Diarrheagenid&scherichia colsignaling and interactions with host innate immunity and

intestinal microbiota

by

Gaochan Wang

B.S.,China AgriculturalUniversity, 2007
M.S., TheOhio State University2012

AN ABSTRACT OF A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Diagnostic Medicine/Pathobiology
College of Veterinary Medicine

KANSAS STATEUNIVERSITY
Manhattan, Kansas

2017



Abstract

DiarrheagenicEscherichia coli(E. col) strains are common etiological agents of diarrhea.
Diarrheageni®. coliare classified int@nterotoxigeni&. coli(ETEC), Shiga toxirproducingE.
coli (STEC or enterohemorrhagic. coli [EHEC]), enteropathogenice. coli (EPEC),
enteroinvasiv&. coli(EIEC), enteroaggregatie coli(EAEC), diffuseadherenk. coli(DAEC),
and adherent invasiv&. coli (AIEC). In addition to encoding toxins that cause diarrhea,

diarrheageni€. coli have evolvednumerousstrategies tanterfere with host defenses.

In the first projectwe identifiedan ETEG-secreted factor (ESF) that blocked Tii@uced NF
kB activation. One of the consequescé TNF-induced NFkB activationis the production of
pro-inflammatory cytokines thdtelp toeliminate pathogensModulation ofNF-kB signaling may
promote ETEC colonization of thénost small intestineln this study,we fractionated ETEC
supernatants and identified flagellin as necgsand sufficient foblocking the degradation of the

NF-kB inhibitor IkBa in response to TNd

In the second project, we attempted to identify an ETBEIP importer. ETECdiarrhea leads
to CAMP release into the lumen thfe small intestine. cCAMP is Bey secondary messenger that
regulats ETEC adhesiexpressionWe hypothesizeéthat a cCAMP importer is present in ETEC
accounting for itshypersensitivity to extracellular cAMRVe usedTn5 transposomenediated
mutagenesis to constru@ mutant library ad screen forcAMP-hyporesponsivemutants.

However, none of th#7,956 mutantsve screened wer@AMP-hyporesponsive.

In the third project, wdocused on gut microbiota anbe T3SSeffector NleH. W usedthe
mousespecific pathoge. rodentiumandtransplantegerformed microbiota betwedifferent

mouse strains. We evaluated microbiota populations as a function of infe¢tidVT and/nleH



C. rodentiumstrainsbefore and after microbiota transplantation. Microbiota transfer altered the
resistanceéo WT C. rodentiuminfection in C57BL/10ScNJ mice and the NleH effector promoted

host resistance 6. rodentium
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Chapter1-Li t erature Review

Escherichia coli

Escherichiacoli (E. coli)is acommon group of bacter@olonizingthe intestinal tracdf human
and warmblood animals The bacteriumwas first described by Thedor Escherich in 188
(Escherich, 1988) In taxonomy, E. coli belong to the enteric bacterial family,
EnterobacteriaceaeThe bacteria in this family shatee samephysiologic and biochemical
charateristics: facultative anaereb, norsporeforming, gramnegative straight rod¢Croxen et
al., 2013) They can move by peritrichous dlela and ferment glucose sxquireenergy.E. coli
have been categorized into twdistinct groups commensal strainsnonpathogenir and
pathogenicE. coli (Croxen et al., 2013; Kaper et al., 200@pmmensak. coli and its hosts can

coexist in good health and with mutual benefits for each other.
Pathogenic ofEscherichia coli

PathogenicE. coli consistof two groups: extrantestinal pathogens and intestinal pathogens.
Extra-intestinal pathogens include strains that are responsible for urinary tract infections and
neonatal meningitisintestinal pathogeni&. coli strains cause intestinal diseasasluding
abdominal pain, watery or bloodjarrhea The diseases caused pgthogenic intestindt. coli
depend on distribution and expression of an array of virulence determinantiing adhesins,

invasins,andtoxins, and abilities to withstand bbdefeses(Kaper et al., 2004)

It has been widely accepted that pathogé&nicoliacquie the virulence and fithess tratksough
gan and loss of genet a number of hot spots throughout the gen(@nexen et al., 2013; Kaper
et al., 2004)Given thatsize ofE. coligenomeliffers by a million base pairs between commensal

and pathogenic strainsaghogenic E. coli acquire new virulence traits and fithess advantages



through horizontal gene transfer by conjugation, transformation and transduction of mobile genetic
elements such as transposons, insertion sequences, bacteriophages and frlasiditien,gene

loss can also favor the fitness or adaptation of a pathogen in a particular habitat.

Classification of Escherichia coli

Serotypes ofEscherichia coli

Serotyping of. coliis a traditional method for identifying pathogegiccoli on the basis oD
(somatic), H (flagellar) and K (capsular) surface antigen prafifestamico et al., 2016)Since
few laboratories has capabilities to type capsular K antigens, serotyping basedaod B
antigens has become the gold standardfazoli typing (Fratamico et al., 2016; Joensen et al.,

2015)

O-antigens

O-antigen is a headtable lipopolysaccharide (LPS) component found in the cell wal obl..
LPS is anchored in the outer membrane of Greagative bacteriurfChow et al., 1999; Joensen
et al., 2015)It is composed of three parts: lipid A (the toxic component), the core region, and the
O-antigen polysaccharides. Conventional serotyping is carried out based on agglutination
reactions of the @ntigen with antisera that are generated in rabgagat each of the -Qroups
(Joensen et al., 2015)his method is easy to perforiout laborious and errgrone. Therefore,
molecular methods now are better alternatives. Currently, there are a total oigt86pS except
for O31, 047, 067, O72, 094, and 0122 that have eehluesignate(Fratamico et al., 2016)
Moreover, Qantigen is important virulence facttrat play a major role in the pathogdrost

interactions. LPS is thiggand for Toltlike receptor 4Chow et al., 1999)

H-antigens



H-antigen is a major component of flagellar filament tkatnade up oflagellin (Haiko and
WesterlundWikstrom, 2013) Flagellin is encoded by tH8C gene, which is responsible f&r
coli movement(Haiko and WesterlunlVikstrom, 2013) H typing is important because strains
causing epidemic diarrheal diseases can be differentiabed thhe normal stoolldra by their
uniqgue O:H antigenic combinatigiratamico et al., 2016Molecular H typing is based on the
sequence ofliC gene. The FIiC consists of ity conserved Nand Gterminaland a variable
central region that is the surface exposed antigenic part dagedlar filament, so the H types are
determined due to amino acid difference within the central re@itanko and Westerlund
Wikstrom, 2013; Wang et al., 2003¢urrently, a total of 5 H-antigens have been defined

(Fratamico et al., 2016k-lagellin is the ligand for tollike receptor §Hayashi et al., 2001)
K-antigens

K-antigen refers to the envelope or capsule anti@tstfield, 2009) K-antigens weapon the
coli with resistance to phagocytosis by the host leucog¢ytesnstein and Young, 1978y1ost of
K antigens are found i&. coli associated with virulence for urinary tract infection in clinical

studieg(Sarkar et al., 2014Eighty K antigens werdocumentedqFratamico et al., 2016)
Phylotypes ofEscherichiacoli

Phylogenetic analysieveals thak. coli consist of four main phylogenetic groups (A, B1, B2,
and D) on basis of presence and absence of genetic mahk&syjaA and the DNA fragment
TspE4.C2 Table 1) (Carlos et al., 2010; Doumith et al., 201€pmpared to group A and BHE,
coli strains in B2 and D phylotypes contamore virulence facts and larger genomes.

EnvironmentaE. colistrains usually belong to B1 group. The commeEsablibelong to group



A and B1. Intestinal pathogerkic coliare composed of A, B1, and D group, while extitstinal

pathogenic strains belong to group & D.

Table 1 Phylotypes oEscherichia coli

Phylotypes Genetic marker
A chuA, TspE4C2-
Bl chuA, TspE4.CZ
B2 chuAt, yjaA+

D chuAt, yjaA-

Pathotypes ofEscherichia coli

Pathogeni. coli(intestinal and extrintestinal pathogenikE. coli) are classified into pathotypes
based on the production of diverse virulence factors and on the mechanism by which they cause

diseasegFigure 1)(Kaper et al., 2004)

Extrarintestinal Pathogenik&. coli (EXPEC) is a group dE. coli strans that can cause extra
intestinal infectionswhich mainly consists of uropathogeticcoli, septicemisassociatedt. coli,
meningitisassociatedE. coli and other straingPoolman and Wacker, 2018EXPEC has been
reported to account for a primary cause of urinary tract infections in young healthy women, a
common cause of bacteremia in older adults, aricequent cause of meningitis in neonates.
EXPEC can be defined by encoding: 1) virulence factors that contribute to bind to human cells; 2)
factors that contribute to its survival in human body; 3) factors that contribute to damage human
cells and tissess; 4) production of bacteriocins. Recently, a study suggesteé .ticali strains
from phylogenetic B2 group encoding EXPEC genes were identified from the stools of patients

with active ulcerative colitigMirsepasiLauridsen et al., 2016)

To date 7 pathotypegClements et al., 2012; Croxen et al., 2013; Kaper et al., 200dfestinal

pathogenicE. coli associted with diarrheatliseases have been documentederotoxigenicE.



coli (ETEC), eateroinvasiveE. coli (EIEC), Shiga toxinproducing E. coli (STEC) (e.g.
enterohemorrhagi€. wli [EHEC]), enteropathogeni&. coli (EPEC), and meteroaggregativé.

coli (EAEC), dffuse-adheren€. coli (DAEC), andadherentnvasiveE. coli (AIEC). However,

there are also hybrid pathotypes. For example, an EAEC O104:H4 strain causing a large outbreak
with 54 deaths in Germany acquired thieiga toxin gene of STE(Frank et al., 2011; Navaro

Gacia, 2014)

