Addition of Nitrate Alters the Architecture of the Mature Biofilm....... 125
Nitrate Disrupts Integrity of Mature Biofilms............................... 130

Inhibition of Nitrate Production in the Gut During Infection Increases

CsgD Expression and Curli Production InVivo..................cooeuene. 130
DISCUSSION. ...ttt et 131
Materials and Methods. ........ ..o 140

Bacterial Strains and Growth Conditions..............c.cocoviinnnn... 140

Isolation of Biofilm Formers and Planktonic Cell Subpopulations....... 140

Crystal Violet Staining.........cooooiiiii e 141

Curli and Cellulose Morphotypes. .........coveiiiiiiiiiiii e 142

XVi



Curli and Flagella Detection Using SDS-PAGE and

IMMUNODIOLLING. ... 142
Detection of C-di-GMP.........iiiiiii 143
MOTHILY ASSAY .. ..ttt 143
Real-time PCR. ... 144

Liquid Interface Coverslip ASSay.........ccoviviiiiiiiiiiiiiieieean 144
Biofilm Bead Movement and Penetrance ASSay................coovveven... 145

In Vivo Infection of MiCe.........ooiiii 145
Statistical ANalySis.........ovvriniiitii e 146
References Cited....... ..ot 147
Supplemental FIQUIES. ..o, 154
4. OVERALL DISCUSSION. ...t 159
References Cited. ... ... ..o e 174

XVii



LIST OF FIGURES
Figure Page
CHAPTER 1

1. Figure 1.1. Morphotypes of Salmonella Typhimurium Grown on CR-indicator Plates
TOr A8 N Al 26°C . .. i 18

CHAPTER 2

2. Figure 2.1. Immunofluorescent Detection of Curli Produced by S. Typhimurium in the
MOUSE GUL. . ..t e et 74

3. Figure 2.2. In Vivo Expression of CsgD Gene by S. Typhimurium in the Mouse
INEESTINAL TTACT. ... et e e 76

4. Figure 2.3. In Vivo Synthesis of Curli by S. Typhimurium During Infection of

COTBLIB MICE. ...t e e 78
5. Figure 2.4. Long-term Persistent Infection with S. Typhimurium Leads to Expression
of Curli and the Generation of Anti-dsDNA Autoantibodies.......................cee... 81

6. Figure 2.5. Oral Infection of 129/SvJ Mice with S. Typhimurium Leads to the
Generation of Anti-dsDNA Autoantibodies and Joint Inflammation...................... 84
7. Figure 2.6. Systemic Curli Leads to the Generation of Anti-dsDNA Autoantibodies
and Joint Inflammation........ ... 87
8. Supplemental Figure 2.1. Levels of S. Typhimurium Colonization in Orally Infected
Streptomycin Pre-treated C57BL/6 MICE..........oovviiiiiiiiiee e 107
9. Supplemental Figure 2.2. Aggregates of S. Typhimurium Detected in Infected Cecum

SAMIPIES. .o e 108
10. Supplemental Figure 2.3. Immunoblot Screening for Detection of Curli Fimbriae in
the MOUSE Gl TTaCt. ..., 109
11. Supplemental Figure 2.4. Immunoblot Screening for Curli Production in Control
VG e tinitininitiaenieetatetiasateseesnsnsiissesasessssnsssssssssssssassssssnsnssssnsnssssnse 110
12. Supplemental Figure 2.5. Anti-dsDNA Immune Response is Specific to Curli and
N Ot L P S . .o e 111



CHAPTER 3

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Figure 3.1. Addition of Nitrate Alters the Biomass and Expression of Curli in S.
Typhimurium BiofiImMS...ceeeiiiieiieiiiiiieiiieiieeeisieareesessntossssssssnssnseniass 117
Figure 3.2. Nitrate Decreases the Levels of Second Messenger C-di-GMP in
SAIMONEIIA. . ... e e 120
Figure 3.3. Addition of Nitrate in Biofilm-inducing Conditions Enhances Motility of
SalmOonella. ... ..o 122
Figure 3.4. Addition of Nitrate Alters the Architecture of the Mature

BIOTIIM . 126
Figure 3.5. The Addition of Nitrate Leads to Disruption of Biofilm Integrity in the
Mature BIofiIm. ... 129

Figure 3.6. Inhibition of Nitrate in the Gut During Oral Infection Increases CsgD
Expression and Curli Production..............coooiiiiiiii e, 132
Figure 3.7. Enteric Bacteria Regulate Biofilm Expression in the Environment and the
Intestinal Tract in Response to C-di-GMP Levels.............ccooviiiiiiiciiiienns 138
Supplemental Figure 3.1. Addition of Potassium Nitrate Alters the Biomass in S.
Typhimurium Biofilms. ... ... 154
Supplemental Figure 3.2. Colony Diameter Significantly Decreases When Exposed
t0 High Levels OF NItrate.........o.ooviiinii e 155
Supplemental Figure 3.3. Salmonella is Less Motile Below Room

TOMIPEIAIUIE. . .ottt 156
Supplemental Figure 3.4. Motility is Significantly Decreased in the Chemotaxis
YL 157

24. Supplemental Figure 3.5. Mature Biofilms Treated with Nitrate Had Significantly
Higher Amounts of Bacteria Disperse into the Supernatant.............................. 158

CHAPTER 4

25. Figure 4.1. Bacterial Amyloids and Autoimmunity...............cooeieveiniiiininnnnnn. 164

26. Figure 4.2. Sodium Fumarate Significantly Decreases Biofilm Mass................. 168

27. Figure 4.3. L-arginine Increases Biofilm Mass...............cooooiiiiiiiiiiiiiinn, 170

XiX



AD

AG

Agf

a-Syn

B. Subtilis

BapA

BBS

bcs

bdar

Clq

CD14

c-di-GMP

CF

CPEC

CR/CB

csg

DAPI

dsDNA

LIST OF ABBREVIATIONS

Alzheimer’s Disease

Aminoguanidine hydrochloride

Aggregative Fimbriae

Alpha synuclein

Bacillus Subtilis

Biofilm Associated Protein A

Buffered Borate Saline

Bacterial Cellulose Synthesis

Brown Dry and Rough

Complement component 1q

Cluster of Differentiation 14

Cyclic Diguanylate

Cystic Fibrosis

Colibactin-producing E. coli

Congo Red/Coomassie Blue

Curli Specific Gene

4’ ,6-diamidino2-phenylindole

Double-stranded DNA

XX



E. Coli

ECM

eDNA

ELISA

EPS

ER

ETBF

FA

FITC

Gl

HFIP

HLA-

IFN-

KNO3

LB

Escherichia Coli

Extracellular Matrix

Extracellular Deoxyribonucleic Acid

Enzyme-linked Immunosorbent Assay

Extracellular Polymeric Substances

Endoplasmic Reticulum

Enterotoxigenic B. fragilis

Formic Acid

Fluorescein Isothiocyanate

Gastrointestinal

Hexafluoroisopropanol

Human Leukocyte Antigen

Interferon

Interleukin

Inducible Nitric Oxide Synthase

Intraperitoneal

Potassium Nitrate

Luria-Bertani

XXi



LPS

MgCl:

NaNO3

NLRP3

NO

NTS

P. aeruginosa

PAMP

PBS

PD

pdar

rdar

ReA

RNA

RT-PCR

S. aureus

S. Typhimurium

saw

Lipopolysaccharide

Magnesium Chloride

Sodium Nitrate

NOD-like Receptor Protein 3

Nitric Oxide

Non-typhoidal Salmonella

Pseudomonas aeruginosa

Pathogen Associated Molecular Pattern

Phosphate Buffered Saline

Parkinson’s Disease

Pink Dry and Rough

Red Dry and Rough

Reactive Arthritis

Ribonucleic Acid

Real Time Polymerase Chain Reaction

Staphylococcus aureus

Salmonella enterica serovar Typhimurium

Soft and White

XXii



SDS-PAGE

SEM

SLE

sPBS

T3SS

T8SS

TLR

TNF

UPEC

UPR

UTI

YESCA

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

Standard Error of the Mean

Systemic lupus erythematosus

Sterile Phosphate Buffered Saline

Type 111 Secretion System

Type VIII Secretion System

Toll-like Receptor

Tumor Necrosis Factor

Uropathogenic E. Coli

Unfolded Protein Response

Urinary Tract Infection

Yeast Extract Supplemented with Casamino Acids

XXiii



CHAPTER 1
REVIEW OF THE LITERATURE

The Human Microbiota

The community of microorganisms that live upon or within a host are referred to
as the microbiota. Despite being considered by many as a relatively modern field of
research, the first descriptions of human-associated microbiota date back to the mid-
seventeenth century when Antonie van Leeuwenhoek described matter present on his own
teeth as “...said matter there were any very little living animalcules, very prettily a-
moving” (1). He subsequently compared his own oral and fecal microbiota, observing
differences between the microbes in these body sites as well as comparing samples between
healthy and diseased individuals (1). Some of the first observations and characterizations

of bacteria were from human-associated microbiota.

The human microbiota is dynamic and shaped by multiple factors, composed of
trillions of cells including bacteria, fungi, viruses, and archaea that colonize the surface or
deep layers of the skin, the mouth, the vagina, and the digestive tract (1). The human body
provides a broad range of environments with each part acting as its own unique ecosystem,
the microbial population being shaped by the unique environmental conditions (2, 3). Over
the last 15 years, the human microbiota has received increasing attention in a variety of
research fields. The gut microbiota is of great interest as numerous studies have reported
alterations in the gut microbiota during obesity, diabetes, liver diseases, cancer, and
neurodegenerative diseases (2-9). In 2001, Joshua Lederberg coined the term microbiome

to refer to the “ecological community of commensal, symbiotic, and pathogenic



microorganisms that literally share our body space” (10). In 2017, approximately 4,000
publications focusing on the study of the gut microbiota were published, accounting for
80% of the publications on the subject since 1977 (4). Many fundamental questions
concerning the human microbiota have been difficult or impossible to address until
recently. The advancement of laboratory techniques and “omics” technologies have
allowed researchers to characterize the composition of the microbiota and its functions in

human health and disease (11).
The Gut Microbiota

The coevolution of humans and their microbial symbionts have selected for a
specialized community of microorganisms that thrive in the gut (12). Bacteria comprise the
bulk of the gut microbiota with archaea, eukaryotes, and viruses present in much smaller
numbers (11). There are approximately 10 times more bacterial cells present within the gut
microbiota than the number of total human cells and over 100 times the amount of genomic
content as the human genome (4, 6). In a healthy human adult, the gut microbiome is
dominated by two bacterial phyla: Firmicutes and Bacteroidetes (4). Other phyla, including
Actinobacteria, Proteobacteria, Verrucomicrobia, and Euryarchaeota, are found in lower
abundance (4). The gut microbiota is unlike any free-living microbial community found in
the environment due to the symbiotic relationship it shares with the host. The acquisition
of these bacteria occurs by exposure to the environment, host status (genetics, immune
state, etc.) and dynamic self-selection among microbes to form stable, resilient
communities that can survive and are in balance with the host (13, 14). The gut microbes
form a complex ecosystem dependent on the internal environment and actively interact

with the host (15). A variety of genetic and environmental factors influence the
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composition and the function of the gut microbiota including host diet, genetics, age,

location, and medication use, especially antibiotics (16).

Function in Homeostasis

The microbiota plays a crucial role in maintaining immune and metabolic
homeostasis and protecting the host against pathogens through microbial crosstalk with the
mucosal immune system through integrated signaling pathways and gene regulatory
networks (14, 17, 18). The interactions between the host immune system and the colonizing
gut microbiota initiated at birth are critical for immune system development and

homeostasis (19-21).

Early-life Microbiota and Immune System Development

Early-life gut microbiota development is crucial for a balanced priming of the
immune system, wherein the immune system is permissive to microbial instruction,
occurring in the so-called “window of opportunity” (22, 23). The exposure to the
microbiota begins in utero and rapidly expands after birth with the mode of delivery and
subsequent environmental exposures being the biggest influential factors in the
composition of the microbiota of the infant (24, 22). A study by Reyman et. al. found
substantial differences in the gut microbiota and stability between vaginal delivery and
caesarean sections, especially within the first month of life (23). Caesarean sections have
been associated with adverse effects on immune development, predisposing to infections,

allergies, and inflammatory disorders (24-26).

When the homeostatic relationship is disrupted within the microbiota, it can lead to

dysbiosis or “an imbalance in the composition and metabolic capacity” of the microbiota



(27). Growing evidence indicates dysbiosis can shift the microbiota in ways that increase
inflammation and accelerate the onset or contribute to the pathogenesis of chronic diseases
(27) such as cardiovascular disease, obesity, diabetes, cancer, asthma, and inflammatory
bowel disease (27- 33). Therefore, the immune influences induced by the microbiota during
its early development may be life-long; creating proper or improper immune education and

resistance or susceptibility to disease later in life.
Biofilms in Research and Medicine

A bacterial biofilm is a group of single-species or multiple bacterial species
encapsulated in a three-dimensional, self-produced extracellular matrix (ECM) adhered to
a biotic or abiotic surface (34, 35). One of the first recorded observations of a biofilm
occurred in the 17" century when Antoine van Leeuwenhoek observed bacterial aggregates
with a rudimentary microscope (34). He noted, “from whence | conclude, that the vinegar
with which I wash’t my teeth kill’d only those animals which were on the outside of the
scruf, but did not pass thro the whole substance of it” (34). It was not until the early 1930s,
when Arthur Henrici observed biofilms in water, that a more detailed observation was
recorded, stating “it is quite evident that for the most part bacteria are not free-floating
organisms, but grow upon submerged surfaces” (35). From 1935 to 1978, microbiologists
continued to use microscopy to examine the biofilm and found that bacteria grow
differently after adhering to a surface and initiating biofilm formation (34). These adherent
bacterial cells adopt a profoundly different phenotype and are significantly different than
their planktonic counterparts (34). Up until this point, many microbiological studies
removed bacteria from their native ecosystems and studied them in pure culture, where

they grow predominantly as planktonic cells that are not associated with surfaces (34). It



was assumed that the biofilm was simply an accumulation of random bacterial cells in an
amorphous matrix and could be successfully treated if it were penetrated. This concept was
shown to be incorrect in 1988 when J.W. Costerton treated a biofilm with beta-lactam
antibiotics and, although it did penetrate the entire bulk of the biofilm, it did not kill any

significant number of sessile cells (34).

Biofilms can be produced by a variety of bacteria, including both gram-negative
and gram-positive species (36). The composition and the structure of the biofilm is specific
to the bacterial species and the environment in which it is produced. The biofilm ECM
contains molecules associated with the cell surface, including flagella, type 1V pili, and
functional amyloids or secreted extracellularly, including secreted bacterial
exopolysaccharides, proteins, eDNA and eRNA, which contribute to the ECM scaffolding
and function (1, 7, 37). The ECM can also acquire its components from the host or its
surrounding environment. Host proteins and glycoproteins, such as salivary proteins, were
found to contribute to the matrix scaffold and assist in microbial attachment while serving

as a microbial nutrient source in the oral microbiota (38).

The main components of the enteric ECM can be grouped into three categories:
proteins, polysaccharides, and DNA (39-41). Although the components are similar, the
ECM produced by different species varies, with most differing in their protein and
polysaccharide composition (34, 35). Depending on the species involved, the microcolony
can be composed of 10-25% bacteria and 75-90% ECM with the matrix being most dense
in the area closest to the center of the biofilm (34, 39). Therefore, treating the biofilm is

more complex than previously thought, requiring more than penetration for its eradication.



Initially, the biofilm lifestyle of microorganisms was of little interest to medical
microbiologists until the early 1970s when Nils Hoiby observed a link between the etiology
of persistent infection and aggregates of bacteria in cystic fibrosis (CF) patients (42, 43).
Since then, biofilms have been recognized as the cause of many clinical infections (44, 45)
and accumulating evidence shows that biofilms contribute to the pathogenesis of infection,
especially in chronic diseases (43, 46). The National Institutes of Health revealed that
among all microbial and chronic infections, 65% and 80%, respectively, are associated
with biofilm formation (47). These bacterial infections include both device-related and
non-device-related infections (47). Attempts to control these chronic infections with
traditional treatments like antibiotics were ineffective and often resulted in temporary relief
of symptoms and reoccurrence of infection (48). Furthermore, biofilms were identified as
the cause of numerous chronic infections like cystitis, osteomyelitis, CF, prostatitis, and
otitis media that are often unresponsive to antibiotics (48). The advancement of medical
technology has led to increased development and use of indwelling medical devices such
as joint replacements, stents, and catheters. Although these devices are of great benefit to
the patient, they present a new threat as bacterial biofilms form on the surfaces of these
devices and on tissue surfaces within compromised organs (49). Furthermore, there is
evidence that the host immune response is only partially beneficial in clearing biofilm-
associated infections and may even accelerate collateral tissue damage as seen in
Pseudomonas aeruginosa (P. aeruginosa) biofilm-associated lung infections in CF patients

(50).

It is critical to understand the complex interactions between biofilms and the

immune system to identify new targets and strategies of immune intervention against



biofilm-associated infections. Studies have shown that relative abundances of bacterial
species, and therefore biofilms and bacterial byproducts, change during the progression of
a variety of human diseases including gastrointestinal, autoimmune, neurodegenerative,
and cancer. Overall, this chapter discusses the characteristics of the enteric biofilm, its
interactions with the immune system, and its implications in the development of complex

human diseases.

Enteric Biofilm Composition

Enterobacteriaceae is a large family of Gram-negative bacteria that includes many
harmless enteric commensals as well as pathogens such as Salmonella, E. coli, Yersinia
pestis, Klebsiella, and Shigella (40, 51-54). Studies in E. coli and Salmonella species
showed that enteric biofilms have a thick ECM composed of curli, cellulose, BapA, and
extracellular DNA (eDNA), providing a layer of protection to the microorganisms
embedded within. This allows the bacteria to successfully grow in stressful environments
where nutrients are scarce and changes in temperature, osmolarity, and oxygen availability
readily occur (39-41). Furthermore, the biofilm blocks access by toxic agents such as
antibiotics and targeting by the host immune system (55). The ability of these pathogenic
bacteria to form a biofilm is predicted to be a conserved strategy for persistence and
survival in a non-host environment to increase the likelihood of transmission to a new host
(56, 57). It has also been proposed that biofilm formation and aggregation could provide a
mechanism to survive the harsh conditions of the host intestinal tract (58-60). Our lab
studies biofilms produced by enteric bacteria, specifically Salmonella enterica serovar

Typhimurium (S. Typhimurium) and E. coli, primarily focusing on the major proteinaceous



component of the biofilm, amyloid curli. For this dissertation, | will reference enteric

bacterial biofilms as those that produce curli, unless otherwise noted.
Amyloid Curli

Amyloids were first described as “pathological extracellular deposits™ in the liver,
kidney, and brain as early as the 17" century (61, 62). The term amyloid was coined in
1854 by Rudolf Virchow to describe pathological, waxy deposits in the nervous system,
which he mistakenly identified as starch due to the peculiar reaction of the corpora
amylacea with iodine and sulfuric acid (61). This was refuted when Friedreich and Kekule
concluded the deposits were primarily proteinaceous in nature (63). The protein is the key
component of and determines the formation of the amyloid deposits. Its structure is
composed of highly ordered amyloid fibrils formed by B-strands running perpendicular to
the lateral axis of the fibril forming a “cross-p” pattern (64-67). Current studies use
amyloid-specific dyes which bind to the amyloid protein structure, including Congo Red

dye, which gives apple-green birefringence under polarized light, and Thioflavin-T.

As of 2016, there were 32 proteins known to form pathological amyloids, which
have been associated with dozens of incurable diseases in humans and animals (19, 20);
notably human amyloids such as amyloid- associated with Alzheimer’s disease (AD), a-
synuclein (a-Syn) implicated in Parkinson’s disease (PD), and serum amyloid A (20, 68-,
71). Amyloid production is not only specific to humans and functional amyloids have been
found throughout all domains of life including Archaea, Eukarya, and Bacteria (12, 14,

72).



Discovery and Identification of Amyloid Curli

Functional amyloids play a diverse physiological role in bacteria; amyloids can act
as structural components and induce cytotoxicity and virulence (73). Amyloid proteins can
be found in more than 40% of all bacterial biofilms (74). One of the best characterized
functional amyloids is a highly aggregative surface fiber assembled by many
Enterobacteriaceae called curli. Curli was first observed in 1989 in fibronectin-binding E.
coli isolates from bovine fecal samples (75). Since then, curli fibers have been shown to
mediate attachment to surfaces and host tissues and are the major proteinaceous component
of the enteric biofilm, comprising ~85% of the ECM (75, 66, 64). Curli was also identified
in Salmonella and originally termed thin, aggregative fimbriae (76). Amyloid curli forms
a densely tangled mass of fibrils ranging from 4-10 nm in width (77, 78). These fibers form
when CsgA, the main monomer, repetitively binds to itself forming aggregates, attached to
the surface of the cell by CsgB, the nucleator protein (79, 80). The mature fibers align into
a B-sheet structure in which the B-sheet strands are oriented perpendicular to the axis of the
fiber (81). This stable cross-p sheet structure is characteristic of all amyloids, including the
majority of amyloid proteins associated with human diseases (82). Since the amyloid
structures are so similar, the dyes and staining techniques used when identifying pathogenic

human amyloids (i.e., Congo Red, Thioflavin-T) can be used to examine curli.