Figure 1 Classification of pathogeni€. col

Pathogenic £, coli

! l

Extra-intestinal pathogenic F. coli

Intestinal pathogenic E. coli

cause sepsis STEC: cause bloody diarrhea
cause pneumonia EPEC: cause watery or bloody diarrhea
cause neonatal meningitis TEC: cause watery diarrhea without fever

cause urinary tract infection EAEC: cause persistent diarrhea in children without fever

cause surgical site infection EIEC: cause dysentery-like diarrhea with fever

DAEC: cause diarrhea with vomiting and abdominal pain

Enterotoxigenic Escherichia coli

Enterotoxigenid&scherichia col(ETEC) is an important cause of childhood diarrheal disease in
developing countries and a common cause of diarrhea in travgeosen et al., 2013;
Fleckenstein et al., 2014ETEGinduced diarrhea results in higher morbidity and mortality in
children under 5 years of ag@roxen et al., 2013)A populatiorbased study estimated that there
were nearly 840 million annual cases of ETEC in developing countvids approximately 280
million cases in children agedi®4 (Wenneras and Erling, 2004 TEC strains are characterized

by production of healabile enterotoxin (LT), heattable aterotoxins (STs) or combination of LT



and STqFleckenstein et al., 20). ETEC strains also encode a diverse set of colonization factors
(CFs) contributing to adherence to intestinal epithelial ¢El€s) (Kharat et al., 2017; Madhavan
and Sakellaris, 2015)Two proteins the outer membrane protein Tia and thecgbyhted
autotransporter TibAgontribute to intimate cell attachmg@roxen et al., 2013; Lindenthal and
Elsinghorst, 2001 )nitially, ETEC employsEtpA, a TPS exoprotein adhedocated on the tip of
ETEC flagella, to mediate a loose attachment to mammaliar(Relset al., 2009)Subsequently,
ETEC CFs interacts with host celdsxd EtpA becomes degraded BgtA, a serine protease
autotransporter dEnterobacteriaceaerinally, Tia and TibA mediatthe intimate attachment of
ETEC to host cellsUpon intimate adherence to epithelial cells, ETEC produces two major
enterotoxins (LT and ST) causing diarrhea. fitechanism oETEG-induced watery diarrhea has
beenwidely describedClements et al., 2012; Fleckenstein et al., 20kOygeneral, LT and ST
cause diarrhea by inducing imbalance of water and electrolytes in intoxida@=d LT is
composed of a single copy of A subunit and 5 copies of B subuamits functions similarly to
cholera toxin. The B subunit of LT is responsifdeinternalization of LT into IECs by binding to
its receptor, GM1 ganglioside receptor, on the surface of IECs. Upon entry into IECs, A subunit
that possesses ADMbosylation activity enzymatidly modifies a subunit of Gs GThinding
protein, resultig activation of adenylate cyclase encodedchgA gene inE. coli. Activated
adenylate cyclase subsequently promotegémeratioro f  3c@clicadenosine monophosphate
(cAMP) from adenosine triphosphate (ATP). Increased intracellular concentratioAMP
activates protein kinase @KA) pathway leading tactivationof cystic fibrosis transmembrane
conductance regulator (CFTR), caustigoride and water secretion into the intestinal lumen
resulting in watery diara In addition to LFassociated dighea, ST cause diarrhea by binding

to and activate guanylate cyclaSe(GGC) receptor resulting in increased concentration of



intracellular cyclic guanosine monophosphate (cGMP). @veduction of cGMP subsequently
activates cGMRlependent protein kinasll leading to the phosphorylation of CFTR and
imbalance of ion absorption and secretion, ultinyatesulting in diarrhea. It wasund that ST
positive ETEC strains, not l-®dnly-positive strains, were commonly associated with diarrhea and
a major conthutor to infantile diarrhea resulting in increased risk of d€@tbxen et al., 2013)

The adhesimnd toxinprofiles of ETEC isolates vary and differ among geographical regions and
populatiors, making it is complicatetb development of effective vaccines for ETEC inifats
(Bourgeois et al., 2016Lurrently, oral rehydration and maintaining fluid and electrolyte balance

are demonstrated to be very effective treatment for ETEC infedt@ogen et al., 2013)

Shiga toxinproducing Escheridia coli

Shiga toxinproducingEscherichia col(STEQ strains are defined by presence of the Shiga toxin
gene acquired by a lambdoid bacteriophage, which can cause mildly to severely bloody diarrhea
and hemorrhagic colitis syndrome (HU®)yan et al., 2015)EHEC is a subset of STEC, which
was originally described by its association with hemorrhagic colitis (HC), and carries LEE (the
Locus for Enterocyte Effacement) pathogenicity island (R&Hoxen et al., 2013)Currently,

EHEC has been used describe LB#fjative STEC strain§everal wellcharacterizedimbrial

(pili) adhesins contribute to initial attachment STEC to IECs(Croxen et al., 2013)The
mechanism of STEdhduced bloody diarrhea has been intensively investigé@egan et al.,

2015; Obata and Obrig, 20148higa toxin (Stx) is produced in the colon and damages the tissues
leading to bloody diarrhea. It can access kidney through bloodstream and destroy renal
endothelial cells resulting in renal inflammation. Stx binds to Gb3 receptor on rlaeesof
endothelial cell and subsequently is subjected to internalized and trafficked to host cell cytoplasm

where A subunit of Stx inhibits protein synthesis and cause cell death. Stx can be divided into two



types, Stx1 and Stx2, with Stx1 having 3 spletyand Stx2 having 7 subtypes. STEC isolates can
carrystx, stxe, or bothstx andstx. Although bothstx- andstx-containing STEC infections are

able to cause HUStx-containing STEC is more often associated with severe diseases. STEC
infection usually is seHlimiting and resolves after a we¢kroxen et al., 2013However,it is
difficult to prevent the HUS development following STEC infections. Intravenous fluids, renal
function and platelet monitoring have been reported to treat Sid€ed HUSKavanagh et al.,
2014) The use of antibiotics is highly discouraged, as antibiotics use increase the risk of
developing HUS by stimulating thproduction of Stx (Skinner et al., 2015)Monoclonal
antibodies and probiotics might provide an alternative to prevention and treatment of STEC
infection (Rahal et al., 2015; Skinner et al., 201&urrently, vaccines are being developed
targeting on redunp carriage and shedding in cattle and on mechanigtalivery Stx into host

cells(Smith, 2014)

EnteropathogenicEscherichia coli

Enteropathogeni&scherichia coli(EPEQ is a common cause of infantile diarrhea in the
developing countries, which was first described in the 1940s and {950and Torres, 2015)
EPEC now belongs to a group of bacteria known as attaching and effacing (A/E) pathogens that
also include LEEpositive STEC strains as well as several animal pathogens such as rabbit EPEC,
porcine EPEC, dog EPE@nd mousespeific pathogenCitrobacter rodentiun(C. rodentiuny
(Franzin and Sircili, 2015)rhe pathogenesis of EPEC is characterized by formation of A/E lesions
on the surface of smdECsresulting in loss of absorptive microvi{lGaytan et al., 2016EPEC
isolates carry a LEE pathogenicity island encoding a secretion system termed type three secretion
system (T3SS) that is reqad for EPEC pathogenssiThegenomeof EPECcontains several

LEE-encoded effectors associated with intimatacitinent of EPEC to IECs asdveral norLEE



(Nle)-encoded effectors that all have been demonstrated to subvert host immune responses, of
which NleB, NleC, NleD, NleEand NleH have been reported to inhibit-KB activation through
different mechanismgéYen et al., 2016)Unlike ETEC, EPE€associated diarrhea is not caused

by toxins(Croxen et al., 2013However, the exact mechanism of diarrhea production is not fully
understood, which is a result of multiple fact¢@oxen et al., 2013)irst, AE lesions lead to
decrease of absorptive surface and disruption of proper absorption channels. Second, T3SS
associated effectors are responsioleinhibiting the sodiurD-glucose transporter resulting in
failure of fluid uptake from the intestine, wateansport and chloride transport. Third, T3SS
associated effectors also contribute to disruption of tight junction leading to decrease of intestinal
permeability. In most cases, EPH&luced diarrhea is selimiting and can be effectively treated

with oral rehydratbn. So far, there is no vacciagailable to control EPEC infectiof€roxen et

al., 2013) Proper personal hygiene and clean water will contribute to prevent the transmission and

spread EPEC infection.

EnteroaggregativeEscherichia coli

Enteroaggregativ&scherichia col(EAEC) is a groupof E. coli causing persistent diarrhea in
children and adults, and i s(Okhuyseaand Rupanty2610)a g e n't
Based on the presenceagfgR(aggregative regulator) gene that is a key virulence regulator, EAEC
can be divided into typical (containirmggR) and atypical (lackingggR groups(Croxen et al.,

2013) Further classification of EAEC is based on the colonizati@s sds some strains infect

only small intestine, while others colonize both small intestine and colon. The clinical symptoms
of EAEC infection compse watery diarrhea, fever, vomiting, abdominal pain, occasionally with
blood and mucus and intestinal inflammation characterized by the presence of fecal lactoferrin and

pro-inflammatory cytokines such as-B (interleukin8). The most concerned publiedith issue



is that persistent EAEC infection can cause malnourishment in children in developing countries
(Gomes et al., 2016)n 2011, a $EC outbreak in Germany caused over 900 patientevelop

HUS and 50 deati{&rad et al., 2012Wwhich was later demonstrated to be a hybrid strain of EAEC
and STEC. Therefore, the pathogenesis of EAEC differs ip&tKive and Sbnegative EAEC
isolates.In nonStx EAEC isolates, EAEC aggregative adherence to the intestinal mucosa is the
first stage, which is mainly associated witbth aggregative adhesion fimbria and afimbrial
adhesinsThe attachment of EAEC to IECs requires aggregative adherenceanfiAF) and

Tia andHral/2 (heatesistant agglutinin 1 and 2pntribute to intimate attachment to IECs as
well. Toxin production is the second stage of EAEC pathogenesis resulting in microvillus
vesiculation, enlarged crypt openings and increasededipitioell extrusion. These toxins consist

of Pet (a cytoskeletealtering toxin), EAST1 (a heatstable enterotoxin), ShET& subunit toxin

that can actiaste cCAMR and cGMPmediated secretion) and Pic (a mucingsdements et al.,
2012) The stage of inflammatory diarrhea is initiated by adherence of EAEC to epithelial cells
resulting in release of KB and CCL20. Treatment of EAE@duced diarrhea is dependent on
causative stiias. It is recommended to use antibiotics totreatEAEE€ s oc i at ed tr avel e
For diarrhea caused by Steontaining EAEC strains, generally there is no standardized treatment
(Croxen et al., 2013)Currently, there is no vaccine available for prevention of EAE€Ltions.

However, it is possible to develop EAEC vaccines targeting EAEC virulence factors.

Enteroinvasive Escherichia coli

Enteroinvasiveescherichia col(EIEC) is a group of facultative intracellular pathogens, which
shares biochemical, genetic and pathogenetic characteristicSmghlla(Kaper et al., 2004)
Both EIEC andShigellaare highly invasive pathogens that use the intracellular milieu of IECs in

the large intestine as their replicativiehe (Croxen et al., 2013)Virulence factors such as T3SS
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dependent and T3S8dependent protein effectors that are encoded by chromosome and plasmids
account for EIEC3higellapathogenesigClemerts et al., 2012)EIEC andShigellainfections

result from multiple steps involving penetrating the epithelial barrier, induction of macrophage
cell death, IEC invasion, subverting the imnmune responses, amaantercellular movement, and
modulation of epithelial integrity(Croxen et al., 2013)In general, EIEC shows decreased
virulence compared to that 8higellg such as decreased expression of virulence genes and less
scale of pranflammatory responses. Additional virulence factors suchhagellaenterotoxins 1

and 2 contributing to watery diarrhea in EIBGigellainfections have been described. The clinical
presentation of EIEGhigellainduced diarrhea is commonly accompanied by abdominal cramp,
tenesmus, scanty stools with blood and mucusdahgdration. Other symptoms such as fatigue,
malaise, fever and anorexia are also observed in the early stage of disease. Generally, EIEC
induced diarrhea is seliimiting. Currently, antibiotic treatment is the most effective treatment
regardless of thpresence of antibiotic resistance. Yet, no vaccine now is available for either EIEC

or Shigella

Diffuse-adherent Escherichia coli

Diffuse-adherenEscherichia col(DAEC) is a unique group of pathogertic colithat has been
classically defined by diffuse adherence (DA) to cultured epithelial-BiEplls in a scattered
pattern over the entire surface of cells, which is different from @&heoli pathotypes such as the
formation of A/E lesions in EPEQCroxen et al., 2013; Kaper et al., 200BDAEC can cause
watery diarrhea and a severe persistence disease in young childremgonh 18 months to 5
years. It has reported that asymptomatic DAEC infection may account for the chronic
inflammatory intestinal diseasesa me d Cr o h €D)gProtbkHaraca eteal., R014)A

characteristic of DAEC is the production of Afa/Dr adhesins that have been reported to be
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responsible for the redse of preinflammatory cytokine IL8 in DAEC infection, resulting in
activation of mitogeractivated protein kinase, extracellular sigrejulated kinase 1 and 2, P38,
and JurC kinase(Croxen et al., 2013; Gomes et al., 2016urrently, the treatment of DAEC
associated watergiarrhea is rehydration.hEre iscurrentlyno vaccine available for controlling

the spread of DAEC infections.

Adherent Invasive Escheaichia coli

Adherent InvasiveEscherichia coli(AIEC) has been recently implicated as the most likely
causative agent for CD, which is defined by the ability to adhere to and invade IECs with unknown
invasive determinants, and the ability to survive agplicate within macrophagg#lartinez
Medina and Garci&il, 2014) Adhesion to IECs is suggested to be mediated by type 1 pili that
interferes with the glycoprotein CERMG6 in a mannos@ssociated mannéCroxen et al., 2013,
Shawki and McCole, 2017Dverexpression of CEACAMG6 is observed in CD patients with ileal
disease, which make them more susceptible to-ooenization by AIEC. Besides, AIEC strains
are able of translocation through M ce€l8hassaing et al., 201gpining the access to lamina
propria and via alteration of intestinal permeability by inducing the expression of thiopuareg
protein claudir2 and by displacing ZQ and Ecadherin from pical tight junction, resulting in
decreased trarspithelial resistance and loss of barrier functi§mawki and McCole, 2017)
AIEC infections are also reported to induce production of &MRd IL-8. Furthermore, AIEC
strains are able of escape of host immune responsgghwarsion of thenterferongamma(lFNQ)

pathway in IECgOssa et al., 2013)
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Innate immunity and pathogen recognitin

Vertebrates have evolved immune systems to fight against the infective pathogens in the body,
which is composed of innate immunity and adaptive immunity. The innate immune $yatam
2) is the first line of defense against pathogens and is mediated mainly by imelisnacluding
macrophagesjendritic cells (DCs)and neutrophilshrough direct killing of invading pathogens
by phagocytosis or inducing the production of -prilammatory cytokines contributing to
elimination of pathogengAkira et al., 2006) Furthermore, nnate immunity is constitutively
present and igitiatedimmediately following infetion. Innate immunity is characterized tgn
specificimmune responsdbecause itprotective respnse is theame regardless of the stimuli
By contrast, the adaptive immune syst&nslower, responds specifically, and generates an
immunological memorywhich is mainly mediated by and B lymphocyte¢Clark and Kupper,
2005) Oneimportant function of the innate immune system is to stimulate the adaptive immune
response via antigen presentatidwasaki and Medzhitov, 2015)able 2 briefly lists the

difference between innate immunity and adaptive immunity.

Table 2 Comparison betweenmateimmunity and adaptivemmunity.

Innate mmunity Adaptive mmunity
Specificity Common microbial structures (PAMP) Specific to unique antigens
Cells Macrophages, DCs, Neutrophils, NK cells B cellsand T cells
Onset time Rapid (minutes hours) Slow (days weeks)
Memory No memory Production of antibodies,

lifetime

Evolution Ancient (fungi, plants, insects) Recent (fish, birds, mammal:
Effectiveness Does not improve Improve with exposure

Abbreviation:PAMP, pathogerassociated molecular pattern; DCs, dendritic cells;cslis, natural killercells.

Rapid activation of innate immune system is dependent on timely recognition of pathogenic
microbes through pattern recognition rewep (PRRs) that are able to recogmizonserved

molecular components immicroorganisns termed pathogesssociated molecular patterns
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(PAMPSs) (Akira et al., 2006) To date five major PRRqTable 3)(Brubaker et al., 201Fave

been describetbased on protein domain homology, consisting of -likdl receptors (TLRS),
nucleotidebinding and oligomerization domain (NOIe receptors (NLRs), absent in
melanoma 2 (AlIM2)ike receptors (ALRs), R5-I-like receptor (RLRs) and -G/pe lectin
receptors (CLRs). These PRRs can be further classified into two main groups: mehtwate

PRRs and cytoplasmic PRRs. The former group is composed of TLRs and CLRs that are found at
the cell surface or on enddaycompartments. The latter group includes NLRs, RLRs and ALRs
that are located in cytoplasm. Upon sensing the PAMPSs, these receptors not only activate the
signaling pathways such as MB and AR1, which leads to production of inflammatory cytokines
andinterferons (IFNs) for elimination of viral and bacterial infecti¢Bsubaker et al., 2015; Yin

et al., 2015)but also contributes to induction of phagocytosis, autophagy, cell death and cytokine

processindClark and Kupper, 2005)

Table 3 Patterarecognition receptor families.

Family Members Shared domains Cellular location

TLR 1-10 in humans,-B and LRR, TIR Cell surface, endosomal
11-13 in mice compartments

CLR Dectinl, Dectin2 , é C-type lectin Cell surface

RLR RIG-1, MDAS5, LGP2 DEXD/H helicase Cytoplasm

ALR AIM2, IFI16 PYRIN, HIN-200 Cytoplasm, nucleus

NLR NOD1, NOD2, NLRC35, Nucleotide binding, LRR Cytoplasm, plasm, and
NLRP1-9 and 1114, endosomal membrane
NAIPIL, -2,-5,-6 associated

Abbreviation: AIM, absent in melanoma; CARD, caspase recruitment domain; IFI, interfgirtucible; LGP,
laboratory genetics and physiology; LRR, leueiigh repeat; MDA, melanoma differentiation gemMAIP, NLR

family, apoptosis inhibitory protein; NLRC, NLR family CARD domain containing; RlGetinoic acidinducible
gene |; NLRP, NLR family PYD domain containing; NOD, nucleofidieding oligomerization domain; TIR, Toll/tL
1 receptor.
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Toll-like receptors

The Toll protein was first identified in fruit flies and was subsequently shown to play important
roles in inducing immune responses against the fungal infection, which lead to the identification
of homologues of Toll proteins in human termed|Tlike receptors (TLRs}Akira et al., 2006)

To date, D TLRs have been identified imuman, whereas 12 TLRs have been found in mice
(Takeuchi and Akira, 2010The TLRs are expressed iarious types of cell including B cells,

NK cells, DCs, macrophages, fibroblast cells, epithelial cells and endotheliglkaiear et al.,
2009) Based the cellular location, the TLRs are divided into two classes. TLR1, TLR2, TLR4,
TLR5, and TLR6 are present on the cell surface, whereas TLR3, TLR7,,TAIRIBTLRY are

expressed in the endosonfEsawasaki and Kawai, 2014; Kumar et al., 2009)