Synthesis of Curli Fibers

Curli biosynthesis is a highly regulated process controlled by a type VIII secretion
system (T8SS) encoded by curli-specific genes (csg), initially named for the genes in E.
coli (83), which are arranged on two divergently transcribed operons: csgDEFG and

csgBAC (83, 84-87). The gene homologs found in Salmonella were named agf for



aggregative fimbriae (84, 86). These two nomenclatures have been used interchangeably
since both bacteria produce curli, but the csg gene nomenclature is more common and will

be used throughout this dissertation.

Curli gene regulation is a highly coordinated event both on the cellular level and
within a biofilm community. Although, curli are the major protein component of enteric
biofilms, the production of curli within a biofilm is restricted to a distinct population (88-
92). Curli expression is triggered when enteric bacteria are grown under stressful
environmental conditions that favor biofilm formation over planktonic cell growth. These
environmental stressors include temperature, lack of available nutrients, osmolarity, and
oxygen availability (66, 93-97). When in the laboratory, these factors are combined to
induce maximal biofilm production by the cells. These bacteria are typically grown
statically at low temperature (28°C) in broths with limited nutrients such as Yeast Extract
Supplemented with Casamino Acids (YESCA), T-medium, or low to no salt added Luria-
Bertani (LB) broth (96). These stressful conditions initiate the production of curli within
the first 24-48 hours (98). It is worth mentioning that some in vitro conditions can bypass
temperature-dependent induction, resulting in curli production at 37°C when grown in iron-
limiting conditions (99), in the presence of bile (96), or when mutations exist in the csgD

promoter (99-100).

Curli are the main proteinaceous component, accounting for up to 85% of the
extracellular matrix, and are responsible for the development of the overall biofilm
architecture (59, 100, 101). CsgD is the master biofilm regulator and is required for the
transcription of the csgBAC operon as well as several additional genes important for

biofilm formation such as those involved in cellulose biosynthesis (59, 102-106). Global
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transcriptional regulators such as RpoS, OmpR, H-NS, and integration host factor regulate
the transcription of csgD in S. Typhimurium (107). CsgD expression is regulated by the
environmental stimuli mentioned above as well as growth phase and the second messenger,
cyclic di-GMP (c-di-GMP) (50, 64). c-di-GMP inversely regulates biofilm formation and
motility: increasing levels of c-di-GMP were found to promote biofilm formation by
blocking the activity of flagella motor protein YcgR (108) and activating RpoS (89, 90,
107) and, indirectly, MIrA (90), which in turn activates the expression of csgD and the
switch from motility to sessility (109). The activation of csgD begins the multifactorial
process of curli formation. CsgD bridges the two operons, csgBAC and csgDEFG, to begin
amyloid production by binding to the csg promoter sequence. Mutations in csgD can
greatly affect the ability of bacteria to produce curli, as a single point mutation can cause a

3-fold decrease in its production (86).

The csgBAC operon encodes proteins that make up the curli fiber including the
major and minor curli subunits, CsgA and CsgB, respectively, and inhibit polymerization
of these subunits within the cell, CsgC (86). Upon binding of the master regulator CsgD,
CsgA, CsgB, and CsgC are produced. CsgA is secreted to the outer membrane as an
unstructured soluble peptide, while CsgB adheres to the cell wall at the C-terminal domain,
nucleating and promoting the polymerization of CsgA (79, 80, 91, 110). In the absence of
CsgB, CsgA is secreted as a soluble protein that does not polymerize into fibers (111, 112).
However, this deficit can be overcome by interbacterial complementation (112); if a
bacterium with mutations in csgA or csgB are supplemented with these proteins by a nearby
bacterial cell, they can utilize these secreted CsgA or CsgB within their own T8SS to form

a fully functional curli fiber. The third and final gene of the operon, csgC, encodes the
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small, periplasmic protein, CsgC. CsgC inhibits CsgA-CsgA or CsgA-CsgB nucleation of
monomeric proteins as they pass through the periplasm of the cell, protecting the cell from
fibril formation and cytotoxic protein oligomers (113). Another protein, CsgH, was
discovered in a-Proteobacteria which lacked CsgC. CsgH has the greatest similarity to
CsgC, sharing a structural and genetic location (113). Furthermore, CsgH can also inhibit

CsgA polymerization (113).

The second operon, csgDEFG, encodes the regulatory proteins that assist in the
regulation, export, and assembly of the curli fiber (86). CsgG interacts with itself to form
a pore-like structure in the outer membrane in which CsgA and CsgB are excreted (114).
CsgA nucleates and the forms curli near the CsgG pore complex (115). During this process,
the periplasmic proteins, CsgE and CsgF, act as chaperones aiding in the secretion and
transport of CsgA and CsgB through the CsgG pore complex (116). CsgE also prevents
premature fibrilization of CsgA within the cell and prevents its degradation by periplasmic
proteases (115), while CsgF interacts with CsgB to keep it associated with the bacterial

outer membrane (65, 117).

Functional Role of Curli Fibers in the Enteric Biofilm

Amyloid curli is the major proteinaceous component of the enteric biofilm and is
responsible for the development of the biofilm architecture and structure (50, 64 118).
Mature biofilms containing curli-producing bacteria form a distinct three-dimensional
mushroom-like shape (119, 120), while biofilms produced by curli-deficient bacteria grow
in a single cell layer (50, 57, 64). In addition to structural support, curli also mediates the
initial attachment and adherence to surfaces. Amyloids are highly resistant to chemical,

proteolytic, and enzymatic degradation. Curli remains intact following treatment with
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sodium dodecyl sulfate (SDS) and enzymatic exposure to proteinase K (121). To
depolymerize the fibrils into monomeric subunits, curli must be treated with harsh
chemicals such as 90% formic acid or hexafluoroisopropanol (HFIP) (122). Hence, the
biofilm provides protection against chemical and enzymatic degradation, enhancing the

strength and durability of biofilms, allowing them to survive in the harsh environment (76).

In Vivo Expression of Curli Fibers

The expression of curli fibers in vivo has been controversial within the
microbiology field for several years. Curli expression is triggered under laboratory
conditions that are not commonly seen in the host including low temperatures and limited
nutrients (96), suggesting curli synthesis is limited to environmental conditions outside of
the host. Clinical isolates of E. coli O157:H7, the most common strains to be associated
with human disease, have several mutations which inhibit curli expression and production
in vivo. These include insertions in the mIrA gene, a mutation in the rcs phosphorelay
system, and a single point mutation in the csgD promoter (99, 105, 123-125). Both MIrA
and Rcs are DNA binding proteins that regulate CsgD expression with MIrA acting as an
enhancer and Rsc acting as a repressor (99, 105, 123-125). More than 95% of O157:H7
strains of E. coli carried an insertion in the mIrA gene. The single point mutation in the
csgD promoter was detected in most clinical isolates, suggesting in vivo expression of curli

is uncommon in E. coli 0157:H7 (105).

On the other hand, evidence from numerous studies indicate that curli is expressed
in vivo in both mice and humans. Anti-CsgA antibodies were detected in animal models of
S. Typhimurium infection (126, 127). Humphries and colleagues observed seroconversion

to various fimbrial antigens, including CsgA, in mice following infection with S.
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Typhimurium (126). Anti-CsgA antibodies have also been found in sepsis patients infected
with E. coli (127) and csgA expression has been seen in clinical isolates of uropathogenic
E. coli (UPEC) from patients with reoccurring urinary tract infections (UTIs) (128). In fact,
in a study of cystitis associated UTIs, all E. coli isolates carried the csgA gene (128-130).
If the csgA gene was present, the strains adhered to a variety of cell types; however, if the
csgA gene was absent, adhesion decreased, especially in human bladder carcinoma cells
(128). Therefore, in vivo expression of curli stills remains a controversial topic within the

field.

Cellulose

Another important structural component of the ECM is cellulose. Cellulose is an
important structural component found in green plants, algae, oomycetes, and bacterial
biofilms (134). Cellulose is a polysaccharide consisting of a linear chain of hundreds to
thousands of 1 to 4 B-linked D-glucose units (131). It was first discovered in 1838 by the
French chemist Anselme Payen, who isolated it from plant matter and determined its
chemical formula (132, 133). It is produced by a variety of phylogenetically diverse
bacteria allowing it to have many biologically diverse roles (135). Cellulose is required for
biofilm formation in many bacteria as well as cell-cell interactions including bacterial-
fungal, adherence to surfaces, decreased motility, interactions with amyloid fibers, and

protection against disinfectants (136-139).

Cellulose Biosynthesis

Cellulose is best characterized in the context of the biofilm in Salmonella or E. coli

species; however, its production has been thoroughly studied in other enteric bacteria
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including Citrobacter, Enterobacter, and Proteus species (40). The biosynthesis of
cellulose in different bacteria is carried out by at least three distinct operon classes, which
are characterized by various auxiliary and accessory genes (140-143). All bacterial
cellulose biosynthesis (bcs) operons that are currently characterized code for the cellulose
synthase catalytic subunit, BcsA, and the periplasmic protein, BcsB, which complex to
form the enzymatically active cellulose synthase (102, 103, 139). The production of
cellulose is tightly coupled with the production of curli. CsgD indirectly regulates cellulose
production through the activation of AdrA, a diguanylate cyclase that synthesizes c-di-
GMP, initiating the transcription of the cellulose genes (94). Cellulose expression, like

csgD, is positively regulated in response to c-di-GMP levels (103).

The becs complex of S. Typhimurium consists of the catalytic subunits BcsA and
BcsB and several auxiliary subunits encoded by two divergently transcribed operons,
bcsROABZC and bcsEFG (144). The expression of the bcsEFG operon is required for
cellulose production, but the functions of these proteins are not fully understood (135).
BcsE was recently shown to be a novel c-di-GMP receptor required for optimal cellulose
biosynthesis in S. Typhimurium and E. coli (135, 145), while BcsG was shown to strongly

interact with the cellulose synthase subunit BcsA and the protein, BesF (142, 146).

Functional Role of Cellulose in the Enteric Biofilm

Cellulose is the second most abundant component in the ECM of enteric biofilms.
The cellulose produced in the biofilms of E. coli and S. Typhimurium is called
phosphoethanolamine cellulose. The glucan chains have a phosphoethanolamine group
added to every other glucosyl residue (135, 146). This modification causes long, thick

filaments to form in comparison to the shorter, thinner, and curled strands typically found
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in standard cellulose (147). It adds additional support to the structure of the biofilm ECM,
yet its exact individual functionality is difficult to discern since it directly interacts with
amyloid curli. S. Typhimurium cellulose mutants have a significant defect in the ability to
form a fully developed biofilm, lacking the thickness, depth, towers, and peaks that are
typically seen in a wildtype biofilm (148). Together with curli, cellulose forms a
honeycomb-like structure, enabling biofilm development, bacteria-bacteria interactions,
increasing stabilization, adhesion to surfaces, and conferring protection against

environmental insults (95, 149-152).
Morphology of Curli and Cellulose Containing Biofilms

The biofilms of S. Typhimurium and E. coli have distinct morphology due to the
presence of curli and cellulose. These ECM components can be seen both with microscopy
and the naked eye. Enteric biofilms can be categorized based on their colony morphology
when grown on low-nutrient agar plates containing Congo Red and Coomassie brilliant
blue dye based on their texture and color (153). Colonies with a rdar (red dry rough)
morphology express curli and cellulose, those with a bdar (brown dry and rough)
morphology express only curli and not cellulose, those with a pdar (pink dry and rough)
morphology express only cellulose and not curli, while those with a saw (soft and white)

morphology express neither (99, 102, 154).

Extracellular DNA

The third major component of the enteric biofilm is extracellular DNA (eDNA).
The first account of eDNA in biofilms was published by Whitchurch and colleagues in

2002, when during studies of alginate biosynthesis in Pseudomonas aeruginosa (P.
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aeruginosa), they discovered that much of the ECM that reacted in a carbazole colorimetric
assay was not exopolysaccharide, but eDNA (155) Furthermore, treatment of P.
aeruginosa with DNase | prevented biofilm formation, emphasizing the need for DNA
within the biofilm ECM (155). Studies of S. Typhimurium and E. coli showed the inclusion
of eDNA into curli fibrils during biofilm formation (156). eDNA can be visualized within
the biofilm by staining with nucleic acid stains including propidium iodide, Toto-1, 4°,6-

diamidino2-phenylindole (DAPI), and Hoeschst stain.

The initial studies of eDNA identified cellular lysis as the primary source of eDNA
with autolysis and fratricide as known sources of eDNA in the biofilm. An example is the
HipBA toxin-antitoxin system in E. coli which induces bacterial lysis leading to the release
of genomic DNA into the biofilm (157). However, additional studies have shown the
possibility of direct secretion of DNA into the biofilm (158, 159). Furthermore, a sequence
comparison of eDNA to intracellular DNA showed the two were the same, although they
differed in their methylation patterns (158). There have also been examples of cell-lysis
independent DNA release by Bacillus subtilis (B. subtilis) (158). This evidence suggests
the eDNA in enteric biofilms can be from either autolysis or fratricide, although the exact

mechanism is not fully understood.

Interestingly, a study by Nicastro et al., showed curli aggregates purified from
Salmonella grown in high turbulent conditions inhibited biofilm formation and curli
aggregates purified from these cultures were structurally smaller and contained less DNA
(160). This suggests DNA released during biofilm formation may drive the generation of

larger fibrillar structures (160). Furthermore, curli intermediates associated with lower
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Cellulose* Cellulose™* Curli* Cellulose™
Curli* Curli”

Figure 1.1. Morphotypes of Salmonella Typhimurium Grown on CR-indicator Plates
for 48 h at 26°C. Different morphotypes can be visualized by growing bacteria on CR-
indicator plates. The four described morphotypes are rdar (red, dry, and rough; curli and
cellulose), pdar (pink, dry, and rough; cellulose only), bdar (brown, dry, and rough; curli
only), and saw (smooth and white; neither curli nor cellulose). Figure adapted from

Barnhart et al., originally provided by Ute Romling.
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levels of DNA were more cytotoxic than mature fibrils with higher levels of DNA (160).

The exact cause of this cytotoxicity remains unknown.

Secondary Biofilm Components

The ECM matrix is a complex array of extracellular polymeric substances (EPS)
that contributes to the unique attributes of the biofilm lifestyle and virulence. It provides a
mechanically stable and complex chemical environment that are fundamental for the
biofilm lifestyle (161). The composition and the structure of the EPS can vary depending
on the type of microorganism, nutrient/substrate availability, and the host environment
(162, 163). The ECM of the enteric biofilm mainly includes curli, cellulose, and eDNA;
however, it also includes BapA, O-antigen, and colanic acid to a much lesser extent (162,

163).

BapA, or biofilm associated protein A, is a surface protein that exhibits amyloid
like behavior (164). BapA was originally discovered in Staphylococcus aureus (S. aureus)
biofilms (164). A genome database screen of Salmonella enterica showed homology to the
Bap expressed by S. aureus (164). Like curli and cellulose, BapA is involved in the
formation of the biofilm pellicle and is regulated by the master regulator, CsgD (164).
Overexpression of a single copy of the bapA gene has been shown to increase biomass
(164). Conversely, a mutation in bapA has been shown to decrease the ability of bacteria
to form a mature biofilm and adhere to surfaces; however, this lack of BapA production
can be overcome by the overexpression of curli (165). Although the role of BapA has not

been completely defined, it seems integral to surface adhesion (164).
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Another secondary biofilm component partially controlled by CsgD is
lipopolysaccharide (LPS), specifically its O-antigen (166). LPS is a major component of
the outer membrane and plays a key role in host pathogen interactions with the innate
immune system, particularly evasion of the complement cascade and delay of recognition
and internalization of S. Typhimurium in epithelial cells (167). Environmental cues can
lead to O-antigen structural variations resulting from altered gene expression. One of the
best examples of this type of regulation is the PhoP/PhoQ system in Salmonella which can
lead to the acylation or diacylation of lipid A (168, 169). Due to a pleotropic effect, the
mutated LPS can negatively influence the other structures within the ECM (170, 171).
Salmonella biofilms formed on the surfaces of gallstones following infection excrete an
exopolysaccharide layer that binds them to the surface and to other bacteria (172). Efficient
biofilm formation was dependent upon the presence of LPS O-antigen. Mutants were more
sensitive to bile salts and unable to develop complete biofilms. On the other hand,
Salmonella isolated from murine gallstones demonstrate a defect in the LPS O-antigen and
can form robust biofilms, or hyperbiofilms, leading to increased persistence and survival
and decreased virulence, thus implicating a possible role of LPS O-antigen in biofilm

development (172).

Another secondary ECM component produced by enteric bacteria is colanic acid.
Colanic acid is a viscous capsular exopolysaccharide that contributes to the support of the
three-dimensional structure of E. coli biofilms (173, 174). The wcal-wza genes code for
its biosynthesis and can be triggered by variations in temperature and osmolarity, similarly
to csgD (175-177). When the wcal-wza genes are mutated in E. coli, there is a notable

deficiency in biofilm formation and adherence (178). It was later shown that curli was the
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major ECM component responsible for attachment and adherence; however, colanic acid

still remains essential to the biofilm structure (174).

Implications of Curli in Human Disease

Bacterial biofilms form throughout the human orogastrointestinal tract and mixed
species biofilms have been observed in dental and gastric infections as well as in intestinal
diseases, chronic gut wounds, and colon cancer (179). Biofilms are also formed by species
necessary for a healthy gut mucosa, and these biofilms may benefit the host (179). Biofilms
within the human gut can be either beneficial or detrimental to the host depending on

whether they are produced by the commensal microbiota or enteric pathogens.

In enteric biofilms, the ECM accounts for 90% of the total biomass and curli
accounts for 85% of the total biofilm components in the ECM (64, 66, 75). Due to its
prevalence, it is more than likely that the host is exposed to curli during infection. Indeed,
there is evidence of indirect exposure such as antibodies against the main monomer of curli,
CsgA (126, 127). The extent of the impact caused by curli exposure as well as other
bacterial amyloids and biofilm components on human health and disease is being

uncovered.

Immunomodulatory Effects of Amyloid Curli

Human amyloids can accumulate and form deposits in a variety of organs, causing
disease. B-amyloid has been studied extensively and its various forms are known to be
cytotoxic to immune cells (180-182). Although human and bacterial amyloids are not

homologous in their amino acid sequences, they share a conserved f-sheet structure and
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common functional properties (67, 114, 118, 183, 184), therefore, it is not surprising they

also share signaling properties.

Toll-like receptors (TLRs) are evolutionarily conserved receptors belonging to the
family of pattern recognition receptors (PRRs) (18). TLRs are important mediators of
inflammatory pathways in the gut, which play a major role in mediating the immune
response towards pathogen-derived ligands and linking adaptive immunity with innate
immunity (185). TLRs are a part of the first line of defense against pathogens because of
their ability to recognize covered pathogen-associated molecular patterns (PAMPS),
conserved structure of the pathogens, or the damage caused by the pathogens within the
host (186-189). TLR2 is one of the most efficient PRRs due to its ability to recognize and
consequently get activated by a variety of ligands including numerous microbial
components like lipoproteins, lipotechoic acid, peptidoglycans, zymosan and porin (190-
193). In 2008, Jana et al., showed fibrillar AB1-42 peptides activate microglia via the TLR2
signaling pathway, leading to increased production of neurotoxic inflammatory molecules
and enhanced degenerative processes in the inflamed central nervous system of

Alzheimer’s Disease patients (194).

Curli amyloid fibrils have been identified as a PAMP of the mucosal immune
system. In 2009, curli was shown to be recognized by TLR2 (195). Additional studies
found that TLR2 complexes with TLR1 and the adaptor molecule CD14 to create a
heterocomplex (196, 197). The B-sheet secondary structure of curli is recognized by the
TLR2/1/CD14 heterocomplex and on the surface of immune cells. This recognition can be
greatly reduced if the secondary structure of curli is altered in any way, even a single point

mutation (198). After binding to the TLR2/1/CD14 heterocomplex, TLR2 is engulfed into
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an endosome within the cell and pro-inflammatory chemokines and cytokines such as
Interleukin (IL)-6, IL-8, IL-17a, and Tumor Necrosis Factor (TNF)-a are produced (199,
200). Once inside the immune cell, the endosome containing curli can fuse with an
endosome containing TLR9. This fusion allows the DNA portion of the curli complex to
interact with TLR9 and the downstream activation of Type I Interferon (IFN) genes such

as ifnf, isgl5, irf7, and cxclO (156, 98).

As this interaction is occurring within the endosome, a cytosolic receptor, NOD-
like receptor protein 3 (NLRP3), is activated by curli DNA complexes. All three
components of the NLRP3 inflammasome (NLRP3, caspase-1, and the adaptor ASC) are
required to mount an IL-1pB-driven response against curli leading to the production of pro-
inflammatory cytokines IL-1p and IL-18 or induced cell death (197, 201). Although
NLRP3 activation is dependent on TLR2-production of IL-1f in response to curli/DNA
complexes is abrogated in TLR2-deficient macrophages; however, the exact signaling

mechanism remains unknown (201).

Immune Evasion and Virulence

The innate immune system represents the first line of defense against invading
pathogens. This system consists of three major effector mechanisms: antimicrobial
peptides and enzymes, the complement system, and phagocytes. Enteric bacteria including
several serovars of Salmonella enterica have developed strategies to circumvent the
immune system by evading or manipulating the immune response. These includes physical
barrier, the innate immune system, and the adaptive immune system. Many virulence genes

contribute to the survival of Salmonella during its passage through the host. Perhaps the

23



most well-known and largest clusters of these virulence genes are found in Salmonella

Pathogenicity Islands (SPIs) (202).