Among the TLRs, TLR2 recognize lipoprotein fr&ncoliand other compants from bacteria,
mycoplasma, fungi, and virus@sumar et al., 2009)TLR1 and TLR6 are able to interact with
TLR2 forming TLR1/TLR2 and TLR2 TLR6 heterodimers to sense triacyl lipoprotein in Gram
negative bacteria and diacyl lipoprotein derived from mycoplasma, respediiadguchi and
Akira, 2010) The weltknown ligand of TLR4 is LPS (lipopolysaccharide) from Graegative
bacterig Kumar et al., 2009)in addition, TLR4 recognizes viral envelope proteins and modulates
the pathogenesis of H5N1 avian influenza virus infection by detection of a DAMP (Damage
associated Molecular Pattejnsather than virus itsel{Shinya et al., 2012)TLR5 is highly
expressed on DCs of lamina propria (LPDCs) in small intestine as well as epithelial cells and
detects flagellin from flagellated bacte(iBakeuchi and Akira, 2010)lagellin fromSalmonella
typhimuriumis composed o#94 amino acids and amino acid-88 are essential for TLR5
recognition(AndersenNissen et al., 2005)n response to flagellin, LPDCs are responsible for

mediating induction of B cells into Ig@roducing phsma cells and differentiation of antigen
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specific Th17 and Thl cells from naive T cells, which is a THdBpendent mannéfakeuchi and
Akira, 2010) TLR11 is not found in humatKumar et al., 2009)However, mice TLR11 is
expressed on epithelial cells of bladder and can recognize uropathogenic bacteria and a profiling

like molecule inToxoplasma gond{Kumar et al., 2009)

Intracellular TLRs are able to sense nucleic acids from bacteria and \(ifasesichi and Akira,
2010) Activation of these TLRs leads to production of bothipfammatory cytokines and type
| IFNs (Takeuchi and Akira, 2010TLR3 can sense doubstrand RNA (dsRNA) from viruses
and a synthetic dsRNA analog, polyinosipialycytidylic acid (poly I.C)(Kumar et al., 2009;
Takeuchi and Akira, 2010TLR3 is expressed on conventional DCs, macrophages, B cells, NK
cells and epithelial cellfut not plasmacytoid DO&umar et al., 2009)Mice TLR7 and human
TLR7/8 recognize singistrand RNAs (ssRNA) derived from RNA viruses as WelR&NAs from
Group B Streptococcud akeuchi and Akira, 2@). TLR9 is able to sense unmethylated DNA
with CpG motif from bacteria as well as viruggaumar et al., 2009)It is reported that TLR9
recaynize hemozoin derived from malaria parag¢@@eban et al., 2005Unlike TLR3, TLR7 and

TLR9 are highly expressed on plasmacytoid Cakeuchi and Akira, 2010)

The TLR protein belongs to thamily of type | membrane glycoproteins and is composed of an
extracellular leucingich repeat (LRR) domain, a transmembrane domain and a cytoplasmic TIR
(Toll-IL-1 receptor) domaiBrubaker et al., 2015)The extracellular domain is responsible for
ligand recognition and ligarthduced TLR dimerization, and c@ains multiple LRR motifs. It is
reported that the variation of LRR among different TLRs accounts for the ligand specificity. The
TIR domain of TLRs is homologous to the cytoplasmic signaling domain-tf(ibterleukinl)
receptor (Il-1R). Upon activationof TLRs by ligands, the TIR domain is subjected to

oligomerization and recruitment of TiBontaining adaptor proteins, including MyD88 (myeloid
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differentiation primary response gene 88), Mal (MyEffaptorlike), TRIF (TIR-domain
containing adapteinducing interferorb) and TRAM (TRIFrelated adaptor molecules)
(Brubaker et al., 2015; Yin et al., 2013h addition to TIR domain, MyD88 contains a death
domain (DD) and is able to interact with-1lR-associated kinases (IRAKs) such as IRAK1,
IRAK2, IRAK4, and IRAK-M via DD-DD interad¢ion forming the myddosom@Narner and
Nunez, 2013)Myddosome subsequently activates TRAF6 (TNdSRociated factor 6) for poly
ubiquitination and finally results in activation of MAPKs, MB and IRFspathways to induce
the production of pranflammatory cytokines and type | IFN¥in et al., 2015) In summary,
MyD88 is essential for the TLIRediated downstream signaling transduction with the eixaep
of TLR3 (Takeuchi and Akira, 2010)in response tdigands, TLR3 recruits another adaptor
protein, TRIF, for signal transduction. TRIF can interact with TRAF3 and TRAF6 through-TRAF
binding domain as well as interacts with RIP1(recepttaracting protein) and RIP3 via receptor
interacting protein homopyc interaction motif, finally leading to activation of MAPKs, NB

and IRFs pathways.

The mechanism by which TLR4 recognize LPS and initiag@mading pathways has been
elucidatedBrubaker et al., 2015; Lu et al., 2008; Park and Lee, 2013; Yin et al.,.20AS)is a
primary component of outer membrane of Graegative bacteria and is composed of a
hydrophobic lipid A, core region and-é@ntigen. Lipid A is responsible for the immunologic
activities of LPS. Recognition of LPS by TLR4 requires cooperation with-2ViPnyeloid
differentiation proteir2), CD14 and LBP (LP®inding protein). LBP is a soluble molecule and
can bind LPS contributing toansfer LPS monomer to CD14. Subsequently, CD14 transfers LPS
to TLR4-bound MD2, which causes TLR4 dimerization and promotes signal transduction. Upon

activation of TLR4, adaptor protein MyD88 is recruited and is subjected to oligomerization
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forming a lage signaling platform named myddosome. IRAK4 is first recruited to the myddosome
and a major contributor to activate IRAK1 and IRAK2. In turn, activated IRAK1 and IRAK2
interact with MyD88 and TRAF6 to regulate NB activation. TRAF6 is a E3 ubiquitin kge

that can contribute to form a complex containing TAK1, TAB1, TAB2 and TAB3 through
generation of K63inked polyubiquitination chains to control transcriptional activities of k&

and AR1.

NOD-like receptors

NOD-like receptors (NLRs) are a growb pattern recognition receptors that are located in the
cell cytosol and are responsible for detection of intracellular PAMPs and induce inflammatory
immune responses contributing to clear infectif®nchi et al., 2009; Saxena and Yeretssian,
2014) The NLRs are found in immune cells as well as epithelial cells and other cell $ypks,

23 NLRS in human and 34 NLR& mice have been identifigumar et al., 2009)

The NLRs are composed of atBrminal domain, a central NOD domain and-ge@ninal domain
(Franchi et al., 2009; Kumar et al., 2009f the three domains, the-t€rminal domain contains
leucinerich repeats that aresponsible for sensing PAMEasnsisting of LPS from Gramegative
bacteria, peptidoglycan (PGN) from Grasitive bacteria, flagellin and microbial nucleic acids.
The central NOD domain is critical for activation of NLR$ie Nterminal domain is compes
of several effector regions such as caspase recruitment domain (CARD), pyrin domain (PYD),
acidic domain, and baculovirus inhibitor repeats (BJR#)ich mediates the signaling through
interaction with downstream factors that containing CARD and/or E¥Dains.Based on the
presence o$ubregiors in N-terminal domain, NLRs are divided into 5 subfamilies: four well

characterized groups (CARD, PYD, BIR and acidic domain) and one undefined group (NLRX).
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NLRs containing CARD such as NOD1 and NODidiates NFkB and MAPK activation
resulting in transcription of genes associated with both innate immunity and adaptive immunity,
whereas NLRs containing PYD or BliRcluding NLRC4, NLRP3 and NLR1 contribute to
caspasd activation through formingnflammasomeBrubaker et al., 2015NOD1 and NOD2
are two weldocumented members of NLRwshich contain one or two CARD domairi¢OD1
senses mesadiaminopimeilc acidcontaining PGN, whereas NOD2 recognizes muramy!l
dipeptidecontaining PGNUpon stimulation of NOD1 and NODZ2he serinethreonine kinase
RICK (receptofinteracting protein 2) is directiyecruitedto NOD1 or NOD2 via CARBCARD
interactionsRICK binds to NEMO, which stimulates the ubiquitination and activation ofdKK
and IKKb leading to activation of NdkB signaling. Moreover, RICK mediates recruitment of
TAK1 in a ubiquitindependent manner, which requires NGRfhd NOD2induced K63linked
polyubiquitination of RICK. TAK1plays an essential role KK complex activationthrough
interaction with TAB1, TAB2, and/or TAB3. In addition to NéB activation, NOD1 and NOD2

are reported to activate MAPK signaling, which requires the involvement of TAK1.

The NLRS(NLRC4, NLRP3 and NLRP13s well as an adaptor protein A& also involved in
activation of nflammasomein response to PAMPRswhich leads to activation of caspases
associated with inflammation responses and apopisibaker et al., 2015; Franchi et al., 2009)
Activated inflammasome recruits poaspasd and induces the formatioof active caspask
through ato-proteolytc cleavage of preaspasé.. ubsequently, active caspasgromotes the
generation of active Hlb and IL-18 via cleavage of precursor cytokines-firelb and prelL-

18. Active caspase is also involved in inflammatorgell death termed pyroptosiSor example,
it was documented that NLRP3 and NLR®@ére required for protection fror@. rodentiumin

mice models.
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NF-kB signaling pathway

Nuclear factor kapptight-chainenhancer of activated B ce(NF-kB) is transcription regulator
that was firsidentified in 198Zhang et al., 201750 far,NF-kB has been reported to play vital
roles in various cellularrpcesses such as cell proliferation, death, survival, inflammation and
innate and daptive immune respons@shosh and Hayden, 2012; Zhang et al., 20C@&honical
NF-kB pathway (or classical pathway) and rcanonicaNF-kB pathway (or alternative pathway)
have been documentdtHoesel and Schmid, 2013TCanonicalNF-kB pathway depends on
inducible degradation of inhibitors ddF-kB (IkBs), particularly kBa, resulting in nuclear
translocation of various NkB complexes. However, nezanonical NFkB pathway relies on the
inducible processing of p100 and/p105.The noncanonical NFkB pathway is involved in
lymphoid organogenesis,-&ll survival and maturation, dendritic cell activation, and bone

metabolism(Sun, 2012)

The mammaliatNF-kB family is composed of 5 weknown subunits, RelA (also named p65),
RelB, c¢Rel, p50 NF-kB1), and p52NF-kB2), which can form homaand heteralimerizaton
through their Rel homology domain (RH@Xhang et al.,, 2017)The five Rel proteins are
classified into two graps. First, RelA, RelB, andRel are synthesized as mature proteins carrying
transcription transactivation domain (TAD). Second, p50 and p52 are produced from their
precursor proteins, p105 and p100, respectively. So far, 13 of the 15 pdti€rkiBIdimers have
been described, and RelA:p50 and RelB:p52 represent the two major (Himeng et al., 2017)
TAD-containng heteredimers are transcriptional activators, whereas p50 and p52-tonsaos
function as transcriptional repressors. ThidgekB proteins share a conservedi@&minalRHD

domain containing 300 amino aci@iShosh and Hayden, 2012; Hoesel and Schmid, 2018
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RHD is responsible for sequenspecific DNA binding, dimerization, and interaction wikBk.
Biochemistry studies reveal that the RHD consists oftariinal subdomain and at€rminal
subdomain. Both of two subdomains possess theldaetalimmunoglobulinlike folds and the
two subdomains are connected together by a hinge that bind to both sidesagriateNF-kB
site across the major groove of the DNA. Théeminal subdomain is responsible for p53 DNA
binding and specific DNA recognitip whereas the ®rminal subdomain contains hydrophobic

residues for dimerization and interaction wikiB|

In unstimulated cells, the activities of NdB are inhibited byKBs that are composed dfBa,
IkBb, IkBe, BCL3, kBz, IKBNS, [kBh and the precursor proteins p10REt) and p105 |Bd)
(Ghosh and Hayden, 2012; Zhang et al., 201&)l of the kBs contain five to seven tandem
Ankyrin repeats (AnkRs) that can bind to B, masking the nuclear localization sequence. In
canonical NFkB pathway, kBa is the predominant regulator that restrains p50/p65 heterodimer
in cytoplasm, whereas NIKNF-kB-inducing kinase) and IKK are the central components that
mediates the nuclear translocation of RelB/p50 heterodimer wtaoonical pathwayZhang et
al., 2017) Upon stimulationactivation of NFkB pathway differs in canonical and roanonical
pathway. In the canonical pathway, proteolytic degradatiokRd Is controlled by the IKK KB
kinase) complexhat is composed of three components, &KKKb, and a nofrcatalytic subunit
NEMO (NFkB essential modolator or IKg§ (Israel, 2010) NEMO is responsible for formation
of the IKK complex and recruitment of the IKK complex to upstream activator. Phosphorylation
of IKKb and polyubiquitination of NEMO is required for activation of the IKK complex.
Activated IKK complex in @rn directly phosphorylate&kBa on Ser32 and Ser36 ankiBb on

Ser19 and Ser23 for subsequent ubiquitination by?SEFE3 ubiquitin ligase and proteasome

21



dependent degradation, which leads to release and nuclear localizationk& (HelA/p50)
(Zhang et al., 2017Binding of NFkB to the specific s&in promoter region initiate the NkB-
induced gene expressitaunching rapid responses to pathogens or inflammatory stimuli. h non
canonical pathway, NKB subunit p100 associates with RelB with its AnkR domain and exist in
cytoplasm under unstimulated condition. Thée@ninaldomainof p100 carries a NIKesponsie
domain and two phosphorylation sites (Ser866 and Ser870) that resemble the phosphorylation site
of IkBs. In absence of stimuli, NIK binds to TRAF3 (TNF recefassociated factor 3). Under
this situation, TRAF3 functions as adaptor protein to recruiFRandclAP1 or clAP2 (clAP1/2,

E3 ubiquitin ligases) forming F32-clAP E3 complex resulting in constant ubiquitination and
degradation of NIK, which blocks the activation of ramonical NFkB pathway(Sun, 2012)In
response to signals from activated receptors, th€ZF8IAP E3 complex is recruited to activated
receptor leadhig to degradation of TRAF3 and/or TRAF2 as well as accumulation and auto
phosphorylation of NIK in cellular cytoplasm, which in turn activates the IKK complex only
containing IKKa homaodimer. Activated IKKa phosphorylates pl00 on Ser776 and Ser780
causing ubiquitination and subsequent proteolysis-r@inal AnkR domain of p100 to produce
p52 forming nuclear ctocalization of RelB:p52, which activates noanonical NFkB pathway

(Zhang et al., 2017)

Following nuclear translocation, the NB is able to bind to the promoter and enhancer region
containingkBsitesw t h t he ¢ on s-&EGGRNNYYE@3qou iebnithase, R purine,
and Y- pyrimidine) initiating transcription of NdkB-induced gene&hang et al., 2017Previous
study revealed that the-tdrminal subdomain of RHD is responsible for specific DNA recognition,
whereas the @erminal subdomain contains hydrophobic residues for dimerization formation

(Hayden and Ghosh, 2012lRelA, RelB, and kel have TAD contributing to transcription
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activator, whereas horrtimers of p50 and p52 function as transcription repressors due to lack of
TAD. More and more publicatiorsuggest that a full induction of NEB-induced genes requires
co-activators in nucleu¢Wan and Lenardo, 2010A recent study identified another essential
subunit of nativéNF-kB compex, ribosomal protein S3 (RPS3), that can associate with Rel dimers
to achieve full binding and transcriptional activity through determining the DNA binding affinity
and regulatory specificity dfiIF-kB (Stanborough et al., 2014; Wanadt, 2007) A list of novel
molecules has been reported to regulateNdRékB transcriptional activity in nucleus, which was

reviewed by Fengyi Wan and Michael J. Lenafdtan and Lenardo, 2010)

TNF-NF-kB signaling pathway

Tumor necrosis factor alpha (TlFas well as interleukidb (IL-1b), interleukin6 (IL-6) and
chemokines are primflammatory cytokines that are able to elicit inflammatory reactions such as
fever, inflammation and cell deafBinarello, 2000) TNFa is mainly produced by macrophages
but also other cells such as lymphoid cellsstazlls, endothelial celland fibroblastgWajant et
al., 2003) TNFa plays important roles in regulating cell proliferation, differentiation, apoptosis
and production of other cytokines and immune respofBesner et al., 2015)TNFa-induced
cellular responses are primarily mediated through two TNF receptors (TNFRs), TNF receptors 1
(TNFR1) and TNF receptors 2 (TNFR@renner et al., 2015)INFR1 has been found in most
types of cells, whereas TNFR2 is identified primarily from cells of immune sy$taustman and
Davis, 2010) A major difference between TNFR1 and TNFR2 is the absence of a death domain
in TNFR2(Naude et al., 2011)Jpon activation by TNF, TNHFNFR complex can downregulate
the activation of TNFnduced apoptosis, canonical MB and MAPK (ERK, p38 and JNK)

signaling pathway$Li and Lin, 2008) Previous study suggests that TNFR1 is the key mediator
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of TNF signaling in most of cells and TNR2 plays a major role in lymphoid sydteamd Lin,

2008)

The mechanism of TNFediated cellular responses hasrbeadely studied in past decades
(Brenner et al., 2015; Cendrowski et 2016) A modelwas proposed, whichNFR1 sequentially
activate NFkB and apoptosigMicheau and Tschopp, 2003)pon binding of TNF to TNFR1,
TRADD (TNF ReceptoiAssociaed Death Doma) is recruited to receptorand TRADD
subsequently recruits RIP1 (TNF Receptor Interacting Protein) and TRAF2 (TNF Receptor
Associated Factor 2) to form a signaling complex at the cell surface that activate® by
recruitment of TAK1 (TGFb activatedkinases 1) and the inhibitor &B (IkB) kinase (IKK)
leading to phosphorylation, ubiquitination and degradatiorkB&land subsequently liberating
NF-kB. After binding to DNA, NFkB regulates the expression of various genes that are involved
in cell surwal, proliferation, invasion, angiogenesis, metastasis, ckregistance, radio
resistance andnflammation. SubsequentlyTNFR1 is internalized and RIP1, TRAF2 and
TRADD are modified and dissociated from the receptor, and then TRADD and/or RIP1 bind to
FADD resulting in recruitment of caspa8eand activation of apoptosis. Recent study suggested
that internalization of TNFRL1 is dependent on caveolae or lipid rafts, but independent of-clathrin
mediated endocytosis, in response to &N$timulation. Anotherstudy described that lipid
disruption was able to blockkBa phosphorylation and to sensitize cells to ENiRduced
apoptosigLegler et al., 2003)in summary, TNHnediated apoptotic and cytotoxic responses are
dependent of TNFR internalization, whereas -RB-mediated amtapoptotic and pro
inflammatory responses are independent of TNFR internalizationtespmse to TNR
stimulation, canonicalNF-kB pathway is activated and inductse transcriptions of TN&

regulated gened.i and Lin, 2008) So far, the signaling components idéet in the TNFNF-kB
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activation pathway include the IKK complex, RIP, TRAF2 and MAP3K (Mitegetivated
Protein Kinase Kinase Kinas@renner et al., 2015RIP is a serine/threonine kinase containing
an N-terminal kinase domain, an intermediate domain andexi@inal death domain required for
association with the upstream signaling component TRADERNd Lin, 2008) The intermediate
domain is responsible for RiRediated NFKB activation and also plays an essential role in
interaction with downstream signaling components. TRAF2 is an adaqutigin that contains a
N domain, a conserved C domain, a RING domain, and several zinc f(hgecs et al., 2009)
The RING domain has been reported to associate with E3 ligase activitige ahélPs recruited
to TNF NF-kB compartment by TRAF2 are critical E3 ligase required in -itdfaced canonical
NF-kB signaling pathwayBrenner et al., 2015MAP3K is a serine/threonirgpecific protein
kinase. It wageported that a MAP3K, TAK1targeedfor IKKb phosphorylatior(Shinohara et

al., 2005)