SPI1 and SPI2 encode two distinct secretion systems; type 111 secretion system 1
(T3SS1) and type 11 secretion system 2 (T3SS2), respectively (101, 203, 204). The initial
invasion of the host cell is initiated by the T3SS1; once the bacterium makes contact, it
inserts the needle of the T3SS1 into the eukaryotic membrane and injects its effector
proteins into the cell (such as SopE2, SipA, and SopB) (205-210). This causes the host cell
to undergo conformational changes and the formation of ruffles so the bacterium can be
engulfed by the host cell leading to the production of the Salmonella-containing vacuole
(SCV) (211, 212). The effectors also initiate host immune responses throughout the
intestinal mucosa, inciting inflammation to create a favorable microenvironment for
Salmonella, which gives an advantage over the resident microbiota (213, 214). stecher et

al. 2008).

This is followed by the activation of the T3SS2 inside of the SCV after Salmonella
enters and initiates contact deliver effectors proteins from the intracellular bacteria through
the SCV membrane into the host cell cytoplasm (such as SifA, SopD2, and SseJ) (215).
Inside the SCV, the effector proteins inhibit phagolysosome formation, promoting
intracellular survival and replication (216). Death of the host cell allows S. Typhimurium
into the extracellular space and the uptake of professional phagocytes in which infected
dendritic cells and macrophages can systemically spread the bacteria to the mesenteric
lymph nodes, liver, and spleen undetected (217-220). Interestingly, NRAMP, or the natural
resistance-assistance associated macrophage protein, transports divalent cations out of the

bacteria-containing phagosomes, potentially inhibiting bacterial metallo-enyzmes required
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for survival of many intracellular pathogens including Salmonella (221, 222). This allows
the mouse to control systemic replication and survive infection leading to a long-term

chronic colonization (223-225).

S. Typhimurium has developed adaptive strategies for enhanced survival and
persistence under adverse conditions both inside and outside of the host. Biofilm formation
is @ method used by bacteria for environmental survival and protection. The bacteria are
surrounded by the ECM, preventing their recognition and access by the immune system.
However, the ECM itself is a foreign mass that can signal the immune system and initiate
bacterial clearance. Bacteria prevent this by using molecular mimicry. Molecular mimicry
is a structural similarity of microbial molecules to host tissue and can be observed on a
molecular, serological, and functional level (226). The ECM can be decorated with
molecules that are antigenically like those found on the healthy cells or tissue of the host.
The immune system recognizes these molecules as host material and induces a self-
tolerance, preventing immune system activation and clearance. Molecular mimicry is one
explanation for autoimmune disease. Curli bears a striking structural and functional
similarity to human amyloids (67, 114, 118, 183) and molecular mimicry may assist in

biofilm and bacterial survival.

The major component of the ECM is curli, an insoluble amyloid that further
protects the bacterial community from enzymatic, proteolytical and chemical insults and
degradation (76, 118). Although the innate immune system can recognize the various
components of the enteric biofilm as PAMPs (i.e., curli, eDNA), some components aid in
immune evasion. Curli has been shown to prevent complement-mediated phagocytosis of

E. coli by binding to and blocking the actions of C1q (227). This prevents the phagocytosis
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of E. coli by macrophages and dendritic cells within the blood, allowing for systemic
infection (227). Human B-amyloid has also been shown to bind to Clg, suggesting a

possible common mechanism amongst amyloids (228).

DNA is another component of the enteric biofilm that can activate the innate
immune system. In S. Typhimurium, DNA within the biofilm induces the expression of
pmr, the antimicrobial resistance operon through cation chelation. Activation of pmr
protects biofilm-associated bacteria from the actions of aminoglycosides, antimicrobial
peptides, and ciprofloxacin (229). Furthermore, the expression of pmr is significantly

higher in biofilms than in planktonic bacteria.

Gastrointestinal and Urinary Tract Infection

Biofilms can occur throughout the entire length of the gastrointestinal tract (179)
and can be disease-linked or important for health. Two driver species of pathogenic biofilm
formation in the gut are Salmonella and E. coli. These enteric bacteria thrive in a pro-
inflammatory environment, conditions in which they outcompete the commensal
microbiota. An outgrowth of enteric bacteria is common during inflammatory states that

are associated with many gut disorders (230).

The urinary tract microbiome is just beginning to be characterized. UPEC, the most
common cause of UTIs (231, 232), is a member of the family Enterobacteriaceae and can
form a curli-containing biofilm (233). UPEC is a frequent colonizer of urinary catheters
and the primary cause of recurrent urogenital infections (234). UPEC forms curli-
containing biofilms that are difficult to treat and eradicate with antibiotics leading to

multidrug resistance (234). UTI infections can become persistent and result in bacteremia
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which can lead to sepsis (232). Expression of csg is upregulated in UPEC isolated from
urine of patients suffering from UTIs, whereas no csg expression is detected in urine from
healthy controls (129, 130). It was reported that curli promotes colonization and immune
induction by enhancing bacterial adherence and invasion into the uroepithelium during

early stages of UTI (129).

Autoimmune Diseases

The exact etiologies for autoimmune disorders such as rheumatoid arthritis,
systemic lupus erythematosus (SLE), and inflammatory bowel disease remain unknown,
but various genetic and environmental factors contribute to their development (235).
Furthermore, in those individuals who are predisposed, self-tolerance becomes disrupted.
The immune system begins to recognize self-antigens as foreign, leading to the body’s
inability to “tolerate” self-tissues as it attacks itself causing systemic and organ-specific
damage (235-237). Numerous microorganisms use molecular mimicry or mimotopes to
avoid detection by the immune system, which in turn could amplify the autoimmune

response against self-antigens.

Systemic Lupus Erythematosus

SLE is a classical autoimmune disease in which the immune system causes
widespread inflammation and tissue damage in joints, skin, brain, lungs, kidneys, and blood
vessels. Bacterial infections are a major cause of morbidity and mortality in patients
leading to and exacerbating SLE flares. Epidemiological studies suggest that bacterial
infections promote SLE disease in predisposed individuals, but the underlying mechanisms

remain unknown.
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SLE patients are more susceptible to infections, particularly bacterial infections,
involving the upper respiratory tract, skin, and urinary tract, than subjects without SLE
(238-241). SLE patients produce autoantibodies against a wide variety of cellular antigens
including double-stranded DNA (dsDNA) and nuclear proteins (98). When given
systemically, curli/DNA complexes trigger immune activation and production of type |
IFNs and autoantibodies, a hallmark of lupus, in SLE-prone and wild-type mice (98). It
was also found that infection of SLE-prone mice with curli-producing bacteria triggers

higher autoantibody titers than do curli-deficient bacteria (98).

Furthermore, clinical studies of SLE patients with persistent bacteriuria and E. coli
within their urine were positive for anti-curli/DNA antibodies (242). The levels of anti-
curli/DNA 1gG correlated with both bacteriuria and flares in the SLE cohort, further
suggesting a link between curli/DNA complexes and increased disease severity in SLE
(242). These data suggest that enteric bacteria production of curli potentiates disease

pathogenesis in individuals predisposed to autoimmune disorders.

Reactive Arthritis

Infections and exposure to pathogens or opportunistic organisms may initiate or
exacerbate autoimmune disorders. A small group of patients experience autoimmune
symptoms months and sometimes years after an infection is cleared. These autoimmune
sequelae are observed following infections with human pathogens such as E. coli, Borrelia
burgdorferi, S. Typhimurium, Mycobacterium tuberculosis, P. aeruginosa, Group A
streptococci, and Staphylococcus aureus (243-250). Joints are affected in many cases and

post-infectious arthritis is observed.
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One of the most well-understood examples of post-infectious arthritis is reactive
arthritis (ReA). ReA is an inflammatory arthritis that develops in 5-10% of the patients
following gastrointestinal infections with Salmonella, Shigella, Yersinia, or
Campylobacter or following genital infections with Chlamydia trachomatis (243).
Symptoms usually start 1-4 weeks post-infection and can last more than 5 years (243).
Histocompatibility leukocyte antigen (HLA)-B27 allele is a risk factor for ReA: about 90%
of individuals who develop ReA following Salmonella infection carry the HLA-B27
genotype (251). While ReA follows an infection, it is historically considered a “sterile”
arthritis; ReA patients are not responsive to antibiotic treatment and cultures of joint fluids
yield no bacterial growth. However, one study that employed immunohistochemical
staining and mass spectrometry reported the presence of bacterial byproducts in synovial

fluid (252-254).

Several mechanisms have been suggested to underlie the development of ReA. T
cell-mediated immune responses clearly play a large role in autoimmune diseases. In
rheumatoid arthritis, another autoimmune disease that primarily affects the joints, the
functions of certain subsets of CD4+ T cells with regulatory capacity, such as CD25+
regulatory T cells and Th2 cells are severely impaired (255). As ReA is a rare condition,
the role of these cells has not been elucidated, but it was proposed that CD4+ T cells that
produce IL-17 and generate a type 17-mediated inflammatory response contribute to joint
damage (255). Curli binds to and activates TLR2, leading to the production of pro-
inflammatory cytokines and chemokines including IL-6, IL-8, TNF-a, and I1L-17 (195, 198,
256, 257). Therefore, TLR2-mediated IL-17 production is a plausible mechanism for the

curli-driven development of ReA. It is unknown whether the autoantibodies generated
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during S. Typhimurium infection that recognize curli alone or curli/DNA complexes
facilitate joint damage directly as anti-dsDNA autoantibodies are not a hallmark of ReA.
Additional studies are needed to assess the role, if any, of anti-dsDNA autoantibodies and
to determine whether curli without DNA can elicit joint inflammation and damage. As curli
can also be produced by commensal strains from the Enterobacteriaceae family (258),
dissecting the mechanisms by which curli-producing or amyloid-producing bacteria trigger

arthritogenic processes in autoimmune diseases is critical.

Neurological Disorders

The gut microbiota impacts the nervous system through the gut-brain axis, a
bidirectional “highway” for immune, metabolic, endocrine, and neural signals (259, 260).
Gut bacteria can synthesize neurotransmitters and bacterial metabolites, like indoles and
short-chain fatty acids that can bypass the blood-brain-barrier and impact the brain (261-
263). One hypothesis is that these signals and microbial products are transmitted not
through the circulatory system, where they would need to navigate the blood-brain-barrier,
but via the vagus nerve: the longest cranial nerve in the body, connecting the enteric
nervous system to the brain stem (264-266). Thus, it is possible that aggregation of human
amyloidogenic proteins may be seeded or indirectly induced by bacterial amyloids that

originate in the gut.

There are two predominant theories about how biofilm-forming gut bacteria might
affect neurodegenerative disease: 1) indirectly by provoking neuroinflammation or 2)
directly by cross-seeding and aggregation of human amyloids by bacterial amyloids.
Dysbiosis of the gut microbiota may cause neuroinflammation by increasing pro-

inflammatory cytokines, systemic inflammation, and weakening of the gut barrier by
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decreasing immune regulatory function (267, 268). Aging is a major risk factor for
neurodegenerative diseases, and aging has been shown to change the microbiome
composition, increase inflammation, and disrupt the blood-brain barrier (269-273).
Bacterial amyloids like curli share structural and physical properties with human
pathogenic amyloids such as p-amyloid, hyperphosphorylated tau, and alpha Synuclein (a-
Syn) (274-276). Curli activates the same TLRs that recognize B-amyloid and a-Syn (196,
277, 288) and induces elevated pro-inflammatory cytokines such as TNF-a, IL-6, and IL-
1B which have been shown to impair blood-brain-barrier integrity (127, 201, 279, 280).
Therefore, it has been proposed that bacterial amyloids cause neuroinflammation and

induce protein aggregation, indirectly leading to neurodegeneration (278, 281, 282).

Parkinson’s Disease

Parkinson’s disease (PD) is characterized by a loss of dopaminergic neurons in the
nigrostriatal pathway. This loss is caused by Lewy bodies and Lewy neurites composed of
intraneuronal a-Syn aggregates (274). Braak hypothesized that PD begins in the enteric
nervous system and spreads up the vagus nerve to the brain (283). The earliest symptoms
of PD, which occur up to 20 years before diagnosis in more than 65% of patients, include
delayed gastric emptying, gastroparesis, constipation, and other gastrointestinal
dysfunctions (284, 285). PD patients were recently demonstrated to have an altered gut
microbiome compared to healthy controls (7). Elimination of gut bacteria in transgenic
mouse models expressing human o-Syn, either by using germ-free mice or treating with
antibiotics, resulted in decreased a-Syn deposition, neuroinflammation, and motor deficits;
an effect that was reversed by recolonizing mice with microbiota from PD patients but not

with healthy human microbiota (286).
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Furthermore, colonization of Fischer 344 rats with E. coli led to increased a-Syn
deposition in gut and brain neurons, increased gliosis, and increased inflammatory
cytokines; effects replicated in C. elegans, but not observed with E. coli incapable of
producing curli (281). A recent study corroborated these results: colonization of a-Syn-
overexpressing mice with wild-type E. coli, and not with curli-deficient E. coli, resulted in
elevated a-Syn pathology in the gut and brain and exacerbated cognitive, intestinal, and
motor deficits and increased neuroinflammation. Interestingly, treatment of these mice
with epigallocatechin gallate, an amyloid inhibitor restricted to the gut, prevented the
increase in PD pathology and behavioral deficits. The same study confirmed in vitro that
purified curli accelerated a-Syn aggregation (287). Thus, these studies also support the
second theory: bacterial amyloids directly cross-seed the aggregation of human
pathological amyloids in the gut, which spread to the brain. Curli homologs from different
bacterial strains are also capable of cross-seeding, even between E. coli and Shewanella
onidensis (288). E. coli curli accelerated the fibrillation of serum amyloid A in a secondary

amyloidosis mouse model (289).

Alzheimer’s Disease

Alzheimer’s disease (AD) is characterized by progressive accumulation of both
extracellular AP plaques and intraneuronal hyperphosphorylated tau aggregates called
neurofibrillary tangles (274). Samples from AD patients show increased B-amyloid
deposits in the intestines (290), and several AD mouse models corroborate increased [3-
amyloid plaques and hyperphosphorylated tau overexpression in the intestines and enteric
nervous system as well as impaired gut motility and function and increased inflammation

(290-293). Another study found no difference in gut motility and absorption between AD
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and control mice, though they detected intestinal B-amyloid and tau deposits in AD mice
and AD patient samples (294). Elimination of the gut bacteria by antibiotic treatment of
APP/PS1 mice led to reduced B-amyloid plaque load and associated gliosis, altered

cytokine profile, and increased regulatory T cell levels (295, 296).

AD patients and AD mouse models show altered gut microbiota composition,
favoring pro-inflammatory species compared to healthy patients or wild-type mice (297-
299). Microbiome composition affected cognition in APP/PS1 transgenic mice (298).
Germ-free APP/PS1 transgenic mice showed reduction in 3-amyloid deposition and pro-
inflammatory cytokines in the brain (297). A recent study showed that fecal microbiota
transplant from wild-type mice reduced B-amyloid plaques and tau tangles, gut
permeability, systemic and neuroinflammation, and cognitive deficits in an AD mouse
model (300). However, there is no in vivo evidence directly linking biofilm-forming

bacteria and bacterial amyloids in the gut to AD pathology.

Rather than cross-seeding, AD microbiome studies point to a pattern of systemic
inflammation and gut leakage leading to AD pathology and cognitive deficits. Recent
studies established that AD neuroinflammation involves NLRP3 inflammasome activation
in microglia (301-303). Systemic inflammation induced by endotoxin or by fecal
microbiota transplant from AD patients exacerbated microgliosis via the NLRP3
inflammasome in a murine model (304, 305). Interestingly, curli activates the NLRP3
inflammasome in macrophages in vitro, suggesting a mechanism of bacterial-induced
neuroinflammation (201). Regardless of how exactly the microbiome affects AD,

antibiotics and probiotics have been proposed as treatment options (306-308).

33



Colorectal Cancer

Cancer results from uncontrolled, malignant cell proliferation caused by
accumulated genetic and epigenetic mutations. The triggers for these mutations are
multifactorial in origin and remain elusive in many cases. Accumulating evidence supports
the involvement of infectious agents in carcinogenesis, especially in those organs that are
exposed to microorganisms. Approximately 20% of cancers around the world have been
estimated to be caused by microbes (309). Human papillomaviruses and the bacterium

Helicobacter pylori cause cervical and gastric cancers, respectively (310, 311).

Colorectal cancer (CRC) is the fourth leading cause of cancer-related deaths
worldwide (312). About 10% of CRC cases are hereditary while the rest are sporadic. Risk
factors include age, genetics, diet, and environmental factors (313, 314). Chronic
inflammation is one of the major risks of CRC. Patients with inflammatory bowel diseases,
including ulcerative colitis and Crohn’s disease, are at risk for development of colitis-
associated CRC (315, 316). The susceptibility of animal models of CRC, such as
APCMin/+ mice and azoxymethane-treated mice, is enhanced when dysbiosis is induced
by the inflammatory agent dextran sodium sulfate (317, 318). Further, the colonization of
the local intestinal microbiota by pathogenic bacteria has emerged as an important factor

in CRC initiation and progression.

A healthy human colon is protected by a mucosal barrier that separates the
microbiome from direct contact with the colonic epithelium of the host (319). Reduction
of the mucosal barrier increases the contact between the microbiota and colonic epithelial
cells and increasing inflammation and dysbiosis. Recently, bacterial biofilms were

observed in direct contact with CRC tumors upon mucosal degradation. Although it was
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initially thought that biofilms were only present on tumors, patients with biofilm-positive
tumors also had biofilms on tumor-free mucosa. Furthermore, three murine models of
carcinogenesis were evaluated by Tomkovich et al.: germ-free ApcMin1850/+ (129SVEV)
mice, germ-free ApcMinl850/+ I110—/— (129SvEv) mice, and conventional
ApcMinl1716/+ (C57BL/6) mice. In all three models, inoculum from biofilm-covered
human mucosa induced colon tumors primarily in the distal colon while the inoculum from
biofilm-negative mucosa did not (320). These findings suggest the luminal environment

may provide an ideal landscape for biofilm development.

Microbiome profiling revealed that biofilms of distinct commensal bacteria,
including Bacteriodes fragilis, Fusobacterium spp., and E. coli, were enriched in the CRC
tumors, and these bacteria were able to promote CRC tumor development in genetically
predisposed animals (313, 321-323). Studies in murine models also showed that
enterotoxigenic Bacteroides fragilis (ETBF) and colibactin-producing E. coli (CPEC)
secrete carcinogenic toxins that are associated with the propagation of tumors (324-328).
Toxin-negative mutants of CPEC and ETBF do not elicit tumor formation in the
azoxymethane/dextran sulfate sodium model of CRC (329, 330). When the growth of
CPEC and other Enterobacteriaceae are inhibited by the oral administration of sodium
tungstate the development of malignancies is blocked (331). Furthermore, CPEC and
ETBF were detected in patients with familial adenomatous polyposis, a premalignant

disease that can develop into CRC (332).

Concluding Remarks

The coevolution between humans and various microorganisms has created a

community that live upon or within the host, commonly referred to as the microbiota. One
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of the most complex ecosystems resulting from this symbiotic relationship is found in the
gut. The interactions between the gut microbiota and the host are critical for immune
system development and maintaining homeostasis. When this homeostatic relationship is
disrupted, it leads to dysbiosis. Studies across numerous fields of research have identified
dysbiosis of the gut microbiota as a trait of chronic disease. One possible cause of dysbiosis

is colonization by enteric pathogens like Salmonella and E. coli.

Enteric bacteria like Salmonella and E. coli can form biofilms. The biofilm provides
protection to the bacteria in a stressful and changing environment. The ECM of the biofilm
consists of three major components: curli, cellulose, and DNA. Each component has a
distinct function and adds to the integrity of the biofilm; however, curli accounts for 85%
of the total ECM and is responsible for the development of the overall architecture. Curli
is expressed when enteric bacteria are grown in a stressful environment that favors biofilm
formation over planktonic cell growth, conditions not seen in the host. Therefore, curli
expression in vivo has often been debated; however, there is mounting evidence showing
the indirect expression of curli such as anti-CsgA antibodies in humans and mice as well
as csgA expression in clinical isolates of E. coli. Our work presents the first biochemical
evidence that curli fibers are produced in the gastrointestinal tract following oral infection.
Since curli is highly immunogenic, we hypothesize its in vivo expression can greatly impact
the health of the host, exacerbating and triggering various diseases. Therefore, the continual

exploration of curli, as well as other biofilm components, in vivo is imperative.

Enteric biofilms have long been associated with the environment outside of the
host, and due to such contrasting conditions, many theorized in vivo expression would not

be possible. Although biofilms have been thoroughly studied since their discovery, this has
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been in vitro in a laboratory setting under environmental conditions. Despite an improved
understanding of the biofilm, the signals that affect its formation in vivo are still unknown.
Our research presents how the inflammatory environment within the host can affect the
expression of enteric biofilms in the gut. Since biofilms protect the bacteria from
environmental assaults, we hypothesize that biofilms help the pathogen endure the hostile
environment of the gut as it prepares to exit and transmit to a new host. The identification
of the specific cues that trigger in vivo biofilm expression are critical to understanding how
the enteric biofilm directly interacts with the host. With the information discussed here,

unraveling these interactions will increase our understanding of biofilms within disease.
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Abstract

Reactive arthritis, an autoimmune disorder, occurs following gastrointestinal
infection with invasive enteric pathogens, such as Salmonella enterica. Curli, an
extracellular, bacterial amyloid with cross beta-sheet structure can trigger inflammatory
responses by stimulating pattern recognition receptors. Here we show that S. Typhimurium
produces curli amyloids in the cecum and colon of mice after natural oral infection, in both
acute and chronic infection models. Production of curli was associated with an increase in
anti-dsDNA autoantibodies and joint inflammation in infected mice. The negative impacts
on the host appeared to be dependent on invasive systemic exposure of curli to immune
cells. We hypothesize that in vivo synthesis of curli contributes to known complications of
enteric infections and suggest that cross-seeding interactions can occur between pathogen-

produced amyloids and amyloidogenic proteins of the host.
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Introduction

Salmonella enterica serovar (S.) Typhimurium is a common non-
typhoidal Salmonella species (NTS), which causes gastroenteritis (diarrhea) in
immunocompetent individuals (1). Approximately 5% of patients develop an autoimmune
condition known as reactive arthritis (ReA) following gastrointestinal infection with S.
Typhimurium and some patients remain symptomatic for 5 years or longer (2-6). S.
Typhimurium also successfully colonizes multiple surfaces in the environment and cycles
between the host and the environment. During the environmental phase of its life cycle, S.
Typhimurium forms multicellular communities called biofilms; these structures involve a
thick extracellular matrix composed of curli, cellulose, BapA, and extracellular DNA
(eDNA) that has been shown to protect bacteria from various environmental insults
including chemicals, osmotic stress, and oxidative stress (7). The ability of NTS to form
biofilms is predicted to be a conserved strategy for increased persistence and survival in
non-host environments, which would increase the likelihood of transmission to a new host
(8,9). Previous work proposed that biofilm formation and aggregation could also
provide Salmonella with a mechanism to survive the harsh conditions of the host intestinal
tract (10-12). However, whether Salmonella forms biofilms or biofilm-like aggregates

within the human host is not known.

Curli are highly aggregated, thin amyloid fibers expressed on the surface of enteric
bacterial cells (13-16). These fibers range from 4 to 10 nm in width and have a rich 3-sheet
structure in which the B-sheet strands are orientated perpendicular to the axis of the fiber
(17). This cross-beta structure is characteristic of amyloids, including the majority of

proteins associated with human amyloid diseases (18, 19). Curli biosynthesis is controlled
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by a Type VIII secretion system encoded by two divergently transcribed
operons, csgBAC and csgDEFG (7, 20-22). In this system, CsgD transcriptionally
activates both csgBAC and csgDEFG operons as well as several additional genes important
for biofilm formation, such as those involved in cellulose biosynthesis (11, 23-25).
The csgA gene encodes the major subunit of curli, CsgA, which forms the curli fibers
(26, 27). The csgB gene encodes CsgB, which is the curli nucleator, forming a base for
CsgA to polymerize at the cell surface (28). CsgC is a periplasmic protein that inhibits
amyloid formation in the cytoplasm by inhibiting the beta-sheet transition (29). Once
produced, curli forms a mesh-like matrix on the biofilm along with extracellular DNA and

cellulose (16, 30, 31).

Routine curli production by Salmonella in vitro occurs at temperatures lower than
30°C (32, 33), suggesting that fiber synthesis is limited to environmental conditions. In
contrast, seroconversion studies in mouse models indicate that curli can be expressed
during infection (34). In support of this hypothesis, some in vitro conditions can bypass
temperature-dependent induction, resulting in curli production at 37°C when bacteria are
grown in iron-limiting conditions (14), in the presence of bile (35), or when mutations exist
in the csgD promoter (14, 32). When mice are injected intraperitoneally (i.p.) with purified
curli or S. Typhimurium that were induced to express curli, mice develop an autoimmune
response characterized by anti-double stranded DNA and anti-chromatin autoantibodies
(36). This response is driven by the innate immune recognition of curli by the two Toll-
like receptors, TLR2 and TLR9 (7, 37-40). In this study, we show that S. Typhimurium
produces de novo curli in the murine gastrointestinal (Gl) tract following oral infection and

that expression of curli leads to elevated levels of autoantibodies and inflammation in
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joints, which are hallmarks of human reactive arthritis. The negative impacts of curli appear
to be correlated with cellular invasion and access of curli to the systemic tissues

surrounding the intestine.

Results

Detection of Curli in the Intestinal Tract of Mice Infected with S. Typhimurium

For many human bacterial pathogens, transmission depends on cycling through the
environment. We speculated that preparation for this stage of the lifecycle could be a
central strategy for Salmonella to ensure efficient and prolonged success as pathogens.
This led us to investigate whether S. Typhimurium could synthesize curliin vivo.
Streptomycin pre-treated C57BL/6 mice were orally infected with S. Typhimurium grown
so that curli were not present in the inoculum. At four to six days after inoculation, mice
were successfully infected, as measured by colony counts from the internal organs and
feces (Fig. S2.1). Tissue embedding and sectioning were performed and small bacterial
clusters or microcolonies were visible within the cecum (Fig. S2.2). Multi-color
immunohistochemistry staining revealed that these rod-shaped bacterial cells
were Salmonella and were producing curli (Fig. 2.1A-B). Salmonella were found
exclusively within the luminal compartment of the cecum as defined by ZO-1 staining on
the apical surface of the epithelium (Fig. 2.1B). Control experiments with non-immune
rabbit serum (Fig. 2.1C and 2.1D) did not show any unspecific staining. We analyzed tissues
from additional mice to monitor the progression of S. Typhimurium through the GI tract.
Dense concentrations of S. Typhimurium showing positive staining for curli were detected
in the cecum (Fig. 2.1F and 2.11). In the colon, the bacteria were detected more tightly

packed, had the most intense curli staining, and appeared to be in the lumen (Fig. 2.1G and
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2.1)). In contrast, S. Typhimurium were negative for curli production in the small intestine
and were sporadically spread out over the 30 cm length of intestine. S. Typhimurium were
detected in the liver but were not recognized by anti-curli immune serum (Fig 2.1E and
2.1H). Overall, these results suggested that S. Typhimurium produced curli in the cecum
and colon within four to six days after oral infection. However, as these experiments
utilized polyclonal antibodies and lacked control tissues from mice infected with the curli

mutant, these observations needed additional confirmation.

Curli are Produced by S. Typhimurium After Oral Infection of Antibiotic-

treated or Untreated Mice

There are two acute models of Salmonella infection that can be employed using
susceptible (i.e., NRAMP-negative) C57BL/6 mice. With streptomycin pre-treatment of
the mice, the infection model pathology more closely approximates human gastroenteritis,
including transient disruption of the intestinal microbiota, epithelial ulceration and edema,
replication of S. Typhimurium to high bacterial densities in the large intestine and high
levels of bacterial shedding in the feces (41-44). In antibiotic untreated C57BL/6 mice,
disease progression more closely approximates human typhoid fever, with less intestinal
inflammation, coupled with S. Typhimurium replication to lower cell densities in the Gl

tract (45). We wanted to determine if the host environment in each infection model
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Figure 2.1. Immunofluorescent Detection of Curli Produced by S. Typhimurium in
the Mouse Gut. Representative confocal images at 28x (A, C), 63x (E-G), 72x (B, D) and
189x (H-J) are shown for the S. Typhimurium-infected mouse Cecum (A-D, F, I), Liver
(E, H), and Colon (G, J). Multicolor immunofluorescent staining was directed at ZO-1
(green), Salmonella (yellow) and Curli (red) along with DAPI counterstain (blue). Naive

rabbit serum was used as a control for non-specific staining (C, D).
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provided the activating conditions for curli production. We monitored expression of csgD,
encoding the curli transcriptional activator (14, 46), using a luciferase reporter strain grown
in curli-inducing or non-inducing conditions prior to oral infection of streptomycin pre-
treated or untreated C57BL/6 mice. At 96 h post-infection, the GI tract, spleen, and liver
were removed and imaged; light production was detected in the Gl tracts of all infected
mice, but not in the liver and spleen (Fig 2.2A-B). This indicated that S. Typhimurium
expressed csgD in the Gl tract during the course of infection, irrespective of how bacteria
were grown prior to infection or whether mice were pre-treated with antibiotic. It is
important to note that sufficiently large numbers of luciferase positive bacteria are needed
to detect the light production. Therefore, S. Typhimurium may also be expressing
the csgD gene at systemic organs, but at relatively low density that cannot be detected with

this technique.

Curli amyloid fibrils produced by Salmonella require treatment with 90% formic
acid to depolymerize (32, 47). We used this unique biochemical property to screen mice
for direct evidence that curli were produced in vivo. Streptomycin pre-treated and untreated
C57BL/6 mice were colonized by S. Typhimurium to similar levels post-infection, as
measured in the mesenteric lymph nodes, spleen, and liver (Fig. 2.3A). Consistent with
known differences between infection models, the strep-treated mice shed significantly
higher levels of S. Typhimurium into the feces compared to the untreated mice (Fig. 2.3B).
Tissues from infected mice were snap frozen, ground into a powder, and the soluble
proteins were extracted by boiling in SDS-PAGE sample buffer. The remaining insoluble
debris was treated once with 90% formic acid (FA) prior to SDS-PAGE and

immunoblotting. In initial tests, a high molecular weight band was detected in the colon
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Figure 2.2. In Vivo Expression of CsgD Gene by S. Typhimurium in the Mouse
Intestinal Tract. Untreated groups of C57BL/6 mice (A) or groups of C57BL/6 mice pre-
treated with streptomycin (B) were inoculated orally with 108 CFU of aS.
Typhimurium csgD::luxCDABE reporter strain grown in either biofilm-inducing or biofilm
non-inducing conditions. Animals were euthanized at 96 h post-infection. csgD expression
in the intestinal tract, spleen and liver was measured as light production using an VIS

Spectrum Imaging System (Perkin Elmer). Each panel represents a different mouse.
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corresponding to the top of the SDS-PAGE well (Fig S2.3) This was consistent with intact
curli fibers that had not depolymerized (32). In subsequent tests, we performed three
successive FA treatments of the insoluble portion of the ground tissue samples, resulting
in the detection of dimer and monomer CsgA species in the cecum and colon from both
strep-treated and untreated mice. In total, curli-specific bands were detected in 5 of 6 strep-
treated mice and 2 of 6 untreated mice. Curli bands were not detected in the liver or small
intestine samples (Fig. 2.3C), which matched the immunohistochemistry data. The most
intense CsgA bands were detected from the cecum in the majority of mice, as compared to
the colon, but this result appeared to be variable. These experiments confirmed that S.
Typhimurium produced curli amyloids in the lower Gl tract of infected mice. To rule out
the possibility that curli were being produced by a bacterial species other than
Salmonella that might be present in the microbiota, we screened colon samples from eight
control mice that were not colonized by Salmonella. All samples were negative for curli

(Fig. S2.4).

Oral infection with Wild type S. Typhimurium Leads to the Generation of Anti-

dsDNA Autoantibodies

We recently demonstrated that systemic exposure to purified curli/DNA complexes or to
curli-expressing S. Typhimurium triggers autoimmunity and leads to the generation of anti-
dsDNA autoantibodies (36, 37). Since oral ingestion is the natural route
of Salmonella exposure, we wanted to determine if curli synthesis in a natural infection
would also generate an autoimmune response. To allow sufficient time for antibody
generation (i.e., >2 weeks), genetically resistant (i.e., NRAMP-positive) CBA/J mice were

orally infected with wild type S. Typhimurium or its isogenic curli mutant (AcSgBA).
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Figure 2.3. In vivo Synthesis of Curli by S. Typhimurium During Infection of
C57BL/6 mice. (A) Groups of C57BL/6 mice (n = 6) were orally infected with 10’ CFU
of S. Typhimurium after pre-treatment with streptomycin (red) or untreated (black). Organs
were collected and bacteria enumerated from each mouse on Days 47 post-infection. The
edges of the boxes represent the minimum and maximum CFU values from individual mice
within each group, with the line representing the mean and the error bars representing the
95% confidence interval. There was no significant difference between groups for MLN
(P =0.3458), spleen (P = 0.4125) or liver (P =.3997). (B) Fecal pellets were collected on
Days 3 and 4 post-infection and the levels of S. Typhimurium were determined. Circles
represent individual CFU/g measurements with the line representing the mean value from

each mouse. The CFU/g values from mice in each group were pooled and compared (P =
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0.001; ***). (C) Homogenized mouse tissues prepared for curli analysis were resolved by
SDS-PAGE and immunoblotting. Arrows denote the CsgA monomer “M” and dimer “D”
species detected in the pure curli control and mouse tissues (i.e., Mouse #1,2,3—Strep-
treated; NS mouse—Non-strep-treated). Curli-specific rabbit immune serum was used as
primary antibody, followed by IRDye 680RD goat anti-rabbit immunoglobulin G (IgG)
secondary antibody and visualization using the Odyssey CLx imaging system and Image

Studio 4.0 software package (Li-Cor Biosciences). Representative images are shown.
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Consistent with previous reports (9, 48), bacterial numbers in fecal samples were similar
between the wild type and the csgBA mutant, with no statistical differences detected for 7

weeks (Fig 2.4A).

There was also no significant difference in bacterial burdens in spleen and livers
from the infected mice after 7 weeks (Fig 2.4B). To determine if a humoral response was
generated against curli during the course of infection, serum from the infected mice at 7
weeks post-infection was used to screen immunoblots containing a CsgA fusion protein
(GST-CsgAR1-5; 33 kDa; (40)). A band was observed in nine out of ten mice infected with
wild type S. Typhimurium, whereas none of the mice infected with the csgBA mutant (n =
5) developed anti-curli antibodies (Fig 2.4C). Wild type-infected mice were positive for
CsgA-specific 1gG antibodies; as the serum was diluted, the level of IgG antibodies
detected was also decreased (Fig 2.4D). Finally, we performed an anti-dsDNA ELISA,
which showed that mice infected with wild type, curli-producing S. Typhimurium
developed significantly higher levels of anti-dsDNA autoantibodies compared to the mice

infected with the isogenic csgBA mutant strain (Fig 2.4E).

Curli Expression Leads to Autoimmunity and Inflammation of Joints

To determine if the presence of anti-dsDNA autoantibodies was a general
autoimmunity phenomenon, we tested another genetically resistant mouse strain, 129/SvJ.
Similar to CBA/J mice, the wild type S. Typhimurium and curli mutant strains displayed
similar bacterial burden in the feces of 129/Sv]J mice with no statistical differences

measured (Fig 2.5A).
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Figure 2.4. Long-term Persistent Infection with S. Typhimurium Leads to Expression
of Curli and the Generation of Anti-dsDNA Autoantibodies. Groups of CBA/J mice
were orally infected with 108 CFU of S. Typhimurium or its isogenic curli mutant (csgBA).
(A) Fecal pellets were collected on the days shown after infection and the levels of S.
Typhimurium were determined. (B) Spleen and liver were collected at the experiment end-
point (42 days) and bacteria were enumerated. Mean and SE were calculated using data
from three independent experiments. (C) SDS-PAGE gels were loaded with a GST (first
lane) or GST-CsgAR1-5 fusion protein (second lane). Sera from mice infected with S.
Typhimurium or it isogenic curli mutant (csgBA) for 42 days were used as primary
antibodies to detect CsgA production. (D) ELISA was used to quantify the levels of 19G

antibodies specific for CsgA in 42-day old serum from mice infected with S. Typhimurium
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(n= 13) or the isogenic curli mutant (csgBA. n= 10). The absorbance values shown
represent the wild type samples after subtraction of the values from the csgBA samples.
Mean and SE were calculated using data from three independent experiments. (E) The
levels of anti-dsDNA autoantibodies were quantified by ELISA. Mean and SE were
calculated using data from two independent experiments. Significance was calculated

using a Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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In vivo production of curli in the intestine was indicated by using the S.
Typhimurium csgD luciferase reporter strain (Fig 2.5B). 129/SvJ mice infected with wild
type but not the curli mutant developed elevated levels of anti-dsDNA antibodies (Fig
2.5C). When a pathologist evaluated abnormalities in the knees of the infected mice,
synoviocyte proliferation was noted as a sign of inflammation (49). Mice infected with
wild type S. Typhimurium had significantly elevated scores for synoviocyte proliferation
compared to the mice infected with the curli mutant (Fig 2.5D and 2.5E). To independently
assess the potential of curli fibers in directly stimulating autoimmunity and arthritis, we
performed an additional experiment with mice subjected to weekly injections of curli
purified from wild-type S. Typhimurium. Serum analysis revealed that these mice had
elevated levels of anti-dsDNA autoantibodies with increasing doses of curli (Fig. S2.5A).
There was no statistical difference in the amount of anti-dsDNA autoantibodies developed
in mice injected with either curli purified from wild type S. Typhimurium or curli purified
froma S. Typhimurium msbB mutant, which expresses a modified LPS that does not signal
through TLR4 ((39), Fig. S2.5B). This result showed that the autoimmune response was
driven by curli fibers and not by contaminating LPS. No significant differences were
observed in serum titers of IgA, 1gG and IgM upon injection of curli purified from wild
type S. Typhimurium or curli purified from a msbB mutant (Fig. S.5C). To determine if the
presence of curli in the gut was enough to trigger autoimmunity, we performed a series of
experiments. First, we orally infected 129/Sv) and CBA/J mice with wild typeS.

Typhimurium or with the non-invasive invAspiB mutant.
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Figure 2.5. Oral Infection of 129/SvJ Mice with S. Typhimurium Leads to the
Generation of Anti-dsDNA Autoantibodies and Joint Inflammation. 129/SvJ mice
were orally infected with 108 CFU of wild type S. Typhimurium or an isogenic curli mutant
strain (csgBA). (A) The mean levels of S. Typhimurium CFU = standard error was
determined in fecal pellets collected on days 1, 3, 7, 14, 21, and 28 post-infection. Data
shown is representative of three independent experiments. (B) At Day 4 post infection, we
analyzed light production in the intestinal tract, spleen and liver from mice infected with
a S. Typhimurium csgD luciferase reporter strain. (C) The mean levels of anti-dsDNA
autoantibodies in mouse serum + SE, as quantified by ELISA. Naive mouse serum was
used as a negative control. Significance was calculated using a Student’s t-test (**, p <
0.01). (D) The level of inflammation in knee joints from S. Typhimurium-infected mice

was scored by a pathologist, following a scale based on histological parameters: 0, no
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changes; 1, slight thickening of synovial cell layer (< 3 layers of synoviocytes)
accompanied by congestion and edema of the external membrane; 2, moderate thickening
of synovial cell layer (3-5 layers of synoviocytes) accompanied by congestion and edema
of the external membrane. Significance was calculated using a Student’s t-test (*, p <0.05).
The scoring was applied to tissue sections prepared from each infected mouse, with

representative images shown in (E). Arrows denote the synoviocyte infiltration.
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Sera analysis indicated that only mice infected with the wild type S. Typhimurium

developed anti-dsDNA autoantibodies (Fig 2.6A and 2.6B).

Next, we injected mice either orally or intraperitoneally with curli fibers. Only mice
injected i.p. with curli fibers developed anti-dsDNA autoantibodies (Fig 2.6C).
Furthermore, mice injected i.p. with purified curli fibers showed significantly higher levels
of synovial inflammation and synoviocyte proliferation (Fig 2.6D). Chronic synovitis in
the joints led to periosteal bone resorption (Fig 2.6E, arrow), one of the hallmarks of
reactive arthritis. Finally, to show that the observed autoimmunity was not restricted to
curli from S. Typhimurium, we introduced wild type, curli-producing E. coli or a curli-
deficient AcsgBA strain by oral gavage or i.p. injections. Levels of anti-dsDNA
autoantibodies were not increased in mice that were orally colonized with the wild
type E. coli (Fig 2.6F). In contrast, mice that received wild type E. coli systemically had
significantly elevated levels of anti-dsSDNA autoantibodies (Fig 2.6F). Overall, these
results indicated that the systemic presentation of curli fibers was required to induce

autoimmunity by enteric bacteria.