Constitutiveactivation of NFkB is associated witlshronic inflammation and immune system
dysfunction promoing the development of cance(@hang et al., 2017)Therefore, negative
regulators of NFkB activity is required to attenuate NdB signaling. Of those negative
regulators, kBa is a key componerft.i and Lin, 2008) Upon TNFstimulation, activated NfkB
induces expression okBa and the newly synthesizetBa binds to NFkB and inhibit its
activities. A20 (TNR-induced protein 3) containing a cytoplasmic zinc finger domain is another
regulator that can inhibit NkB activity (Shembade et al., 2010; Zhang et al., 20%Richwas
reported to block recruitment of RIP and NEMO to TNFR1 complex and A20/ABIN1 was able to
disrupt the interaction of RIP with NEM@ disrupt NFkB activation Further study identifies

that A20 possesses-deiquitinaton activity, suggesting that A20 is able to remove Hi6ied

25



poly-ubiquitination chain off RIP and add K4@ked ubiquitin to RIRWertz et al., 2004; Zhou

et al., 2016) The tumor suppressor protein, CYLD, is the third described regulator that can
modulate NFkB activation through interference with TRAF2 ubiquitination or TAK1 activation

(Li and Lin, 2008; Zhang et al., 2017he roles of phosltases in negative regulation of TNF
NF-kB signaling is poorly studiedPrevious studieglentified a distinct protein phosphatase 2A
(PP2A) that can dephosphorylate IKK, B, and TRAF2 complex leading to dowagulation

of NF-kB transcriptional actities (Kray et al., 2005; Li et al., 2006)owever, further studies are
required to determine whether there is a phosphatase that regulates specificalyndiinéed

NF-kB activation. Internalization of activateeceptors is also considered as a means of signal
attenuation. Recently, cell penetrating peptides (CPPs) that are short peptide (< 40 amino acids)
and are able to enter cells through various mechanism including endocytosis were reported to
interfere with TNFinduced NFkB activation by induction of TNFR internalization, which is a
clathrinrdependent manndFotin-Mleczek et al., 2005a) In summary, the duration of NEB

activities is positively and negatively regulated by multiple factors.

Gut microbiota and enteric pathogens

Gut microbiota refers to the complex community of microorganism that reside in digestive tract
of human and other animals, which is composed of bacteria, eukaryotes, vandearchaea
(Clemente et al., 2012; Lozupone et al., 20T2) date, only aminority of gut microbiota can be
cultured (Eckburg et al., 2005)However, the composition of gut microbiota has been greatly
advanced by employing culturedependent higihrough sequesing technologies such as 16S
rRNA sequencingJovel et al., 2016) argescale projects such as the Human Miome Project

and MetaHIT have been carried out to study the composition of gut microfhiotaan
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Microbiome Project, 2012; Qin et al., 2010hese stu@s have shown that the gut microbiota is
dominated by bacteria, especially by two major phyacteroidetesand Firmicutes and
demonstrated a large variability in the composition of the gut microbiota in healthy individuals
(Clemente et al., 2012%enetic factos play a critical role in the development of gut microbiota
and diet(Dabrowska and Witkiewicz, 2016he composition of gut microbiota is stable in
heathy adult individuals over timédowever, agediet, disease, antibiotics use and environmental

factor also contribute to the temporal dynamics of gut microifiaiaupone et al2012)

It is now well established that gut microbiota plays an important role in health and disease
(Harmsen and de Goffau, 2018he gut microbiota is associated with energy harvest and storage
such as fermentation and utilizai of undigested chohydratesThe gut microbiota contributes
to promote the maturation of immune cells and normal development of immune s{Glemasnte
et al., 2012) Germfree mice have been characterized by reduction of segrigA, defects in
developmentofgekd s soci ated | ymphoid tissues and smal | e
nodes (Round and Mazmanian, 2009)The gut microbiota accounts for host
resistancksusceptibility to colonization by enteric pathogens. G&ga mice are demonstrated to
be more susceptible to enteric pathogens suclshagella flexneri C. rodentium Listeria
monocytogeneand Salmonella entericgerovar Typhimuriun{Baumler and Sperandio, 2016)
Another notable example is that transplantation of gut microbiota from strains of mice that are
susceptible toC. rodentiuminfection induces similar susceptibility in mice that are previously
resistance t&. rodentiuminfection (Willing et al., 2011) Gut microbiotamediated control of
enteic pathogens attribute to direct inhibition, barrier maintenance, immune modulation and

metabolism.
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Antimicrobial peptides (AMPs) are small molecular weight proteins with broad spectrum
antimicrobial activities against bacteria, yeast, viruses and fingta and Das, 2016)n host
digestive tract, AMPs are produced by not only Paneth cells and neutrophils but also bacteria
(Bahar and Ren, 2013%o0 far, more than )0 AMPs have beeteposited into the Antimicrobial
Peptide Database (APBttp://aps.unmedu/AP/)(Wang et al., 2016 AMPs-mediated killing of
bacteria is associated with their ability to interact with bacterial membrane or c€hatig and
Gallo, 2016) Some AMPs can bind to bacterial membrane and destroy the membrane integrity via
nortenzymaticand enzymatic manners resulting in lysigasfjet microbes. Some AMPs aele
to crosshelipid bilayer and kill bacteria through inhibiting enzyme activities and the synthesis of
protein and nucleic acid. Bacteriocins are a type of AMPs produced byeasal bacteria to limit
the growth of the same or similar bacterial spe@tssnmami et al., 2013; Wang et al., 2016)r
example, E. coli produces baeriocirs leading to inhibiing the growth of EHEC strains
(Schamberger anDiez-Gonzalez, 2002)Bile acid is produced in liver and secreted into small
intestine. Gut microbiot@an metabolize bile acid to produce secondary bile acid with unique
activities(Devlin and Fischbach, 2015)ransplantaon of C. scindenstrain that can modify bile
acid into antibiotietreated mice was reported to promote the resistanCe thfficile infection

(Buffie et al., 2015)

The IECs are covered by a mucus layer that is composed of mucins produced by goblet cells
(Birchenough et al., 2015)his layer of mucus functions as a protective barrier that separate
microbiota as well as invading pathogens from IECs, and suppressflaromatory responses.
Reduced thickness of mucus layer was observed in antitietiied mice and exposure of germ
free mice to gut microbiota induced the synthesis and secretion of (dobinsson et al., 2015)

In addition to mucin, the mucus lay contains digestive enzymes, AMPs and immunog(mAjlin
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(Ribet and Cossart, 2015)hese moleculeslso play important roles in limiting the contact of

invading pathogens with IECs.

Over the past several decades, it has beenagedipted that gut microbiota plays key roles in
development and maturation of immune systemrsevious studies have demoastd that
Bacteroides fragiliscontributes to development of CD4 T lymphocytes and gut microbiota
promotes the differentiation of Th1l7 cells, a contributor to modulate resistance against to
pathogens and development of autoimmune pathology, from CD4 sl(leglhov et al., 2009;
Johnson et al., 20155everal other studies suggested Batteroidesspecies andClostridium
belonging to XIVa cluster were involved in development of-arftammatory T regulatory cells
(Hayashi et al., 2013; Johnson et al., 2015; Omenetti and Pizarro, 8dB}chain fatty acids
(SCFA9 that werederived from indigestible lant fiber by gut microbiotavere reported to
maintain the balance of inflammatory and antiammatory T cells(Clemente et al., 2012; Kabat
et al., 2014; McKenney and Pamer, 2016)addition to adaptive immune system, gut microbiota
also contributes to innate immune signal In mouse model, antiltio worsenedlextran sodium
sulfate (DSS)jnduced colitis (HernandezChirlaque et al., 2016)Administration of ToHlike
receptor ligands can rescue mice suggesting gut micrefiethated pattern recognition receptor
(PRR) signalings necessary for protection against epithelial dama&be. gutmicrobiotaalso
induces the expression of bactericidatype lectins via PRR signaling resulting in inhibiting

bacterial growth.