Discussion

Here, we show for the first time the presence of pathogen-produced amyloids in
vivo in the context of an enteric infection. Curli amyloids represent the major proteinaceous
component of Salmonella biofilms and are critical for the development of normal biofilm
architecture, as they mediate cell-cell attachment and attachment to biotic and abiotic
surfaces (16, 22). To date, the optimal in vitro conditions described for curli expression
by S. enterica, E. coli and other enteric bacteria are predicted to correspond to conditions

found outside a mammalian host (14, 32). Although anti-curli antibodies were found in
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Figure 2.6. Systemic Curli Leads to the Generation of Anti-dsSDNA Autoantibodies
and Joint Inflammation. 129/SvJ (A) and CBA/J (B) mice were orally infected with
108 CFU of wild-type S. Typhimurium or an isogenic type three secretion—negative strain
(invAspiB) in 0.1 ml LB Broth or mock infected with LB Broth. The anti-dsSDNA
autoantibodies were detected in mouse serum + SE, as quantified by ELISA. Significance
was calculated using a Student’s t-test (**, p < 0.01). (C) C57BL/6 mice were injected
orally or intraperitoneally twice weekly for 6 weeks with 100 ug curli purified from the
biofilms of S. Typhimurium msbB. Mean levels of anti-dsSDNA autoantibodies in mouse
serum + SE, as quantified by ELISA. (D) C57BL/6 mice were injected with 100 pg curli
purified from the biofilms of S. Typhimurium msbB twice weekly or PBS for 12 weeks.
Joint inflammation was scored as described above. (E) A representative image is shown
with arrows denoting synoviocyte proliferation and bone resorption. (F) C57BL/6 mice

were treated with 20mg streptomycin and orally infected 24 hours later with 108 CFU of
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wild type E. coli. Two other groups of C57BL/6 mice were injected i.p with 108 CFU wild
type E. coli or curli mutant (csgBA) grown under biofilm inducing conditions weekly for 6

weeks. Mean levels of anti-dsDNA autoantibodies in mouse serum £ SE, as quantified by

ELISA.
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human sepsis patients infected with E. coli (50) as well as in mice infected with S.
Typhimurium (34), curli expression in vivo was doubted because the in vitro signals were
not replicated in a living host. Nevertheless, curli fibers have been established as potent
inducers of the innate immune system. Curli are recognized by the TLR2/TLR1/CD14
complex as well as the NLRP3 inflammasome (38-40,51,52). In addition, aS.
Typhimurium mutant that lacks curli (csgBA mutant) elicits lower levels of IL-17 and IL-
22 in the gut (48). There is also evidence that curli can bind to multiple host proteins such
as contact phase proteins or extracellular matrix proteins such as fibronectin and laminin
(53-55). The discovery that S. Typhimurium produces curli in the murine large intestine
brings together years of research on differing aspects of the Salmonella lifecycle (i.e., life
inside vs. outside the host) and reinforces the connection between persistence and virulence
(12). The signals for curli production by S. Typhimurium appear to be conserved within

the murine large intestine.

We determined that csgD was expressed and that S. Typhimurium produced curli
during acute infections in susceptible mouse strains, both with and without streptomycin-
pretreatment, and during chronic infections in genetically resistant mouse strains. In these
models, there was no apparent colonization advantage for curli-proficient strains, which
leads to questions as to why curli is produced. Salmonella and E. coli strains that are
associated with invasive disease have generally lost the ability to produce curli and form
curli-associated biofilms ((46, 56); summarized in (10)), which may allow bacteria to
spread systemically within the host (57). For strains that cause gastroenteritis, studies have
shown that curli and flagella are oppositely regulated by the cyclic diguanylate (c-di-GMP)

signaling cascade to transition from motility to sessility (11, 58). c-di-GMP signaling feeds
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into the bistable expression of CsgD and the formation of two distinct cell types (11, 58):
multicellular aggregates, which contain curli and are adapted for persistence, and
planktonic bacteria that have abundant Type Il secretion proteins and are adapted for
virulence (11). The presence of two populations may help S. Typhimurium to better survive
the hostile conditions in the intestinal lumen. Alternatively, this phenotype divergence
could be an evolutionary adaptation where pre-formed biofilms help to prepare the bacteria
for the external environment, which would be an advantage in the context of fecal-oral
transmission (59, 60). Such a strategy would explain why infection of mice with S.
Typhimurium (i.e., that initially lacked curli) resulted in csgD expression and curli
production in lower regions of the GI tract, detectable after 96 hours of infection. It should
be noted that Vibrio cholerae, another important human enteric pathogen, undergoes

similar phenotype divergence within the host Gl tract (61).

We used the chronic mouse infection model to examine the immunological impacts
of curli produced in the context oral infection with S. Typhimurium. Curli/bacterial DNA
complexes are highly proinflammatory (36) and these complexes can activate multiple
innate immune receptors (i.e., TLR2/1, and TLR9 (37). Systemic exposure to curli/DNA
results in the generation of type | interferons and autoantibodies against dsDNA and
chromatin (37). In murine models, intraperitoneal injection of commensal E. coli or
pathogenic S. Typhimurium grown under biofilm-inducing conditions leads to elevated

levels of autoantibodies as well, and these responses required the expression of curli (36).

Here we show that oral infection with S. Typhimurium can trigger an autoimmune
response in mice within 6 weeks after oral infection, a response correlated with in

vivo synthesis of curli. This result demonstrates that a bacterial component expressed in
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the intestinal tract can trigger subsequent autoimmune responses within the host. Reactive
arthritis, also known as post-infectious arthritis, is a painful form of inflammatory arthritis
caused after  gastrointestinal  infections  with  enteric  pathogens  such
as Salmonella, Yersinia, or Campylobacter (62). The mechanisms of how enteric
pathogens induce ReA are not known. Since curli fibrils are highly conserved in enteric
bacteria, it is possible that curli represent a link between gastrointestinal enteric infections
and ReA cases. The HLA-B27 genotype is a risk factor for ReA, and over two-thirds of the
patients with ReA carry the HLA-B27 genotype (63). We hypothesize that the individuals
that carry the HLA-B27 react stronger to bacterial curli, which may help justify the

sporadic occurrence of ReA after gastrointestinal infections.

We predict that bacterial amyloids produced by enteric pathogens in the context of
intestinal infection can initiate and/or exacerbate autoimmunity within the human host. In
addition to S. enterica and E. coli, human commensal members of the Enterobacteriaceae
can also synthesize curli (33) and curli-like amyloids are predicted to be produced by
members of other major phyla inhabiting the intestine (64). We have shown that oral
exposure to purified curli alone does not lead to autoimmunity, as intestinal permeability
is reduced (57, 65), suggesting that the immune system has strategies to limit the
translocation of curli to the sterile tissues. However, in the context of an invasive pathogen
like S. Typhimurium, which can cross the epithelial barrier, systemic presentation of curli
to the professional immune cells leads to autoimmunity. The in vivo synthesis of pathogen-
produced amyloids may stimulate cross-seeding interactions with other amyloidogenic
proteins, such as alpha-synuclein or beta-amyloid (66—68), with the potential for long-term

systemic and neurological impacts on the host.
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Materials and Methods

Bacterial Strains and Growth Conditions

Salmonella enterica serovar Typhimurium strain ATCC 14028 was used as the
wild-type strain. S. Typhimurium strain IR715 is a fully virulent, curli-producing wild type
strain derived from the 14028 strain (69). Its isogenic mutant, IR715 csgBA, contains an
unmarked csgBA deletion and was used as a negative control (48). The SPI-1/SPI-2 type
three secretion-negative IR715 invAspiB mutant was described previously (70). S.
Typhimurium expressing the luciferase plasmid under the control of the csgD promoter
(PcsgD::luxCDABE) was described previously (60). Bacterial strains were grown in Luria
Bertani (LB) broth and supplemented with either nalidixic acid (50ug/ml) or ampicillin
(200ug/ml) as needed and incubated overnight at 37°C with 200rpm agitation. S.
Typhimurium  strain  14028-3b, which contains  the csgD promoter  region
from Salmonella serovar Enteritidis 27655-3b and has constitutive production of curli
fimbriae (71), was combined with the 4bcs4 mutation that prevents cellulose production
(60). This strain was used for curli purification. E. coli MC4100 and its isogenic curli

mutant (csgBA) was described previously (17).

Curli Purification and Generation of Polyclonal Immune Serum

Strain S. Typhimurium 14028-3b AbcsA was grown overnight in Luria broth (1%
salt) at 37°C with agitation and this culture was used to inoculate 120 large (150 mm x 15
mm) T agar (1% tryptone, 1.5% agar) plates using sterile swabs; bacteria were incubated
at 28°C for 48 h. Bacterial cells were scraped from the agar surface using a microscope
slide and the material from 20 plates was suspended in 20 mL 10 mM Tris-HCI pH 8

supplemented with 0.1 mg/mL RNAse A and 0.1 mg/mL DNAse I. Aliquots of cell slurry
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(1 mL) were transferred into 2.0 mL Eppendorf Safe-Lock tubes containing a 5 mm
stainless steel bead (Qiagen # 69989) and were homogenized to break up the extracellular
matrix using a high-speed mixer mill (MM400, Retsch; 5 min at 30 Hz), before combining
into 50mL tubes. Sonication was performed to break open bacteria, with 10 x 30 s pulses
at 30% amplitude using the 3mm probe and 2 min cooling on ice between pulses.
MgCl2 was added to a final concentration of 1 mM and the mixture was incubated at 37°
for 20 min. Lysozyme was added to a final concentration of 1 mg mL* and the mixture
was incubated at 37°C for 40 min. SDS was added to a final concentration of 1%, along
with DNase | to a final concentration of 0.1 mg mL™ and the mixture was incubated at
37°C overnight. The next day, cell debris was sedimented by centrifugation (25,000 x g,
25 min), resuspended in 10 mL of 10 mM Tris-HCI pH 8, and boiled for 10 min, and this
process was repeated twice, prior to resuspension in 10 mM Tris-HCI pH 8 supplemented
with 0.1 mg mL™ DNAse | and RNase A and 1 mg mL™* lysozyme; this mixture was
incubated overnight at 37°C. The cell debris was sedimented by centrifugation, washed
twice in 10 mM Tris-HCI pH 8, resuspended in 3 mL of SDS-PAGE sample buffer and
loaded into the well of a preparative (4mm thick) SDS-PAGE gel. The gel was run
continuously at 20 mA until all of the dye in the sample had run through the bottom. The
insoluble material that did not enter the gel was recovered from the top of the well, washed
three times in 10 mL of distilled water, extracted twice with 5 mL ethanol, washed in 10
mL distilled water and lyophilized. This lyophilized material was resuspended in 0.2 M
glycine pH 1.5, boiled for 10 min to solubilize any Type | fimbriae that were present, and
the remaining debris was sedimented by centrifugation (27,500 x g, 25 min). The final

pellet was washed five times in distilled water, resuspended in 5 mL of distilled water,
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transferred to a pre-weighed glass vial, frozen at -80°C and lyophilized. At the end of this
process, we had purified 300 mg of curli fimbriae. We confirmed the purity by SDS-PAGE
and Coomassie blue staining, and by immunoblotting with anti-curli immune serum (32).
To generate new curli-specific immune serum, primary immunization of two eight-week
old, female New Zealand White Rabbits was performed with 200 pg of curli in 500 puL
PBS mixed 1:1 with diluted Complete Freund’s adjuvant (diluted 1 in 10 in incomplete
Freund’s adjuvant to contain <0.1 mg mL™ Mycobacterial antigens), delivered
subcutaneously in 250 pL doses at four different locations in the abdomen of each rabbit.
Three booster immunizations were performed at 21-day intervals after the primary
immunization, each with 200 pg curli in 500 pL PBS mixed 1:1 with incomplete Freund’s

adjuvant and delivered in four doses subcutaneously.
Detection of CsgA Specific 1gG

Nunc Maxisorp plates (Biolegend, 423501) were coated with 1-5ug GST-CsgAR1-
5in Tris.HCL pH 8.0 and stored at 4°C overnight. The plate was washed three times with
BBS wash buffer (17.5 NaCl, 2.5g H3sBOg3, 38.1g Na.Borate in 1L H>O) and then coated
with 200ul per well of BBT blocking buffer (BBS + 3% BSA+ 1%Tween 20) and incubated
for 1 h at room temperature with gentle rocking. After washing five times with BBS, the
plate was incubated with ten-fold serial dilutions of serum samples in BBT blocking buffer
and kept at room temperature for 2 h. Following washing, the plate was coated with
biotinylated goat anti-mouse IgG (Jackson ImmunoRes, 115-065-071) in BBT and
incubated at room temperature for 1 h. After washing, the plate was incubated with avidin-
alkaline phosphate conjugate (Sigma, A7294) in BBT at room temperature for 1 h. Finally,

the plate was washed five times with BBS and then incubated with 4-Nitrophenyl
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phosphate disodium salt hexahydrate (oNPP, Sigma-aldrich, N2765) dissolved in glycine
buffer at a concentration of 1mg ml™* at room temperature in the dark. Optical densities
were read at 650nm and 405nm using a BMG Labtech POLARstar Omega Microplate

Reader. For data analysis, 605nm readings were subtracted from the 405nm readings.
Detection of Anti-dsDNA Autoantibodies

ELISA was used for the detection of anti-double stranded DNA autoantibodies,
following a previously described protocol (72). Briefly, a 96-well Vinyl Plate (Corning
Costar, 2595) was coated with 0.01% poly-L-lysine in 1x PBS for one hour at room
temperature. After incubation, the plate was washed three times with distilled water and
dried. Once dry, the plate was stored at room temperature for up to 1 week before use. The
plate was coated with calf thymus DNA at a concentration of 2.5ug mL™ in BBS wash
buffer, sealed, and stored overnight at 4°C. The plate was washed three times with BBS
and blocked with BBT for 2 h at room temperature with gentle rocking. After washing five
times, the plate was incubated with a serial dilution of positive control serum (MRL-Ipr or
SLE), naive serum, and serum samples overnight at 4°C. Following washing, the plate was
coated with biotinylated goat anti-mouse IgG in BBT and incubated at room temperature
for 1 h. After washing, the plate was incubated with streptavidin alkaline phosphate
conjugate in BBT at room temperature for 1 h. Finally, the plate was washed five times
with BBS and then incubated with 4-Nitrophenyl phosphate solution at room temperature
in the dark. Optical densities were read at 650nm and 405nm using a BMG Labtech
POLARstar Omega Microplate Reader. For data analysis, all 605nm readings were

subtracted from the 405nm readings.
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In Vivo Infection of Mice

68 week-old female CBA/J mice, 129/SvJ mice, or C57BL/6 mice were purchased
from the Jackson Laboratories. The streptomycin-pretreated mouse model has been
described previously (41). Briefly, mice were inoculated intragastrically with 20mg of
streptomycin (0.1ml of a 200 mg ml* solution in PBS) 24 h before bacterial inoculation.
Bacteria were grown shaking in LB broth at 37°C for overnight, which results in bacteria
that are devoid of curli production (9). Mice were inoculated intragastrically with either
0.1ml of sterile LB broth (mock infection) or 10’~108 CFU S. Typhimurium 14028. Mice
were euthanized at indicated time points after infection. To determine the number of
viable S. Typhimurium, samples of cecum, liver, spleen, MLN and feces were collected
from each mouse, homogenized in PBS, and 10-fold serial dilutions were plated on LB
agar plates containing nalidixic acid. Organs and feces were collected for immunoblot

analysis.

S. Typhimurium IR715 and its isogenic csgBA mutant were grown with shaking in
LB broth containing nalidixic acid at 37°C overnight. These strains were used to inoculate
groups of CBA/J and 129/SvJ mice. Mice were tail bled and fecal samples were obtained
once per week. Fecal samples were collected, homogenized in 5mL 1x PBS in 15mL
conical tubes using a tabletop vortex, and 10-fold serial dilutions were performed and
plated on LB agar plates containing antibiotic to detect bacterial burdens throughout the
infection. Mice were euthanized six to seven weeks after initial infection. To determine the
bacterial burden systemically, the liver, spleen, and fecal samples were collected from each

mouse, homogenized in 1x PBS and 10-fold serial dilutions were plated on LB agar plates
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containing antibiotic. At point of sacrifice, blood was obtained from each mouse by cardiac

puncture.

For bioluminescence experiments, mice were inoculated orally with 2 x 102 CFU
of S. Typhimurium IR715 or its isogenic csgBA mutant containing the csgD luciferase
plasmid. Bacteria were grown statically for 72h in LB low salt at 28°C to induce biofilm
formation or grown with shaking in LB salt at 37°C overnight, which is a non-inducing
condition. 129/SvJ mice were euthanized 7 days after initial infection while C57BL/6 mice
were euthanized 4 days after initial infection. The spleen, liver, and gastrointestinal tract
were removed and imaged using the IVIS Spectrum in vivo imaging system (Perkin

Elmer).
Immunohistochemistry

For histological analyses, segments of the cecum, colon and liver were collected
following euthanasia. Tissue segments were fixed in 10% neutral buffered formalin for 24
h prior to paraffin embedding and sectioning at 4 pm. Samples were deparaffinized and
rehydrated before staining. Heat mediated antigen retrieval was performed in Tris-EDTA
buffer (10mM Tris, ImM EDTA, 0.05% Tween 20, pH 9.0) at 90°C for 35 minutes,
followed by blocking in 5% (w/v) skim milk in 1x PBS at room temperature (RT) for 3 h.
Staining was performed by overnight incubation at 4°C with staining buffer (1% BSA, 1%
Donkey Serum, and 0.5% Triton X-100 in 1x PBS) containing 0.5 ug ml™* Goat anti-
Salmonella CSA-1 (BacTrace, KPL), 1 ug ml™ Rat anti-ZO1 (R40.76, Santa Cruz) and a
1:100 dilution of anti-curli rabbit serum. Slides were washed before incubating with 5 pg
ml? each of Donkey anti-goat Alexa555 (ab150130, Abcam), Donkey anti-rat Alexa488

(ab150153, Abcam) and Donkey anti-rabbit Alexa647 (ab150075, Abcam) in staining
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buffer at RT for 3 h. Slides were washed, counter-stained with 1ug ml™ DAPI for 10

minutes, and cover slipped with VectaShield mounting media.

Imaging was carried out sequentially on a TCS SP5 scanning confocal microscope
(Leica), using the 405 nm and 540 nm laser lines followed by 488 nm and 630 nm laser
lines, and utilizing a 63x objective under oil immersion. Images of larger areas were
generated via tiling and higher magnification achieved through digital zoom tiles using the

LS ASF software (Leica).
Curli Detection in Murine Tissues Using SDS-PAGE and Immunoblotting

Two halves of the small intestine (i.e., jejunum and ileum), right lobe of the liver,
cecum and colon tissues were snap frozen in liquid nitrogen and stored at -80 °C. Tissue
samples were ground into a fine powder under liquid nitrogen using a mortar and pestle.
50 mg aliquots of powdered tissues were resuspended in 500 pL of 1x SDS-PAGE sample
buffer, and boiled for 10 min. The insoluble cell debris was pelleted by centrifugation
(25,000 x g, 5 minutes), and washed twice in 500 pL of distilled water. The cell debris
sample was treated with 500 puL of 90% formic acid, frozen at -80°C for 1 h, and
lyophilized for 24 h. In initial experiments, this step was performed once; in later
experiments, the formic acid and lyophilization steps were repeated three times. After
formic acid treatment, lyophilized samples were resuspended in 50 pL of 1x SDS-PAGE
sample buffer, the samples were centrifuged (25,000 x g, 2 min) and a 20 pL aliquot of
supernatant was loaded directly, without boiling, into each gel lane. Purified curli standards
were similarly prepared, with one 20 pg sample divided between two gels. Pre-stained
protein standards used were BIUELF (FroggaBio #PM008). SDS-PAGE was performed

with a 5% stacking gel and a 12% resolving gel. Proteins were transferred to nitrocellulose
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for 40 min at 25 V using a Trans-Blot SD semi-dry transfer cell (Bio-Rad Laboratories) in
tris-glycine buffer supplemented with methanol. Monomer, dimer and higher molecular
weight oligomers of CsgA were detected using rabbit anti-curli polyclonal serum (used at
1:1000 dilution), followed by IRDye 680RD goat anti-rabbit IgG (Mandel Scientific; used
at 1 in 10,000 dilution) and detection using the Odyssey CLx imaging system and Image

Studio 4.0 software package (Li-Cor Biosciences).

Histopathology

Murine knees were extracted and fixed in phosphate-buffered formalin. For
decalcification, samples were incubated in formic acid for 3 days and then embedded in
paraffin. 5 um sections of the tissue were stained with hematoxylin and eosin. The fixed
and stained sections were blinded and evaluated by an experienced veterinary pathologist
according to the criteria as described previously (49). Images were taken at a magnification

of 10x.

Statistical Analysis

Data were analyzed using Prism software (GraphPad, San Diego, CA). Student t test or
one-way ANOVA were used when appropriate. Error was determined by standard error of

the mean. P values of <0.05 were considered significant and were noted as such on figures.
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Figure S2.1. Levels of S. Typhimurium Colonization in Orally Infected Streptomycin
Pre-treated C57BL/6 mice. Organs were collected and bacteria enumerated from two
mice from a group of six that were infected with S. Typhimurium 14028. (A) Arrowheads
and circles represent the values from each organ for each mouse analyzed, and bars
represent the mean values. (B) Two fecal pellets were collected from all six infected mice
on Day 4 post-infection and the levels of S. Typhimurium were determined. Each symbol

type represents a different mouse.
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Figure S2.2. Aggregates of S. Typhimurium Detected in Infected Cecum Samples.
Streptomycin pre-treated C57BL/6mice were orally infected with 108 CFU of S.
Typhimurium. Organs were collected 96 hours post-infection, fixed in 10% formalin and
paraffin embedded. 5 pum sections were cut and stained with DAPI for nuclear staining or
with Salmonella anti-04 LPS antibodies. FITC-conjugated anti rabbit IgG was used as
secondary antibody. (A) Cecal tissue was visualized at 60X. (B) Luminal bacteria from the

cecal tissue was visualized at a higher magnification (100X oil).
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Figure S2.3. Immunoblot Screening for Detection of Curli Fimbriae in the Mouse Gl
Tract. Liver (LI), cecum and colon tissues were harvested from S. Typhimurium-infected
C57BL/6 mice and boiled in SDS-PAGE sample buffer. The insoluble debris remaining
was washed with distilled water and treated with 90% formic acid prior to SDS-PAGE and
immunoblotting. Purified curli were included as a control (Pos), with arrows denoting the
CsgA monomer (M) and dimer (D) species. The star represents the high molecular weight
species associated with the top of the SDS-PAGE well, present in the colon sample and the
positive control. Molecular mass markers (in kilodaltons) are indicated on the left. Curli
bands were detected with rabbit anti-curli immune serum as primary antibody and IRDye
680RD Goat-anti-rabbit-IlgG (LI-COR) as secondary antibody; immunoblots were

visualized on an Odyssey CLx scanner (LI-COR).
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Figure S2.4. Immunoblot Screening for Curli Production in Control Mice. Colon

samples from 8 control mice (CM#1-8; A and B) that do not contain Salmonella, were
processed for curli production. Samples were frozen, ground, boiled in SDS-PAGE sample
buffer and the insoluble debris remaining was treated 3x successively with 90% formic
acid before running the gel. Formic acid-treated, purified curli samples were included as
controls (Pure curli). Rabbit anti-curli immune serum was used as the primary antibody,
followed by IRDye 680RD goat anti-rabbit immunoglobulin G (IgG) secondary antibody
and visualization using the Odyssey CLx imaging system and Image Studio 4.0 software
package (Li-Cor Biosciences). Representative images are shown; on top, the auto-exposed
images generated by the Odyssey are shown, whereas, on bottom, the same blots have been

over-exposed to show that there are no faint curli bands present.
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Figure S2.5. Anti-dsDNA Immune Response is Specific to Curli and Not LPS. Balb/C
mice were immunized intraperitoneally with 10, 100 and 250 pg of purified curli (A) or
with 100 pg of curli purified from wild-type S. Typhimurium or an isogenic msbB mutant
(B). Injections were continued weekly for 4 weeks. At the end of 4 weeks, the levels of
anti-dsDNA autoantibodies in the serum of mice were quantified by ELISA. (C) Levels of

IgA, 1gG and IgM in the serum of mice from (B) were quantified by ELISA.
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Abstract

Curli, a major component of the bacterial biofilms in the intestinal tract, activates
pattern recognition receptors and triggers joint inflammation after infection with
Salmonella enterica serovar Typhimurium (S. Typhimurium). The factors that allow S.
Typhimurium to disperse from biofilms and invade the epithelium to establish a successful
infection during acute inflammation remain unknown. Here, we studied S. Typhimurium
biofilms in vitro and in vivo to understand how the inflammatory environment regulates
the switch between multicellular and motile S. Typhimurium in the gut. We discovered that
nitrate generated by the host is an environmental cue that induces S. Typhimurium to
disperse from the biofilm. Nitrate represses production of an important biofilm component,
curli, and activates flagella via the modulation of intracellular cyclic di-GMP levels. We
conclude that nitrate plays a central role in pathogen fitness by regulating the sessile to

motile lifestyle switch during infection.

Importance

Recent studies provided important insight into our understanding of the role of
cyclic di-GMP signaling and the regulation of enteric biofilms. Despite an improved
understanding of how cyclic di-GMP signaling regulates S. Typhimurium biofilms, the
processes that affect the intracellular cyclic di-GMP levels and the formation of
multicellular communities in vivo during infections remain unknown. Here, we show that
nitrate generated in the intestinal lumen during infection with S. Typhimurium is an

important regulator of biofilm formation in vivo.
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Introduction

Non-typhoidal Salmonella enterica serovar Typhimurium (S. Typhimurium) causes
gastroenteritis, an inflammatory diarrhea accompanied by fever, nausea, and abdominal
cramping in immunocompetent individuals. S. Typhimurium causes an estimated 93.5
million infections per year (1). S. Typhimurium cycles between a sessile, multicellular form
and a planktonic cell form, allowing it to successfully survive in the environment and thrive
in the host. The multicellular biofilm lifestyle is thought to aid in the transmission of the
pathogen as it helps bacteria to persist in the presence of disinfectants, antibiotics, or
chemical, physical, and mechanical stresses (2, 3). Once S. Typhimurium is ingested by
the host, the pathogen travels through the gastrointestinal tract. Flagella enable the
planktonic bacteria to swim toward the intestinal epithelial cells and a Type 11l secretion
system (T3SS) facilitates invasion of the epithelium (2-4). After crossing the intestinal
barrier, intestinal inflammation initiated by the detection of the pathogen via pattern
recognition receptors leads to an inflammatory response that facilitates S. Typhimurium
growth in the lumen of the intestinal tract (5, 6). Recently, we have shown that S.
Typhimurium produces the protein curli, which is a major component of the biofilm matrix,
in the intestinal tract during infection (7, 8). This suggests two populations are present in
the intestinal tract: 1) cells that form biofilms that are adapted for persistence and survival
and 2) planktonic cells that express T3SS proteins as well as flagella and are adapted for
virulence (2, 7, 9). The signaling mechanisms that drive virulence and manipulate

interactions with the host remain unknown.

The extracellular matrix of the S. Typhimurium biofilm is composed of amyloid

curli, cellulose, DNA, and BapA (10). Curli are the main proteinaceous component,
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accounting for up to 85% of the extracellular matrix, and are responsible for the
development of the overall biofilm architecture (11-13). Two divergently transcribed
operons, csgBAC and csgDEFG, encode for the curli subunit and the machinery that
controls their export (9, 14). CsgD expression is regulated by environmental stimuli such
as temperature, growth phase, and the levels of second messenger, cyclic di-GMP (c-di-
GMP) (15, 17). High intracellular levels of c-di-GMP promote CsgD leading to the
activation of downstream genes involved in biofilm formation. CsgD activates the
expression of csgBAC leading to the production of the major and minor subunits of curli
and expression of AdrA, which further transcriptionally increases cellulose synthase and
biosynthesis (11, 18). Thus, c-di-GMP stimulates the production of matrix components
such as cellulose and curli promoting biofilm formation as well as inhibiting motility (17,
19, 20). Inversely, decreased levels of c-di-GMP leads to decreased biofilm formation, and
increased motility in vitro (12, 21). Various pathogens form biofilms in vivo as a strategy
for immune system evasion and for increased persistence. Multicellular aggregates that
express curli have increased resistance to complement-mediated Killing (13). Conversely,
curli are recognized by the innate immune cells within the intestinal tract via the complex
containing CD14 and Toll-like receptors (TLR) TLR2 and TLR1 (22-25). Epithelial cells
directly respond to curli-expressing S. Typhimurium and limit bacterial translocation

during infection via TLR2-mediated immune responses (26).

High levels of nitrate and tetrathionate as well as other metabolites generated in the
gastrointestinal mucosa during inflammation serve as a chemoattractant for S.
Typhimurium (27-29). The proteins encoded by S. Typhimurium chemotaxis genes tsr and

aer cause migration toward areas of increased inflammation and consequently higher
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concentrations of nitrate and tetrathionate, respectively (15). Recently, the Keio collection
of single-gene deletions was used to identify E. coli mutants with defective amyloid
production (25). Mutations in narQ, which encodes the primary sensor of nitrate, resulted
in decreased CsgD and CsgA levels when bacteria were grown in biofilm-inducing
conditions, indicative of a possible link between the ability to sense nitrate concentrations
and curli production (16). Here, we investigated whether nitrate could serve as an in vivo
signal for S. Typhimurium as it navigates through the infectious microenvironment. Indeed,
we found that nitrate regulates biofilm formation and potentially serves as a switch between

a sessile and motile lifestyle during infection.

Results

Nitrate Attenuates S. Typhimurium Production of a Major Biofilm Component, Curli,

During Biofilm Formation

S. Typhimurium forms biofilms on both biotic and abiotic surfaces. S.
Typhimurium forms a pellicle biofilm at the air-liquid interface in liquid medium, whereas
it forms a colony biofilm on solid media. To investigate the effect of nitrate on S.
Typhimurium biofilms, we characterized S. Typhimurium biofilms grown in the presence
of sodium nitrate (NaNO3). Briefly, overnight cultures were grown statically in No Salt
Luria-Bertani (LB) broth supplemented with increasing concentrations of NaNO3 for 72 h
at 28°C. Incubation of S. Typhimurium with 25 mM, 50 mM, or 100 mM of NaNOs visibly
reduced pellicle formation at the air-liquid interface compared to cultures grown in the
absence of NaNOs (Fig 3.1A). No pellicle was observed in cultures of the isogenic curli

mutant (csgBA), used as a negative control. When the surface attached pellicle was
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Figure 3. 1. Addition of Nitrate Alters the Biomass and Expression of Curli in S.
Typhimurium Biofilms. A) Photographs of cultures of wild-type S. Typhimurium grown
with or without NaNOs for 72 h at 28 °C and stained with Crystal violet assay. Absorbance
of the crystal violet staining. B) Photographs of biofilms formed by single colonies of wild-
type S. Typhimurium, csgBA mutant, and bcsE mutant spotted onto Congo Red/Coomassie
Blue indicator plates supplemented with 0 mM, 40 mM, or 100 mM of NaNOs. Western
blot of extracts of colonies of wild-type S. Typhimurium, csgBA mutant, and bcsE mutant

grown in 0 mM, 40 mM, or 100 mM of NaNO3 for CsgA.
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quantified using Crystal violet as a proxy for biofilm mass, we determined that 25 mM, 50
mM, and 100 mM NaNOs significantly decreased the overall biomass of the biofilm
compared to cultures grown without NaNOs (Fig 3.1A). To ensure that this reduction was
due to nitrate and not sodium toxicity, we repeated the same assay using potassium nitrate
(KNO3) and saw a similar trend with significant decreases of the overall biomass of the
biofilm at 25 mM, 50 mM, and 100 mM concentrations of KNO3z (Supplementary Fig. 3.1).
In subsequent experiments, we used 40 mM and 100 mM NaNOs concentrations as 40 mM
has been reported to be the physiological concentration of nitrate during S. Typhimurium
infection and inflammation. Concentrations above 40 mM are expected in inflamed areas

close to the epithelium (30-33).

Next, we examined the morphologies of colony biofilms of wild-type S.
Typhimurium, its curli mutant, and its cellulose mutant (bcsk) in the presence of NaNO:s.
Normally, when grown on Yeast Extract Casamino Acid (YESCA) supplemented with
Congo Red and Coomassie Blue, wild-type S. Typhimurium has a red, dry, and rough
morphotype; whereas the curli mutant has a brown, dry, and rough morphotype; the
cellulose mutant has a pink, dry, and rough morphotype; and the curli/cellulose double-
mutant has a smooth and white morphotype (14, 34-39). We observed a change in the
morphotypes of all three strains when grown on indicator plates supplemented with 40 mM
or 100 mM of NaNOs. The wild-type and csgBA mutant lost their rough textures and
became smoother in appearance, whereas the bcsE mutant had a loss in color (Fig. 3.1B).
There was also a significant decrease in the average size of the colonies at 100 mM

concentration of nitrate (Supplementary Fig. 3.2). These morphotype changes suggest that
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the presence of nitrate led to decreases in curli production during the formation of the

biofilm.

To confirm the effect of nitrate on curli production, we measured CsgA protein
levels in whole cell extracts obtained from colony biofilms. Briefly, single colonies were
scraped from dye-free YESCA plates, resuspended in PBS, and their O.D. were
normalized. Hexafluoroisopropanol (HFIP) was used to depolymerize curli into CsgA
monomers. Western blot analysis of the protein extracts showed that CsgA protein levels
were decreased in both the wild-type and bcsE mutant strains grown in the presence of
nitrate, with the most evident reduction in band size occurring at 100 mM (Fig 3.1B). No
bands corresponding to CsgA were observed in the csgBA mutant extracts. Overall, these
results suggest that nitrate acts as a signal that causes Salmonella to decrease the expression

of a major biofilm component, curli.

Nitrate Decreases the Levels of the Second Messenger C-di-GMP Leading to a

Reduction in Biofilm Formation and an Increase in Motility

One of the signals that regulates biofilm formation is the second messenger, cyclic
di-GMP. c-di-GMP also regulates other cellular functions including cell-cycle progression,
virulence, and motility. Since biofilm formation and motility are inversely regulated by c-
di-GMP levels (17, 40-43), we tested whether c-di-GMP levels were modulated by nitrate
in biofilm-inducing conditions. To do this, we utilized a c-di-GMP reporter plasmid,
PMMB-Gm-Bc3-5 AAV (pFY_4950) (44). The bacteria that express the constitutively
active plasmid fluoresce green, but when intracellular levels of c-di-GMP increase, the

TurboRFP is activated, and the bacteria fluoresce red. S. Typhimurium containing the
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Figure 3.2. Nitrate Decreases the Levels of Second Messenger C-di-GMP in
Salmonella. A) Images of wild-type S. Typhimurium transformed with pMMB-Gm-Bc3-
5AAYV plasmid were grown overnight in biofilm inducing conditions then were treated with
NaNOz for 1 to 4 h. Bacteria were imaged using a TC5 confocal microscope at 100x oil
magnification. B) The percentage of c-di-GMP-positive cells determined as the number of
TurboRFP positive cells divided by the number of Amcyan-positive cells for each

individual field x 100%. **** p<0.0001; ***, p = 0.0003.
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pFY 4950 plasmid grown overnight in liquid culture in biofilm-inducing conditions before
cells were treated with 40 mM or 100 mM of NaNOs. Bacteria were collected 1 h and 4 h
post treatment and imaged using confocal microscopy (Fig. 3.2A). Green cells were used
as a count of total cells and red cells (or c-di-GMP positive) were counted using Image J
and the ratio of red to green cells was calculated (shown as % of red cells). Significantly
fewer red cells were seen 4 h after cells were treated with 40 mM or 100 mM of NaNOs
compared to their 1 h counterparts or to untreated cells (Fig. 3.2B), indicating that nitrate

exposure led to a decrease in the intracellular levels of c-di-GMP.

Nitrate Enhances Migration in Biofilm-inducing Conditions

Since c-di-GMP inversely regulates biofilm formation and motility (12), we next
investigated if the presence of nitrate increased bacterial motility. To test this, we measured
the motility of S. Typhimurium on soft agar motility plates supplemented with nitrate and
incubated at 28°C or 37°C. Lower levels of motility were observed at every concentration
of NaNOs tested under biofilm-inducing conditions at 28°C when compared to the invasive
condition at 37°C (Supplementary Fig. 3.3). Plates incubated at 37°C had halos about three
times as large as those incubated at 28 °C. Moreover, at 28°C, the bacteria traveled
significantly further in the presence of 100 mM NaNOs than in the absence of nitrate over
the same amount of time (Fig. 3.3A-B). When wild-type S. Typhimurium bacterial extracts
were subjected to western blot analysis, we detected higher levels of flagellar proteins in
bacteria exposed to 40 mM and 10 0OmM of NaNOs (Fig. 3.3C) than in extracts of bacteria

not exposed to nitrate with the highest amount of protein detected in 100 mM (Figure 3.3C).
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Figure 3.3. Addition of Nitrate in Biofilm-inducing Conditions Enhances Motility of
Salmonella. A) Single colonies of wild-type S. Typhimurium inoculated in a 0.03% agar
plate without or with 40 or 100 mM NaNOs. Photographs were taken after incubation
overnight at 28 °C. Bacterial motility was determined by measuring the halo created by the
bacteria as they swam. B) Distance migrated by S. Typhimurium on plates with and without
NaNOs. C) Western blot of extracts of S. Typhimurium incubated with or without NaNOs
for flagellin. D) Batch cultures of wild-type S. Typhimurium were grown shaking at 28 °C
for 72 h to induce biofilm production. NaNO3 was added to each culture and shaken for an
additional 4 h. Left: Photographs demonstrating decrease in aggregation in the bottom of
the flasks as NaNOs concentration increases. Right: Sedimentation of aggregates collected

from the flask in eppendorf tubes. E) Fold change in csgA expression in biofilm-former
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population from cultures supplemented with NaNOsz determined by RT-PCR relative to the

curli mutant.
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To confirm that was due to a change in migration ability rather than to altered
growth, we repeated the motility assay with two nitrate reductase mutants, AnarX and
AnarL, and the chemotaxis mutant, Atsr. There were no differences in motility of the nitrate
reductase mutants in the presence or absence of nitrate; however, the tsr mutant did not
migrate even in the presence of the highest concentrations of nitrate (Supplementary Fig.
3.4). Overall, these results suggest that nitrate is detected by bacteria present in biofilms,

and this induces the bacteria to become planktonic and switch on their flagellar motility.

Biofilms are composed of a heterogeneous population of biofilm formers and a
population of more metabolically active and motile cells that leave the biofilms to initiate
other processes such as seeding of a new biofilm or invasion (9). Bacterial cells are able to
switch between these two states in response to the signals received from the environment.
To elucidate nitrate’s role in this switch, we began by quantifying curli and flagella
expression within these two populations. S. Typhimurium was grown in biofilm-inducing
conditions in batch culture for 24 h, then NaNOz was added and cultures were shaken for
an additional 1 to 4 h. There was a noticeable decrease in the visible amount of aggregation

and sedimentation in the cultures treated with nitrate (Fig. 3.3D).

These two populations were separated using low-speed centrifugation as previously
described (9). This low-speed centrifugation pellets the biofilm formers while the
planktonic population remains in the supernatant. The biofilm forming population was
isolated and analyzed for expression of csgA. There was a significant decrease in csgA
expression when the biofilm cells were treated with 40 mM or 100 mM NaNOs (Fig. 3.3E).
Taken together, these data show that biofilm formers shift from a sessile state to a more

planktonic state in the presence of nitrate.
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Addition of Nitrate Alters the Architecture of the Mature Biofilm

To test the effect of nitrate on the architecture of a mature, established biofilm, S.
Typhimurium biofilms were grown for 72 h on glass coverslips in a 24-well plate in
biofilm-inducing conditions. Mature biofilms were treated with 0 mM and 100 mM of
NaNOs for 1 to 4 h then imaged using confocal microscopy. In 3D views, those biofilms
treated with nitrate were sparser than untreated biofilms (Fig. 3.4A). We used a 3D surface
plot for a more in-depth look at the architecture of the biofilms. Biofilms were considerably
less compact in the presence of nitrate than in its absence, and the nitrate-treated biofilms
appeared to separate into two distinct regions: a compact lower layer (green) and a loose
upper layer (red) (Fig. 3.4B). Furthermore, there were more particles in the upper layer of
the nitrate-treated biofilms than those not treated with nitrate, although the thicknesses of
the lower layers were similar (Fig. 3.4C). Furthermore, supernatant was collected from
nitrate treated biofilms at 1 and 4 hours. These samples were diluted and plated for bacterial
enumeration. Significantly more bacteria were found in the supernatant of nitrate treated
biofilms at 4 hours compared to 1 hour. There was also a significant difference between
the groups at 4 hours with higher bacterial numbers at 40 mM and 100 mM compared to
the 0 mM (Supplementary Fig. 3.5). Taken together, these data suggest the bacteria in the
exterior regions of the biofilm sense and chemotaxis towards the nitrate that is in the

environment initiating the dispersal of the biofilm.

Nitrate Disrupts Integrity of Mature Biofilms

Recently, an assay was designed to characterize biofilm properties on a microscale
using bead movement (45). Briefly, small fluorescently labeled glyoxylate beads are added

to biofilms, and their movement is tracked using laser-scanning confocal microscopy.
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Figure 3.4. Addition of Nitrate Alters the Architecture of the Mature Biofilm. A) 3D
views of untreated and nitrate-treated wild-type S. Typhimurium biofilms. Biofilms were
grown on round coverslips for 72 h at 28 °C. The mature biofilms were washed and treated
with 100 mM of NaNOzs for 1 or 4 h before staining with SYTO 9 (green) and imaging
using confocal microscopy (63x oil magnification). B) 3D surface plots were created of the

4 hour timepoint forming two distinct layers: a less compact upper layer (red particles) and

126



a compact lower layer (green particles). C) Quantification of 3D surface plots show an

increase in the number of particles in the upper layer (red).
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Software was developed to analyze the trajectory lifespan and biofilm density around each
bead. There is less bead movement throughout a biofilm when its structure is more compact
and rigid, typical of biofilms formed by wild-type S. Typhimurium. In contrast, beads
penetrate and move through biofilms lacking a compact and rigid structure such as those
formed by E. faecalis and the Salmonella csgBA curli mutant (45). We used this bead
movement assay to assess if the loose structure observed by 3D imaging of nitrate-treated
biofilms correlated with a loss of biofilm integrity. Mature biofilms were grown as
previously described and treated with 0 mM or 100 mM NaNO3 for 1 to 4 h, fluorescently
labeled glyoxylate beads were added, and samples were imaged using confocal microscopy
(Fig. 3.5A). These biofilms were further analyzed using the ImageJ plugin Mosaic to
compute the bead locations and their recorded trajectory data and trajectory lengths. The
movement of the beads in the biofilm over time were plotted as surface-covered or
bounding-box volumes. In the untreated biofilms, 93% of the trajectories had bounding-
box volumes of less than 100 um?, indicating that the biofilm was compact and more rigid
In biofilms treated with 100 mM NaNOs, 42% of the trajectories had bounding-box
volumes of less than 100 um?® and 17% of the trajectories had bounding-box volumes of
101-500 pm?. Interestingly, 34% of the trajectories had bounding-box volumes of 0 pm?®
(Fig. 3.5B). A bounding-box volume of 0 um? either indicates no bead movement or results
from the beads falling completely through the biofilm to rest at the glass coverslip interface.
Biofilms left untreated did not have any trajectories with a bounding-box volume of 0 pm?.
Taken together, these data show that nitrate can alter the structure of a mature biofilm,
decreasing its compactness and rigidity, compromising its integrity. We hypothesize this

loss of integrity results when Salmonella switch to a more motile phenotype to chemotaxis
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Figure 3.5. The Addition of Nitrate Leads to Disruption of Biofilm Integrity in the
Mature Biofilm. A) Wild-type S. Typhimurium biofilms were grown on round coverslips
for 72 h at 28 °C. The mature biofilms were washed and treated with 100 mM of NaNO3
for 1 to 4 h and stained with SYTO 9 (green). Red fluorescently labeled glyoxylate beads
were added to the biofilm and imaged using confocal microscopy (63x oil magnification).
Shown are 3D views created using ImageJ. B) Percent of bead trajectories in indicated

bounding-box volumes (um?) in untreated and NaNOs-treated biofilms.
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towards higher levels of nitrate, the same behavior seen in vivo in the inflamed intestine

during infection.