Preferential consumption of nutrients is another strategyasmg by gut microbiota to compete
pathogenic bacteri@gKamada et al., 2013)-or example, commensal colicompetes EHEC for
organic acids, amino acidsnd other nutrients. Furthermore, gut microbioiadided production

of secondary metabolites is involved in inhibiting the expression of virulence genes. The SCFAs
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are reported to modulate the function of type 3 secretion system (T3S8hionella enterica
serovar Enteritidis and Typhimurium. MoreovBgteroides thetaiotaomicrois able to produce
mucinderived fucose to regulate the expression of the locus of enteeffadement (LEE) genes

in EHEC(Pacheco et al., 2012)

Cyclic adenosine monophosphatecAMP) and cAMP-receptor protein (CRP) in

Escherichiacoli

Cyclic adenosine monophosph&@MP or cyclic AMP is a universal second messenger that is
used by diverse forms of lifeacluding bacterigMcDonough and Rodriguez, 201Qyclic AMP
is generated from ATP by adenylate cyclase (AC) and its degradatiaatadyzed by
phosphodiesterase (PDEYicDonough and Rodriguez, 2011¢yclic AMP activatescAMP-
receptor protein (CRRgsulting information ofactive CRPcAMP complex, aglobal regulator
(Green etl., 2014) Activated CRP is subjected adlosteric conformational changasd binds to

DNA initiating transcription of CRRAMP-induced geng(Green et al., 2014)

In E. coli, the AC is encoded by ayaA gene(Bachmann, 1990)Molecular genetics and
biochemicéstudies demonstrated tHat coli AC is composeaf two domaingRoy et al., 1983)
The catalytic domain is fferminus whereas the glucose sdtive regulatory domain is-@rminal
domain It wasproposed that the activity of AC is transcriptionally and posttranslational regulated
(Botsford and Harman, 1992A previous study suggested tl@ataAexpression was negatively
regulated by cAMPCRP compleXAiba, 1985) However, it was reported that cAMPRPplayed
little role in regulation otyaAexpressionn vivo by using gene fusion technig(®ankaitis and
Bassford, 1982)Many studies now demonstrate that thajority of the effect on regulation of
cyaA expression attributes to posttranscriptional regulation via reducing the level of

phosphorylated EIIA® (glucosespecifc enzyme 11A (Goerke and filke, 2008) This
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modulation involves phospenolpyruvate (PEP) sugar phosphotransferase (PTSjp the
absence of glucose, EI¥X is phosphorylated and activates A&ulting in an elevated level of
cAMP. By contrast, in the presence of glucoB#AC is dephosphorylatednd inactivate AC

leading to a reduced level of CAMP.

CRP is encoded by thap genein E. coli (Green et al., 2014Botsford and Harman, 1992)
CRP is a homodimer and consists of two domains connected by a short hinge region. The crystal
structure of ap&CRP was published in 20@Sharma et al., 2009T he large Nterminal domain
(residues 1137) contains @AMP-b i ndi ng domai n. -Jsheetsmespomsiblg forc o n s i
CRP dimerization and carries a hydrophobic pocket for binding of CAMP resulting in functional
activation of CRP. The small-t@rminal domain (resiges 138-209) is DNAbinding domain
containing a characteristic heliurn-helix motif. It dimerizes in ap&RP, with the DNA
recognitionhelix F buried within its coréActivated CRP recognizes specific DNA sites (upstream
of promoter) via the @erminal Fhelix, which forms a typical heliturn-helix motif, together with
the neighboring Ehelix. Two regions of CRP, activation region 1 (located itefininal domain)
and activation region 2 (located in-tdrminal domain), are known to interact wiRRNA
polymerase RNAP). Binding of CRP to DNA bends theNA by about 87° and subseque
recruitment of RNARNitiates transcription of many catabolite genes. Depending on the location
of the binding site(s) within a target promoter, cAMIRP may function as a repressor or activator

In addition, CRP is also involved in many other processes, such as osmoredBlalsaiobre et
al., 2006) stringentresponseg¢Johansson et al., 20Q®iofilm formation (Jackson eal., 2002)
virulence(Balsalobre et al., 2006hitrogen assimilatio@Mao et al., 2007)iron uptakgZhang et
al., 2005) competencdSinha et al., 2009)multidrug resistance to antibioti¢slishino et al.,

2008) and quorum sensingXavier and Bassler, 2005he cAMRCRP machinery is now
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presumed to regulate transcription at nearly 200 different prom@ietands et al., 2007By
using comparative genome approaahprevious study predicatetbl strong and 285 weak
candidates CRPinding site inE. coli(Tan et al., 2001)in 2003, a study on identifying global
regulators in transcriptional regulatory networks in bacteria discovered that 197 genes were under
regulation by CRPMartinezAntonio and ColladeVides, 2003)In 2004 0one study by employing
the ROMA (runoff transcription/microarray analysis) to study bBRregulated genegound
that 280 genes present in 188 different operons had significantly high transcription and 20 genes
present in 16 operons had reduced transcription in response t(ZG6&RK) et al., 2004)

Adherence to biotic and abiotic surfaces is one of important traits in path&edc Several
studies have described that many types of adhesive pilnadéated by CRPCRP positively
regulates the expression of ETEC K99 and 987P pili through daedtindirect pathways,
respectively(Edwards and Schifferli, 1997; LoTseng et al., 199CZRP also regulates the
expression of other ETEC pili such as CFA/I, CS1, CS2, and CS3 because their expressions are
under control of catabolite repressi¢tarjalainen et al., 1991A previousfound that the synthesis
of CFA/l in ETEC was affected by glucose that inactivate(Bans et al.1991) Addition of 0.5
% glucose to the growth medium diminish the promoter (cfaA) activity more thém Add this
repression can be reversed by addition of cCAMP to the medihisi studyalso found the similar
effect of glucose on CFA/Il expressiamETEC. Another studylemonstrates that the expression
of thetib adherence locus in ETEC is dependent on QRdpertet al., 2011) Thetib locus,
tibDBCA encodes a glycosylated autotransporter (TibA) that contributes to attachment to
mammalian cells, autoagregation, and biofilm formation. Another stledgibed that CRP

negatively regulates the expression of tyfpienbriae in UPEC contributingto mediate adhesion
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to mannosecontaining receptor irepithelial cells and promote the formation infracellular

community(Muller et al., 2009)

ETEC encodesa heatstabletoxin (ST) and/ora heatlabile toxin (LT). The A subunit of LT
ADP-r i bosyl ates Gs U, a protein t hat activates
overproduction of cCAMP, which causes increased chloride secretion and disrupt sodium absorption
(Fleckenstein et al., 20103 yclic AMP has been reported to play roles in regulating the expression
of both LT and § (Bodero and Munson, 2009; Munson, 2013yclic AMP-CRP was implicated
as the transcriptional regulatorefAB, the gene encodéd’, and the expression of tktABwas
inhibited by glicose. One previous stugyown that cAMPCRP repressed the expression of LT
by binding of CRP to an operator that was centered oveBthhexamers of theltABpromoter,
resulting in the exclusion of RNAP from the promatBodero and Munson, 2009n contrast,
they also found that the CRP was able to positively regulate the expression of ST by activating ST
promoter through ampancy of the sites that facilitate productive interactions between the
transcription factor and RNAP. Another study suggested that cBRP is negatively regulate

the production of LT, but positively modulate the secretion o{Gdnzales et al., 2013)

Cyclic AMP is essentially ubiquitous. It is found in animal cells, fungi, plants,baaderia.
Therefore, it is hypothesized that cAMP may be used as signal molecule for interspecies
communication. Cyclic AMFCRP has been demonstrated to regulate the expression of virulence
genes InE. coli. Regulation of cCAMPCRP binding to specific regn in DNA promoter may
represent a potential invention for controlling bacterial infection. Several other studies
demonstrated thdf. colicyaAmutants are able to utilize exogenous cAMP. Since cCAMP has to
bind CRP directly to atvate CRP, it might suggéthe presence aftransport system that allows

the cCAMP to be transpted through cell membrane
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Modulation of inflammatory responses

Inflammation is a protective response that contributes to eliminate the harmful stimuli such as
microbial pathogensas well as damaged seiésues(Takeuchi and Akira, 2010)Generally,
inflammation presents 5 clinical symptoms: redness, swelling, heat, pain and loss of tissue function
(Takeuchi and Akira, 2010)The innate immunity systerplays a critical role in acute
inflammation induced by microbial infection or tissue damages. Although immune cells such as
macrophages and DCs play important roles,-inomune cells including epithelial cells,

endothelial cells and fibroblasts also cdmtite to the induction of inflammation.

Enteric pathogenicE. coli express different types of virulence factaad fithess traits
contributing to establish and sustain a robust colonization in hogBguinler and Sperandio,
2016; Reddick and Alto, 201&Ribet and Cossart, 2019)hesevirulence traits such as toxins and
flagellin also induce inflammatory responses. Given that most of intestinal path&geoicare
extracellular pathogens, the inflammatory responses are mainly initiated byk&ateceptors
(TLRs), which is involvedNF-kB and MAPK signal transduction pathwa$anchezVillamil and
NavarreGarcia, 2015)Here we briefly summarize the factors that initiate inflammatory responses

and factors that block inflammatory responses.

EPEC and EHEC (LEf£ontaining STEC) strains share a pathogenicity island termed the locus
of enterocyte effacement (LEE) that encodsctors (intimin and Tir) responsible for formation
of attaching and effacing (A/E) lesion and a type 3 secretion system (T3SS) that facilitate injection
of bacterial proteins directly into host cells. During EPEC infection, TLR5 recognize flagellin and
activates NFkB and induce the production of TldRtumor necrosis factoa). H7 flagellin,

hemorrhagic coli pili (HCP) and long polar fimbriae activate-ipftammatory responses in
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human colon epithelial cell in response to EHEC O157:H7 infe¢Benin et al., 2002; Farfan et
al., 2013) Outer membrane protein A (OmpA) BHEC was reported to stimulateurine DCs to
produce ll-1a, IL-1b, IL-10 and Il-:12p70(Jeannin et al., 2002Another recent study found that
hemolysin derived from EHEC O157:H7 is able to induce cytotoxicity and productiorXif IL
via NLRP3mediated pathway in human macrogbsa rather than C57BL/6 mouse macrophages

(Cheng et al., 2015)