Inhibition of Nitrate Production in the Gut During Infection Increases CsgD

Expression and Curli Production In Vivo

Constitutive inducible nitric oxide synthesis (iNOS) is a source of host-derived
nitrate in the murine intestinal tract (46, 47). Oral streptomycin pretreatment of mice prior
to inoculation with S. Typhimurium increases the expression of iNOS, which in turn
increases levels of luminal nitrate (32, 47, 48) . To determine whether changes in nitrate in
the intestinal lumen alter curli production in vivo, we utilized the well-established
streptomycin pretreated mouse model and the iNOS inhibitor, aminoguanidine
hydrochloride (AG). AG decreases nitrate levels when given in drinking water (32, 47, 48).
Expression of csgD, encoding the curli transcriptional activator (49, 50) was monitored in
a group of 20 streptomycin pre-treated C57BL/6 mice after oral inoculation with a wild-
type S. Typhimurium strain containing a csgD luciferase reporter. The iNOS inhibitor was
given ad libitum in the drinking water of one group immediately after inoculation. At 96 h
post-infection, the gastrointestinal tract, spleen, and liver were removed, and light
production was monitored. We saw a luciferase signal indicative of csgD expression in the
intestinal tracts of 14 of 20 mice. However, when luminal nitrate was depleted using the
INOS inhibitor, 19 of 20 mice expressed csgD in the intestinal tract. No luciferase
expression was detected for either group in the livers or spleens (Fig. 3.6A). When the
signal intensity was quantified, the gastrointestinal tract was analyzed in three different
sections: the colon, cecum, and small intestine. Although csgD expression was detected in

all AG-treated mice compared to those that were left untreated, there was only a significant
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difference of csgD expression in the small intestine (Fig. 3.6B). Next, we assessed the
concentrations of luminal nitrate in the colon, cecum, and small intestine using a Griess
assay, described previously (47). Briefly, after euthanization, the colon, cecum, and small
intestine were harvested and cut open to expose the inner mucosal layer. The mucus was
gently scraped away from the surface, collected, and prepared for analysis. Nitrate was
detected in the colon, cecum, and small intestine of all infected mice despite the
administration of the iINOS inhibitor. There was a significant decrease in the levels of
nitrate within the cecum of AG-treated mice compared to the non-treated (Fig. 3.6C). It is
important to note that although the highest pathology is seen in the cecum of mice during
infection, in humans, S. Typhimurium invades the ileum in the small intestine. Therefore,
the mechanism for nitrate regulation of biofilm to motile lifestyle may primarily occur

where the bacteria need to establish an infection.

Discussion

Salmonella enterica serovar Typhimurium is an important enteric pathogen that
causes foodborne infections in both animals and humans. The ability of S. Typhimurium
to thrive in the inflamed gut is crucial for its survival and transmission to a new host. S.
Typhimurium is present as two populations in the intestinal tract: multicellular biofilm
aggregates, which contain curli and are adapted for persistence, and planktonic cells that
are motile and adapted for virulence (2, 7, 9). The presence of both biofilm formers and
planktonic S. Typhimurium in the gut suggests regulatory mechanisms fine tune its
virulence. S. Typhimurium utilizes the metabolites generated during intestinal
inflammation, including host-derived nitrate, for anaerobic respiration and expansion.

However, the environmental triggers for S. Typhimurium biofilm production and the
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Figure 3.6. Inhibition of Nitrate in the Gut During Oral Infection Increases CsgD
Expression and Curli Production. A) Female C57BL/6 mice (6-8 weeks of age) were
pretreated with streptomycin then inoculated orally with 108 CFU of S. Typhimurium
csgD::luxCDABE strain. One group of mice were given AG in their drinking water ad
libitum. Animals were euthanized 96 h post-infection. csgD expression in the intestinal
tract, spleen, and liver were measured as light production using an IVIS Spectrum Imaging

System (Perkin Elmer). Each panel shows organs from a different mouse. B) Luminescence
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in colon, cecum, and small intestine of individual mice treated or not with AG quantified
using Aura. *, p <0.05. C) Nitrate concentrations in colon, cecum, and small intestine

treated or not treated treat with AG. **, p< 0.01.
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switch to motile forms are not known. In this study, we showed for the first time that
Salmonella-produced biofilm integrity is regulated in response to host-derived nitrate

generated during intestinal inflammation.

Nitrate has a profound effect on S. Typhimurium biofilms. We found that biofilms
exposed to nitrate instigates the dispersal of biofilm-associated bacteria resulting in a loss
of integrity. Furthermore, nitrate exposure facilitated a reduction in csgA gene expression.
There was less CsgA protein expression and production in biofilms treated with nitrate than
biofilms grown in the absence of nitrate. In contrast, flagellar motility was increased in the
presence of nitrate. c-di-GMP is a second messenger important in signal transduction in a
wide variety of bacteria that has been shown to regulate biofilm formation, motility,
virulence, the cell cycle, differentiation, and other processes (15, 17, 19, 20, 51, 52). c-di-
GMP inversely regulates biofilm formation and motility. High levels of c-di-GMP are
associated with attachment to surfaces, extracellular matrix production, and biofilm
formation and repression of motility, whereas low levels of c-di-GMP are associated with
motility and virulence (Fig. 3.7A). We discovered that the addition of nitrate to S.
Typhimurium cultured under biofilm-forming conditions lead to a dramatic decrease in
intracellular c-di-GMP levels. This decrease in c-di-GMP levels led to decreased
production of biofilm components and increased motility. Overall, these observations
support the hypothesis that increasing concentrations of nitrate influence an intracellular
molecular switch in c-di-GMP production, and, consequently, the bacterial community

shifts from a sessile to a more motile state (43, 51, 53).

S. Typhimurium produces curli during acute infections in susceptible mouse strains.

We used a streptomycin pretreatment model, in which high levels of nitrate are detected,
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to evaluate the impact of nitrate on csgD expression. Inhibition of mucosal nitrate by AG
resulted in increased levels of csgD expression, confirming our in vitro finding that S.
Typhimurium responds to changes in luminal nitrate. The nitrate emanating from the
mucosal surface of the epithelium is thought to create a gradient of nitrate. It was previously
shown that, drawn by nitrate, S. Typhimurium uses energy taxis and the methyl-accepting
chemotaxis protein Tsr to conduct a flagellum-dependent invasion of Peyer’s patches (30,
47, 54). Our results show that S. Typhimurium present in biofilms respond to the same
concentration of nitrate, 40 mM, generated during infection. There was a more dramatic
response to 100 mM nitrate, suggesting that the in vivo phenotype in S. Typhimurium is
altered in response to changes in nitrate concentrations. Lower levels of luminal nitrate
may dampen chemotaxis, shifting the population towards a less motile, biofilm-producing

state.

Other enteric pathogens, as well as human commensal members of
Enterobacteriaceae, can synthesize curli (25, 38, 39, 55, 56). We hypothesize that enteric
bacteria regulate biofilm expression in the environment and the intestinal tract in response
to intracellular c-di-GMP levels, which are influenced by environmental cues such as
nitrate concentration (Fig. 3.7B). The previous report by Smith et al. that showed the
deletion of narQ genes in E. coli leads to reduced Congo red binding and curli production
is consistent with our idea (57). Furthermore, a recent study showed a unique association
between nitrate respiration, biofilm formation, and UPEC pathogenicity (58). Our studies
were not performed in conditions where the bacteria can respire nitrate, but was more so
aimed at dissecting the direct effect of nitrate on the S. Typhimurium biofilm. Future

studies are needed to delineate the interplay between nitrate respiration and biofilms during
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infection. However, reported studies suggest that these pathways are conserved in enteric
pathogens. For instance, similar to S. Typhimurium, excessive environmental nitrate
triggers the dispersal of sessile Burkholderia pseudomallei (B. pseudomallei) from the
biofilm, leading to an abundance of planktonic bacteria. There was a significant reduction
of intracellular levels of c-di-GMP in B. pseudomallei when grown in the presence of
nitrate, indicating that nitrate sensing can control intracellular c-di-GMP levels (59).
Although these observations were limited to in vitro studies, we expect the regulatory
mechanisms for biofilm formation for B. pseudomallei to be similar to those that regulate
S. Typhimurium biofilm formation, which are the same in culture and in mice. Commensal
E. coli, as well as pathogenic S. Typhimurium, expand their populations in response to
gastrointestinal inflammation through nitrate respiration (46, 60-62). The novel role for
nitrate in regulation of biofilm integrity proposed here explains how these bacteria rapidly
adapt their metabolic needs to fine tune their motile and sessile populations within the
microenvironment by responding to gradients of essential nutrients and metabolites.
Salmonella shift from a sessile to a more motile state as a result of decreased production

of the second messenger, c-di-GMP.

In addition to nitrate, other metabolites such as tetrathionate, fumarate, and
succinate are generated during the host inflammatory response (46, 60-62). These
metabolites are also utilized by S. Typhimurium as final electron acceptors during
anaerobic respiration. Such metabolites likely create a favorable metabolic niche that
provides a growth advantage for S. Typhimurium over the competing microbiota in the
inflamed gut (63-65). Our research shows that the metabolic landscape affects S.

Typhimurium biofilms in the gut. We envision that concentrations of particular metabolites
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act as environmental cues as the pathogen travels through the gastrointestinal tract. The
biofilm helps the pathogen endure the hostile environment of the gut and pre-formed
biofilms could help the bacteria prepare for the external environment. The regulation of the
sessile to motile switch could be an advantage for the pathogen by enabling establishment

of a successful infection and guaranteeing efficient transmission.
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Figure 3.7. Enteric Bacteria Regulate Biofilm Expression in the Environment and the
Intestinal Tract in Response to C-di-GMP levels. Metabolites, like nitrate, provide
environmental cues as the pathogen travels through the gastrointestinal tract and helps the
bacteria orchestrate responses to the changing metabolic and inflammatory landscape. A)
Decreased levels of c-di-GMP lead to decreased expression of biofilm components
including cellulose, curli, and BapA while increasing motility, chemotaxis, and T3SS
expression. B) As the bacteria move through the gastrointestinal tract and away from higher

levels of nitrate, c-di-GMP levels increase, and the bacteria again form biofilms in
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preparation for exit to the external environment. In areas of higher nitrate concentrations,
Salmonella shift from a sessile to a more motile state as a result of decreased production

of the second messenger, c-di-GMP.
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Materials and Methods

Bacterial Strains and Growth Conditions

Salmonella strain IR715, a fully virulent, spontaneous nalidixic acid-resistant
derivative of strain ATCC 14028 (36) was grown in Luria-Bertani broth (LB)
supplemented with 50 pg/ml nalidixic acid at 37 °C. The IR715 strain was transformed
with pMMB-Gm-Bc3-5AAV plasmid carrying a c-di-GMP biosensor (44), kindly
provided by Dr. Fitnat Yildiz (University of California, Santa Cruz, Santa Cruz, CA). The
biosensor works through a tandem-riboswitch located upstream of the open reading frame
for TurboRFP, which is regulated by c-di-GMP and also contains a constitutively active
Amcyan cassette, which is used as a plasmid copy number normalizer (66). The reporter
strain was grown statically in LB supplemented with 15 pg/ml gentamicin at 37 °C unless
otherwise noted. The isogenic csgBA mutant was previously described (8). The bscE
mutant derived from the ATCC strain Salmonella enterica serovar Typhimurium 14028
was a gift of Dr. John Gunn (The Ohio State University, Columbus OH). S. Typhimurium
expressing the luciferase plasmid under the control of the csgD promoter
(PcsgD::luxCDABE) was described previously (67). The strains were grown in LB

supplemented with 50 pg/ml nalidixic acid shaking at 37 °C overnight.

Isolation of Biofilm Formers and Planktonic Cell Subpopulations

To isolate the two subpopulations found within the biofilm, wild-type IR715 was
grown in biofilm-inducing conditions as previously described (9). Briefly, 500 pL of S.
Typhimurium overnight culture was added to a 150 mL of No Salt LB. The culture was
grown with shaking at 26 °C. To assess the effect of NaNOs on biofilm production, 40 mM

or 100 mM of NaNO3 was added to the culture for an additional 4 to 8 h. Biofilm cultures
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were transferred to 50-mL conical tubes and subjected to low-speed centrifugation (210 rcf
x 3m, 4 °C). The supernatant fractions (containing the planktonic subpopulation) and the
cell aggregates (containing the biofilm formers) were transferred into 1.5-mL Eppendorf
tubes for additional processing. The two subpopulations were pelleted to be used for RNA

analysis or western blotting.

Crystal Violet Staining

To assess the effect of NaNOs on biofilm growth, overnight cultures of S.
Typhimurium and the isogenic csgBA mutant (as a negative control) were diluted in No
Salt LB broth and grown at 28 °C in 0 mM, 10 mM, 25 mM, 50 mM, or 100 mM NaNOs.
After 72 h, the media was removed by aspiration, and the biofilm pellicles were washed
with sterile PBS (sPBS). After washing, the pellicle was allowed to dry and stained with a
1% Crystal violet solution (Fisher, C581). Excess Crystal violet was removed, and 33%
acetic acid was added to the biofilm before the spectrum from 570 to 595 nm was measured
using a BMG Labtech POLARstar Omega Plate Reader (68). The experiment was
performed in triplicate. To image the pellicle-associated biofilm on the tube of the static 5-
mL cultures, biofilms were stained with 1% Crystal violet. Once the liquid culture was
removed from the tube, 1% Crystal violet was carefully added so that the biofilm was not
displaced. Once the pellicle was fully stained, the remaining Crystal violet was carefully
removed. The Crystal violet-stained pellicle-associated biofilm was then imaged using an

iPhone 6s.
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Curli and Cellulose Morphotypes

Congo red and Coomassie blue indicator plates were supplemented with 0 mM, 40
mM, or 100 mM NaNOsa. Briefly, 50 pg/ml of Congo red and 10 pg/ml of Coomassie blue
were added to 1 L of Yeast Extract Supplemented with Casamino Acids (YESCA). This
solution was divided equally amongst 250-mL flasks containing a pre-determined amount
of NaNOgz, mixed, and poured into 100 x 15 mm petri dishes. Strains were spotted and
incubated for 72 h at 28 °C. Representative images of the colony morphology of wild-type
S. Typhimurium, csgBA mutant, and bcsE mutant were photographed using a magnified

colony counter.

Curli and Flagella Detection Using SDS-PAGE and Immunoblotting

To detect curli synthesis, bacteria were grown on YESCA plates supplemented with
0 mM, 40 mM, or 100 mM NaNOzat 28 °C for 72 h. Colonies were recovered from plates,
and curli fibrils were depolymerized using HFIP as described previously (69). Next, HFIP-
treated extracts were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and proteins were transferred to Immobilon-P (Millipore)
membranes using a Trans-Blot semidry transfer cell (Bio-Rad). The presence of CsgA was
detected using rabbit anti-CsgA serum as described previously (24). To detect flagellin
expression, the biofilm-former sub-population was isolated and separated by SDS-PAGE
and transferred to an Immobilin-P membrane using a semidry transfer. The presence of
flagellin was detected using anti-H serum (BD Difco; 1:1000). Membranes were imaged

on the Odyssey imaging system (LICOR).
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Detection of C-di-GMP

The S. Typhimurium c-di-GMP reporter strain was used to confirm c-di-GMP
levels. To optimize conditions for biofilms production, the c-di-GMP reporter strain was
grown statically at 28 °C in No Salt LB with appropriate antibiotic selection supplemented
with 0 mM, 40 mM, or 100 mM NaNOs. Samples were concentrated 10-fold and spotted
onto a microscopy slide. Spots were allowed to dry completely before imaging on a Leica
SP5 microscope with a TCS confocal system using a sequential scan at 100x oil
magnification. Images were taken from a minimum of 10 fields for each condition.
Amcyan- and TurboRFP-positive cells were enumerated using ImageJ. Thresholded
images of Amcyan-positive and TurboRFP-positive cells were counted using the “Analyze
particles” function of Imagel. The percentage of c-di-GMP-positive cells was determined
as the number of TurboRFP-positive cells divided by the number of Amcyan-positive cells
for each individual field x 100. The final mean percentage for each condition was

determined by averaging the percentages of each individual field.

Motility Assay

For motility assays, plates containing 10 g/L of tryptone, 5 g/L of NaCl, and 0.3%
agar were supplemented with 0 mM, 40 mM, or 100 mM NaNOs. Plates were inoculated
with a single colony from an agar plate using a 100 pL pipette tip and incubated at 28 °C
for 15 h. The diameter of each halo was measured. These experiments were performed in

triplicate.
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Real-time PCR

RNA was extracted following the manufacturer’s protocol (Trizol Max Bacterial
RNA isolation kit) from biofilm-forming and planktonic-cell subpopulations. Briefly,
bacterial cells were spun down and treated with Max Bacterial Enhancement Reagent
before RNA was extracted with 1 mL TriReagent. Reverse transcription of total RNA (1
ng) was performed in a 50-ul volume according to manufacturer's instructions (TagMan
reverse transcription reagents; Applied Biosystems). Real-time PCR was performed using
the SYBR green method (Applied Biosystems) according to the manufacturer's
instructions. Real-time PCR was performed for each cDNA sample (5 pl per reaction) in
duplicate using the Thermo Fisher 7900HT fast real-time PCR system. Primers for csgA
and 16S rRNA were used. Results were analyzed using the comparative CT method
normalizing to 16S rRNA. Fold increases in csgA-expressing bacteria were calculated

relative to the average level in the csgBA mutant.

Liquid-interface Coverslip Assay

Bacterial cultures were analyzed for biofilm formation as previously described (69)
with a few modifications. Briefly, S. Typhimurium was grown overnight at 37°C with
shaking and then diluted 1:100 in No Salt LB. Diluted cultures were added to wells of a
flat-bottom 24-well plate and sterile glass coverslips were inserted into each well. The plate
was tilted at an angle until the meniscus sat along the midline of the coverslip. After
incubation at 28°C for 72 h, the media was removed and coverslips were gently washed
with sPBS. Samples were incubated with No Salt LB supplemented with 0 mM, 40 mM,
or 100 mM of NaNOs for 1 h or 4 h before washing. Supernatant was collected at 1 h and

4 h for bacterial enumeration. Biofilms were stained with SYTO 9 Green Fluorescent
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Nucleic Acid Stain (Invitrogen) and washed before coverslips were placed onto clean
multi-test well slides biofilm side down. Slides were imaged on a TCS confocal system

using a Z stack and 63x oil magnification.
Biofilm Bead Movement and Penetrance Assay

Bacteria were grown and stained as described in the paragraph above; however,
after incubation with NaNOs, 1 mL of fluorescently labeled glyoxylate beads were added.
After 1 min, the biofilm was washed carefully, and the coverslip was placed onto a clean
glass slide biofilm side down. Slides were imaged on a TCS confocal system using 63X oil
magnification. Bead movement and trajectories were analyzed as described previously
using VRL Studio (45, 70).Trajectories were computed using the Particle tracker 2D/3D
Mosaic Plug In. The trajectories were analyzed on VRL Studio to determine trajectory

lengths and bounding-box volumes.
In Vivo Infection of Mice

Female C57BL/6 mice were purchased from Jackson Laboratories. The
streptomycin-pretreated mouse model has been described previously (71, 72). Briefly, 6—
8-week-old mice were inoculated intragastrically with 20 mg of streptomycin (0.1 ml of a
200 mg ml solution in water) 24 h before bacterial inoculation. Bacteria were grown with
shaking in LB broth supplemented with kanamycin at 37 °C overnight. Mice were
inoculated intragastrically with 0.1 ml of 10’ - 108 CFU of S. Typhimurium IR715
containing the luciferase plasmid. If appropriate, aminoguanidine chloride (AG) was added
to the drinking water at a concentration of 1 mg/ml starting on the day of the inoculation

and for the remainder of the experiment (47, 61). Animals were euthanized 96 h post-
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infection. Luciferase signal in the intestinal tract, spleen, and liver was measured using an
IVIS Spectrum Imaging System (Perkin Elmer). Images were analyzed using Aura imaging
software (Spectral Instruments Imaging). Nitrate concentration within the small intestine,
cecum, and colon was measured using a Griess assay (Promega) following the
manufacturers protocol with modifications (47). Briefly, the mucus layer of the cecum,
colon, and small intestine was gently removed and collected in an Eppendorf tube
containing 200 uL of sPBS on ice. Samples were thoroughly homogenized and centrifuged
to remove any remaining debris. Supernatants were collected and 50 uL were placed in a
96 well plate with a mixture containing Griess Reagent I, Griess Reagent Il, HCI (1 M),
Vanadium 11l Chloride (0.2 mM), and deionized water. Absorbance was measured at 540
nm. A standard curve was generated and a line of best fit was used to determine the nitrate

concentrations based on the absorbance values.

Statistical Analysis

Data were analyzed using Prism software (GraphPad, San Diego, CA). Student t test or
one-way ANOVA were used when appropriate. Error was determined by standard error of

the mean. P values of <0.05 were considered significant and were noted as such on figures.
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Figure S3.1. Addition of Potassium Nitrate Alters the Biomass in S. Typhimurium
Biofilms. Wild-type S. Typhimurium grown with or without KNO3z for 72 h at 28°C and
stained with Crystal violet. There was a significant decrease of the overall biomass of the
biofilm at 25 mM, 50 mM, and 100 mM concentrations. ****, p< 0.0001.
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Figure S3.2. Colony Diameter Significantly Decreases When Exposed to High Levels
of Nitrate. Wild-type S. Typhimurium, csgBA mutant, and bcsE mutant were grown with
or without NaNOs for 72 h at 28°C on CR/CB indicator plates. The diameter of each colony
was measured. There was a significant decrease in the average size of the colonies in all
three strains at 100 mM concentration. **** p< 0.0001.
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Figure S3.3. Salmonella is Less Motile Below Room Temperature. Single colonies of
wild-type S. Typhimurium inoculated in a 0.03% agar plate at concentration of 0, 40 or 100
mM NaNOs. Plates were incubated at 28°C or 37°C and motility was measured at 2, 3, 4

and 5 hours.
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Figure S3.4. Motility is Significantly Decreased in the Chemotaxis Mutant. Single
colonies of wild-type S. Typhimurium, the chemotaxis mutant Atsr, and the nitrate
reductase mutants, AnarL and AnarX, were inoculated in a 0.03% agar plate supplemented
with 0 mM, 40 mM, or 100 mM NaNOsz. Plates were incubated at 28°C overnight before
motility was measured. ***, p<0.0001.
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Figure S3.5. Mature Biofilms Treated with Nitrate Had Significantly Higher Amounts
of Bacteria Disperse into the Supernatant. Mature wild-type S. Typhimurium biofilms
were grown at 28°C for 72 hours before being treated with 0, 40 or 100 mM NaNO:s.
Supernatant was collected at 1 and 4 hour time points, diluted, and plated for bacterial

enumeration. *, p<0.05.
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CHAPTER 4
OVERALL DISCUSSION

The first observations and characterizations of bacteria were from human-
associated microbiota. The human microbiota is composed of a variety of microorganisms
that colonize numerous parts of the body including the skin, mouth, and gut (1). The gut
microbiota plays a crucial role in maintaining immune and metabolic homeostasis. When
this homeostasis is disrupted, it can lead to shifts in the gut microbiota and pro-
inflammatory conditions within the gut. One cause of dysbiosis is infection by bacterial
pathogens like Salmonella enterica serovar Typhimurium (S. Typhimurium). Non-
typhoidal S. Typhimurium causes gastroenteritis and is responsible for an estimated 93.5
million cases per year (2). In most cases, patients experience abdominal cramping,
diarrhea, nausea, and vomiting which resolves on its own without treatment; however, in
immunocompromised individuals, the bacteria can become systemic causing bacteremia

and sepsis, requiring antibiotic treatment (3).

Another complication following Salmonella infection is the initiation or
exacerbation of autoimmune diseases. Autoimmune sequelae are observed following
infection with several human pathogens such as Salmonella, E. coli, Borrelia burgdorferi,
Mycobacterium tuberculosis, P. aeruginosa, Group A streptococci, and Staphylococcus
aureus (4-8). One such autoimmune disease is reactive arthritis (ReA). ReA occurs in
approximately 5% of patients with symptoms appearing one to four weeks post-infection
causing inflammation in the joints, the eyes, and the urethra (4-8). The mechanisms for
ReA development remain unknown, but HLA-B27 has long been an associated risk factor

for the disease. One study reported 50-80% of ReA patients carry the HLA-B27 genotype
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and are more likely to experience severe disease and chronic symptoms (9, 10).
Experimental evidence from humans and transgenic mice suggest HLA-B27 is itself
involved in the pathogenesis of ReA (11). HLA-B27 transgenic mice develop illnesses
similar to spondyloarthropathies; however, inflammatory arthritis will only develop in
these mice if they lack murine beta-2-microglobulin and are transferred from germ free to
conventional conditions (12, 13). This strongly indicates the gut microbiota is involved in

the progression of inflammatory arthritis in HLA-B27 transgenic mice (13).

Another interesting phenomenon associated with HLA-B27 is the unfolded protein
response (UPR). The UPR is a cellular stress response activated due to an accumulation of
misfolded or unfolded proteins in the lumen of the endoplasmic reticulum (ER) (14). The
overactivation of the UPR signaling has been reported to lead to p-amyloidogenesis in
Alzheimer’s disease (15). Bacterial amyloid curli has a high structural and functional
similarity to human amyloids (16-19), therefore, UPR signaling could also result in its
amyloidogenesis. Furthermore, HLA-B27 misfolding and the UPR cellular environment
have been associated with the enhanced replication of Salmonella during infection (20).
The UPR response initiated by HLA-B27 creates an environment which supports the
growth of Salmonella and the possible aggregation and fibrillation of curli. This could be
determined by orally infecting mice with curli-producing and curli-deficient Salmonella to
determine if in vivo infection impacts disease progression. Purified curli fibrils, absent of
any possible contaminating byproducts, can be administered systemically to HLA-B27

mice in germ-free conditions to see if curli alone could trigger inflammation in the joints.
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Many bacterial pathogens are able to produce biofilms. In previous studies, our lab
has shown that curli forms stable complexes with DNA in the biofilm and these curli/DNA
complexes activate the immune system resulting in the generation of high levels of anti-
dsDNA autoantibodies and type | interferons (IFNs) following intraperitoneal injection.
Since the structure of curli is highly conserved in the enteric bacteria which cause ReA, we
suspect it could be a contributing factor to the development of the disease. Therefore, we
began to look for biochemical evidence of S. Typhimurium producing curli in the murine
gastrointestinal tract following oral infection and if its expression could lead to elevated
levels of antibodies and inflammation in the joints. However, we only saw an autoimmune
response when there was curli leakage from the gut. Those mice orally infected with
invasive, curli-producing strains of S. Typhimurium or i.p injected with curli complexes
produced an autoimmune response, while those mice orally infected with a non-invasive,
curli-producing strain of S. Typhimurium, or orally administered curli complexes, did not.
This indicates that curli produced in the gastrointestinal tract can lead to anti-dsDNA
autoantibody production and inflammation in the knee joints of mice when the gut barrier
is permeated as described in Chapter 2, an important breakthrough in the understanding of

biofilm-host interactions in vivo and autoimmune sequelae.

Autoimmune diseases are multifactorial and the interactions between genetic and
environmental factors underlie disease progression. Several factors likely contribute to this
susceptibility to infection including lymphopenia, neutropenia, and complement
deficiencies (21). Genetic factors which lead to the development of lupus may skew the
immune response in such a way that it impairs bacterial clearance (21). In recent years,

several studies have shown that the gut microbiota plays a significant role in the
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pathogenesis of autoimmune diseases (33) including SLE, rheumatoid arthritis, systemic
sclerosis, Sjogren’s syndrome, and anti-phospholipid syndrome (33). Dysbiosis within the
microbiota can induce autoimmune diseases in individuals with certain genetic
backgrounds and exposure to environmental factors (33, 34). In patients with SLE, there is
a lower Firmicutes/Bacteroidetes ratio than healthy controls, with a significantly higher

level of Bacteroidetes expressed in the SLE group (33, 35, 36).

Studies have shown that S. aureus, S. Typhimurium, E. coli, Streptococcus
pneumoniae and other mycobacterial species are extremely prevalent in SLE. Both viral
and bacterial infections trigger flares in SLE patients causing flu-like symptoms, fatigue,
and muscle and joint pains; however, repetitive flare-ups can damage the kidneys and
lungs, possibly leading to organ failure and death (22). Infection by curli-producing
bacteria like S. Typhimurium and E. coli can cause disseminated infections in lupus
patients leading to bacteremia, septic arthritis, pneumonia, and soft-tissue infections (23-
25). Approximately, 5-20% of infection-related hospitalizations in SLE patients are the
result of E. coli infections, including approximately 25-40% of bloodstream infections (26-
31). Furthermore, uropathogenic E. coli are known to trigger urinary tract infections and
can lead to persistent bacteriuria in lupus patients. Anti-curli antibodies were detected in
the plasma of SLE patients and their levels correlated with the presence of asymptomatic
persistent bacteriuria and the occurrence of diseases flares in lupus patients (32). These
curli/eDNA complexes cross-reacted with lupus autoantigens, including double-stranded
DNA. Antibodies against curli/eDNA could serve as a sign of systemic exposure to
bacterial products in SLE (32). This indicates that curli-expressing bacteria and/or

curli/eDNA complexes pass through the epithelial barrier and are systemically presented
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to professional immune cells initiating or further exacerbating autoimmune disease (see
Fig. 4.1). Interestingly, studies have found increased levels of soluble CD14 and LPS in
the blood of SLE patients (37, 38), a clear indicator of a damaged mucosal barrier. As curli
or curli-like amyloids are also produced by human commensal members (39) and predicted
to be produced by members of other major phyla inhabiting the intestine (40), the amyloid
content and the unintended leakage of amyloids that are normally confined to the gut could
be one of the mechanisms that trigger autoimmunity. This idea is consistent with the data
we show that the presence of curli in the gut was not enough to trigger autoimmunity; it
had to become systemic. Oral infection of mice with a curli-producing, non-invasive
Salmonella strain (invAspiB) did not develop anti-dsDNA autoantibodies (see Fig. 2.6A-
B). Furthermore, only mice systemically exposed to purified curli via i.p. injection showed
symptoms of autoimmunity versus curli via oral gavage since the complex is unable to

escape the gut and become systemic (see Fig 2.6C).

Biofilms form in response to stressful conditions commonly seen in the external
environment where nutrients are scarce and changes in temperature, osmolarity, and
oxygen availability readily occur. The signals which induce curli expression and synthesis
in vitro are starkly different than the conditions within an infected host. The factors that
allow S. Typhimurium to disperse from the biofilm in vivo and invade the epithelium to
establish a successful infection during acute infection remain unknown. Biofilm formation
outside of the host is triggered by the surrounding environment, suggesting biofilm
formation in vivo may be regulated by the inflammatory environment within the gut.
Colinson et al. first proposed that aggregation could provide Salmonella with a mechanism

for surviving the harsh conditions of the intestinal tract, where the pathogen must survive
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autoantibodies resulting in initiation and exacerbation of autoimmunity. In genetically
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be exacerbated.
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antimicrobial defenses of the host and outcompete the commensal microbiota (41).

The inflamed gut is a unique microenvironment with gradients of essential nutrients
and metabolites; one such nutrient is nitrate. During Salmonella infection, iNOS-producing
inflammatory monocytes infiltrate the ceca of infected mice, releasing high levels of nitric
oxide (NO). Furthermore, damaged intestinal epithelial cells also release NO. NO reacts
with reactive oxygen species produced by neutrophils to form peroxynitrite which
isomerizes to form nitrate. Salmonella utilizes host-derived products like nitrate as a final
electron acceptor during anaerobic respiration. It is thought that nitrate forms a gradient
along the gastrointestinal mucosa during inflammation serving as a chemoattractant for S.
Typhimurium (42-44). Since host-derived nitrate already plays a significant role in
Salmonella infection and invasion, there is a strong possibility it could also serve as a signal
for biofilm formation in vivo. A previous report by Smith et al. showed the deletion of
narQ in E. coli yielded decreased levels of CsgA and CsgD (45). narQ is one of four genes
responsible for regulating anaerobic respiratory gene expression in response to nitrate and
nitrite (46). A mutation in anaerobic respiration points to the possible involvement of
electron transport chains in curli production. Furthermore, curli fibers are highly conserved
between E. coli and S. Typhimurium, therefore, a mutation affecting curli production in

one may possibly affect curli production in the other.

Our experiments analyzed the role of nitrate in the regulation of biofilm integrity
in vitro and in vivo. Salmonella biofilms exposed to nitrate showed a reduction in the
expression of csgA and csgD and the production of CsgA, resulting in a loss of integrity
and increased dispersal from the biofilm. Biofilm production and motility are inversely

regulated by the second messenger, cyclic di-GMP. High levels of c-di-GMP are associated
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with surface adherence, production of extracellular matrix, and biofilm formation, whereas
low levels of c-di-GMP are associated with motility and virulence (47-51). When c-di-
GMP levels were measured in vitro following nitrate exposure, they decreased significantly
over time and with increasing concentrations of nitrate, corresponding to a decrease in
biofilm formation and an increase in motility. Although our in vitro experiments were
carried out under aerobic conditions where the bacteria do not respire nitrate, our aim was
to dissect the direct effect of nitrate on the biofilm and future studies are needed to delineate
the interplay between nitrate respiration and biofilms during infection. Studies suggest that
these pathways are conserved in enteric pathogens and excessive environmental nitrate has
been shown to trigger the dispersion of Burkholderia pseudomallei from the biofilm due to
a significant reduction in intracellular c-di-GMP levels (52). Furthermore, another study
analyzed the role of extracellular nitrate in the pathogenesis of UPEC and showed a unique
association between nitrate respiration, biofilm formation, and pathogenicity (53). Our data
have shown for the first time a novel role for nitrate in the regulation of biofilm integrity
by repressing curli production and activating flagellin via modulation of intracellular c-di-
GMP levels, as described in Chapter 3, showing host-derived nitrate plays a critical role in

pathogen fitness.

The mucosal inflammatory response induced by S. Typhimurium creates a
favorable niche for the pathogen inside of the host. Inflammation-derived electron
acceptors induce a complete oxidative TCA cycle, allowing the bacteria to utilize
microbiota and host-derived products as a nutrient to compete with the commensal
microbiota for colonization of the intestinal tract (54). Byproducts of reactive nitrogen and

oxygen species generated by the host during the inflammatory response are used as final
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electron acceptors. In addition to nitrate, these final electron acceptors include fumarate,

tetrathionate, succinate, and arginine (55-58).

Fumarate is a TCA cycle metabolite utilized by Salmonella as an alternative carbon
source and is known to increases glycogen synthesis (59). Fumarate has been shown to be
an essential link between metabolism and bacterial pathogenesis. In E. coli, fumarate is
essential for increased frequency of persister formation and the modulation of motility and
chemotaxis (60, 61). Preliminary data showed that treating biofilms with fumarate resulted
in an overall decrease in biomass, similar to what was seen with nitrate (see Fig. 4.2).
Another metabolite utilized by Salmonella is tetrathionate. Tetrathionate supports
anaerobic growth on ethanolamine and its respiration during infection. Once again, S.
Typhimurium takes advantage of a host-derived product that is not utilizable by the
competing microbiota to provide a growth advantage in the inflamed gut (42). Succinate is
another important metabolite in both host and microbial processes and can accumulate in
areas of inflammation and metabolic stress (62). Here it can be utilized by S. Typhimurium
during infection to enhance its growth, playing an important role in commensal-pathogen
interactions and nutrient competition (54, 62). Elevated succinate levels within the gut
lumen have been reported in association with dysbiosis and in animal models of intestinal
inflammation (62). Furthermore, succinate can activate immune cells via succinate
receptor-1 leading to enhanced inflammation (62). Arginine is an essential modulator of
the host immune response and activator of the classical murine macrophage, leading to
increased accumulation of arginine for the iINOS dependent production of NO (63-66).

Several pathogens are known to alter arginine metabolism inside of host cells including
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Figure 4.2. Sodium Fumarate Significantly Decreases Biofilm Mass. Wild-
type S. Typhimurium biofilms grown in the presence or absence of sodium fumarate for

72h at 28°C. Biofilms were quantified using Crystal violet staining. ****, p<0.0001

168



Listeria, Mycobacterium marinum, Giardia lamblia, and Salmonella (66-68). Salmonella
utilizes arginine for better growth and survival within host cells and to avoid the immune
response by reducing the cytosolic arginine available for NO production (66, 69).
Furthermore, L-arginine increases c-di-GMP levels and promotes biofilm formation in
Pseudomonas putida, regardless of the presence of other carbon or nitrogen sources (70).
Another amino acid, L-tryptophan, has been shown to positively impact biofilm
development in S. Typhimurium (71) and genes related to tryptophan biosynthesis are
upregulated in the early stages of biofilm formation in E. coli (72, 73). Furthermore, a
synergistic effect between L-tryptophan and L-arginine has been proposed (70). Our
preliminary data shows an increase in the biomass of S. Typhimurium biofilms when they
are treated with L-arginine, supporting this synergistic effect, and showing a positive

impact on biofilm development (see Fig. 4.3).

We were able to demonstrate two different responses by exposing the biofilm to
three different metabolites actively utilized by Salmonella during infection. Nitrate and
fumarate are utilized as final electron acceptors and modulate motility, while L-arginine is
utilized for persistence and growth. Together, these data reveal S. Typhimurium can rapidly
adapt their metabolic needs to the surrounding environment by responding to gradients of
essential nutrients and metabolites to alter their behavior. Pathogenic adaptations, or
pathoadaptations, represents a mechanism whereby an organism adapts to a new
pathogenic niche (74, 75). Pathoadaptations have been documented in various bacteria
including P. aeruginosa, UPEC, and Salmonella spp. (76, 77). These serovar-specific
combinations of gene acquisition and gene loss are responsible for the ability of typhoidal

Salmonella strains to evade the host immune response. Pathoadaptation aids in their
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Figure 4.3. L-arginine Increases Biofilm Mass. Wild-type S. Typhimurium biofilms
grown in the presence or absence of L-arginine for 72h at 28°C. Biofilms were quantified

using Crystal violet staining**** p = <0.05 (One-way ANOVA, Brown Forsythe test).
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persistence, but it often results in limited virulence and spread. As this occurs, the
Salmonella serovars and strains progress from host-generalist to host-adapted and finally
to becoming host restricted. These strategies have been used by bacteria to adapt and create
a niche to survive the harsh conditions within the host. One such niche is the gallbladder

(GB).

The GB is a small sac-shaped organ beneath the liver, used to store bile until it is
needed for the digestion of lipids in the small intestine (78, 79). Bile is a potent emulsifying
and antimicrobial agent in the gastrointestinal tract, making the GB an inhospitable
environment (80, 81). However, Salmonella enteric serovar Typhi (S. Typhi) preferentially
colonizes the GB by establishing an acute, active infection and then forming surface
biofilms on gallstones (GS) to persist within the host long after symptoms have resolved.
During a long-term study of Typhoid fever in mice, a strain of S. Typhimurium with
enhanced biofilm-formation, or hyperbiofilm, was isolated from a mouse GS (75). The
formation of a robust biofilm on GS and cholesterol-coated surfaces only occurred in the
presence of bile (82). Interestingly, bile has been shown to elicit specific responses in S.
Typhimurium and S. Typhi; genes associated with Salmonella pathogenicity island 1 (SPI-
1), type 111 secretion system (T3SS), and motility were significantly upregulated in S. Typhi
but downregulated in S. Typhimurium (82). Furthermore, bile significantly increased S.
Typhi HeLA cell invasion while S. Typhimurium invasion was significantly repressed (83).
The pathoadaptive mechanisms used by S. enterica species allows them to evolve to
colonize many different ecological niches. The gastrointestinal tract represents another
ecological niche which S. Typhimurium exploits for its own benefit. Differing

concentrations of host-derived substrates and metabolites, like nitrate, play a central role
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in pathogen fitness as the bacteria rapidly adapt to the microenvironment and expand their

populations.

During infection, S. Typhimurium is present as two populations in the intestinal
tract: multicellular biofilm aggregates, which contain curli and are adapted persistence, and
planktonic cells that are motile and adapted for virulence. The presence of these
heterogeneous populations suggests S. Typhimurium uses regulatory mechanisms in
response to the environment to fine tune its virulence. For example, the virulent population
uses its T3SS to invade the intestinal epithelium, damaging the tissue, and inciting an
immune response. This leads to increased inflammation, a weakening of the gut barrier,
and the subsequent production of host-mediated metabolites and byproducts, including
nitrate. These metabolites create a favorable metabolic niche that provides a growth
advantage for S. Typhimurium over the competing microbiota in the inflamed gut.
Salmonella uses Tsr mediated energy taxis to move towards areas with higher
concentrations of nitrate and inflammation to disseminate from the gut and invade sterile

tissues.

On the other hand, the population of multicellular biofilm aggregates can help the
pathogen endure the hostile environment of the gut and prepare for the external
environment as they make their exit. However, these biofilm aggregates also contain more
metabolically active and motile cells that can disperse to seed a new biofilm or initiate an
invasion. Therefore, nitrate could signal these more motile, biofilm aggregates to decrease
their intracellular levels of c-di-GMP and disperse, inciting new invasion and
inflammation. The opposite could occur as the planktonic population travels away from

highly inflamed areas, resulting in the increase of intracellular c-di-GMP levels and the
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expression of biofilm components like curli. Other metabolites such as tetrathionate,
fumarate, succinate, and arginine, are generated during the host inflammatory response and
more than likely also act as in vivo signals as the bacteria navigates through the infectious
microenvironment. Therefore, host-derived metabolites act as environmental cues as the
pathogen travels through the gastrointestinal tract and helps the bacteria orchestrate
responses to the changing metabolic and inflammatory landscape. Additional investigation
is warranted to explore the possible interplay between the biofilm and the host during

infection to better understand Salmonella pathogenicity and its ecology.
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