Both EPEC and EHEC strains express T#efendent effectors such as NleB, NleC, NleE,
NleH and Tir. These effectors subvert inflammatory response by targetirgBNstgnaling
pathway. NéB is N-acetytD-glucosamineGIcNAc)-transferase that can regul@&NAcylation
of GAPDH to suppress TRAFGAPDH interaction resulting in inhibition of TRAF2
polyubiquitination and N#B activation in HeLa cell§Gao et al., 2013)NIleB were reported to
inactivate death domain of TRADD, FADD, RIPKdnd TNFR1 by arginine GIcNAcylation to
block NFkB activation in HEK293T cellgLi et al., 2013) Moreover, NleB was described to
assist NleEmediated inhibition ofkB degradatiorfNewton et al., 2010NleC is zinedependent
endopeptidase that specifically cleaves and inactivates p65 subunitkd® ifding toblockage
of translocating p65/p50 complex in nucldBaruch et al., 2011; Yen et al., 2010) addition,
NleC was documented to inhibit p38 phosphorylation but not degradation iR2CGasdts (Sham
et al.,, 2011)NleD is a zinemetalloprotease that was described to cleave JNK and p38 to block
MAPK signaling but not NFkB activation(Baruch et al., 2011)NIeE is able to inhibit the
phosphorylation ofKB resulting in inactivation of NdkB signaling in HeLa cells even in the
presence of TN& and IL-1b (Nadler et al., 2010; Newton et al., 201BHEC NleH1, but not

NleH2, bind the human ribosomal protein S3 (RP®3)lock NFkB activation(Gao et al., 2009)
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Another study demonstrated that EHEC NleH1 can specifizalijpit the phosphorylation of
RPS3 resulting in blocking NKB activation(Wan et al., 2011)Tir was documented to interact
with TRAF adaptor proteins and promdtheir degradation in proteasomendependent manner

leadingto inhibition of NF-kB pathway in HeLa cellRuchaudSparagano et al., 2011)

ETEC and EAEC cause diarrhea through production of toxins. In addition to cause watery
diarrhea, LT can activate NKB pathway through the cAMBependent activation of Rdike
GTPase(Wang et al., 2012)Compared to soluble LT, L@ssociated with outer membrane
vesicles (OMVs) induced stronger inflammatory response by high productionrGoétid TNR
through p38, ERK1/2, PKA and NiB pathways in T84 cdl(Chutkan and Kuehn, 201I)here
are few studies about inhibiting host inflammatory responses in ETEC infections. Recently, an
ETEC secreted factor (ESF) was reported to prevd3d from degradation in response TNFa
stimulation in HO'-8 cells(Wang and Hardwidge, 2012)

Colonization of pathogenicEscherichia coliin hosts

Intestinal pathogenid&. coli accounts for one of common causative agents associated with
diarrhea in human worldwidéGomes et al.2016) Human usually acquir&. coli infection
through ingestion of contaminated food and water. WHecoli enters host, it employs several
strategies such as utilization of nutrient in gut and expression of virulence factors contributing to
colonize n small orlarger intestine tecause diseases, regardless of the presence of host multiple

defense mechanisng&omes et al., 2016)

Upon entry imo human,E. coliis first exposed to acidic environment in stomach followed bile
and bicarbonate influxniduodenum and increasingly anaerobic condition. In order to colonize in

appropriate sites in gut tradg. coli has to adapt to and survive in tlasidic condition by
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expression of certain genes that confer the protection against acidic envirqrostat, 2004;

Lund et al., 2014)Four acid resistance (AR) systemdEincoli have been described. Induction of

the first AR system requires the alternativensagfactor RpoS and cAMP receptor protein (CRP).

E. coliO157:H7rpoS mutant was reported to colonize poorly in experimental mice and calves.
The second AR system is arginidependent, which requires arginine decarboxylasgA)Aand

the regulator ofidiA (CysB). The third AR system is glutamatiependent, and two glutamate
decarboxylases (GadA and GadB) and a putative glutaren@ifgpbutyric acid (GABA)
antiporter (GadC) are required to induce protection at acidic condition. The fourth AR system is a
lysine-dependent system and requires the involvement of lysine decarboxylase (CadA) and a
lysine/cadaveriaantiporter (CadB). STEC O157:H7 isolate was reported to show increased acid

resisance compared to other pathotypé&. coliand commerd E. coli

Uponentry into digestive tracE. coliencounters an alkaline environment in duodenum with the
presence of bile and bicarbondBegley et al., 2005E. coliresponds to the high pH stress by
increasing production of metabolic acid and sugar fermentation to reduce the cytog@&adaid
et al., 2005) Bacteria are able to increase the ATP synthase expression and couelesyHo
promotethe generation cddenosie triphosphates (ATPand increase the activity of monovalent
cation/proton antiporter. So fdgur monovalent cation/proton antiporters have been documented
to play critical roles in alkaline hemostasigEncoli. By contrast, alkaline condition is a signal for
inducing toxin expressioftGonzales et al., 2013t xternal alkaline condition plays a positive role
in production and secretion of ETEC LT. Previous study suggested thatfeTi@eevas inhibited
under acidic condition and was significantly stimulated at neutral or alkaline cond@onzales
et al., 2013)Given the fact that ETEC colonize at human small intestine, it is possible that ETEC

uses pH gradient as a signal to modulate its toxin production.
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E. colihas evolved several strategtesout-compete for atrients with gut microbiota, penetrate

the mucus layer and escape the host defemsieibuting to adherence and proliferation at the
surface of IECsn digestive tractThe first line of defense is mucus layer. In host digestive tracts,
the IECs are @vered by a mucus layer serving a physical barrier to limit the contact of invading
pathogens and normal gut microbiota with IECs. The mucus is composed of mucins produced by
goblet cells, digestive enzymes, antimicrobial peptides produced by Panetimdedécretory IgA
produced by B cells in lamina propria. In order cross this mucus layer, bacteria produce proteases
to directly degrade host mucins such as Pic from EAEarrington et al., 2009and
metalloproteinase from EHEEews et al., 2017)Bacteria develop resistance to AMPs through
electrostatic repulsion escaping thBMPs physical contact and production of protease to eliminate
soluble AMPgqKraus and Peschel, 200&). coliexpresses flagellum to travel in mucus layer. Gut
microbiotaalsomediates host defense against pathogénaoli. Conversely, pathogenic bacteria
develop strategies to outcpete with gut microbiota for survival in host. For example, to colonize

a unique niche, EHEC strains have to compete with microbiota for nut(Batsmler and
Sperandio, 2016)EHEC can use monosaccharides or disaccharides as a source of carbon.
CommensaE. coli strainsutilize fucose. By contrast, EHEC preferentially use other source of
sugar such as gal@se thehexuranatesnannose and ribose that are not fermented by commensal

E. coli. EHEC alsouse fucose as signal to modulate the expression of its virulence gyahes

promote intestinal colonizatidiacheco et al., 2012)

Glucose is the preferred source of carbonBEorcoli and the availability of glucose decreases
from the upper part of small intestine to large intestlecose inhibits theythesis of CAMP in
E. coli. By contrast, absence of glucose activates the production of CAMP and subsequently

activates cCAMP receptor protein (CRP). GBRAMP modulates the expression of over 200 genes
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in E. coli, which may be involved in regulation of wience factors in pathogenit. coli. For
example, CRRAMP was reported to modulate the expression of LT and ST in ETEC strains.
CRP activates transcription estA (ST), but repress the transcriptionedfAB (LT). However, a
recent study suggested tiZRP-mediated repression eftABwas indirect and was not dependent

on thecrp binding sites upstream of thetAB promoter. Therefore, glucose in environment
induceseltAB expression and inhibiesstAexpression. Given that ETEGduced diarrhea results

in high concentration of cAMP in lumen and possible lower availability of glucose, it is possible
that ETEC may utilizes exogenous source of CAMP to stimulate expression of virulence factors. It
was reported that CREAMP was responsible for inducing adhesiexpressions in ETEC

(Johnsoret al., 2009)

Bile is secreted to the small intestinefrom gallbladder In addition to increase intestinal pH
gradient, bile secondary molecules were reported to inhibit the gadvethteric pathogens.il®
and its specific components are another inducer of virulence factbrscoli. For example, bile
acid glycocholate hydrate and sodium deoxycholate were reported to induce ETEC colonization
factor CS5 expression in a dedependent mannéNicklasson et al., 2012)n EHEC O157:H7
strain, bile was reported to inhibit the transcription of LEE and genes associated with adhesins
(Hamner et al., 2013By contract, bile stress promote attachment of EPEC to (8€3desus et
al., 2005) suggesting that pathogertc coli utilize bile as an environmental signal to modulate

its virulence expression.

Adherence to IECs is a crucial step for colonization of enteric pathogens in host. PatBogenic
coli presents a diversity of surface sturets contributing to bacterial adhesion to host ¢&lisie
et al., 2009; Ribet and Cossart, 2Q1B)li or fimbriae are dhesive hatlike organelles that

function to attach bacteria to a surface. The structure of pili consists of sddféotdd located
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on the bacterial outer membrane and a bacterial adherence faetiindoon the tip of scaffold.

The first defined fimbae are the P pili derived from UPEC, which is the chaperone/usher
pathwaydependent fimbriae. Type | pili are another example of pili found in UPEC and DAEC.
Type | pili are encoded by tien gene cluster and exported by the chaperone/usher pathway. Typ
IV pili are the third category of fimbriae expressed in EHEC and EPEC. Type IV pili are able to
form bundle structure. For example, EPEC type IV buifoliming pili are required for initial
bacterial attachment to brush border cells prior to the follgiormation of attaching and effacing
lesions. Autetransporters are negpolymeric adhesins expressed in DAEC and ETEC. ETEC
expressed TIbA isesponsible for intimate attachmeon the surface of IECs. Tmediated

attachment presents a uniquéesion sgtem in EPEC and EHEC.

Host innate immune system aims to eliminate invading pathogens through phagocytosis, direct
killing, and inflammation. Conversely, pathogens have evolved strategies to abolish host innate
immune responses resulting survival and proliferation in host. First, pathogedify the
structure of their PAMPs to avoid detection by PRRs. For example, somadiattams modify
the fatty acid side chain of lipid A of LPS to augment its detection by TMRHer et al., 2005)

Same bacterial species modifgcognition site in flagellin to escape TLR5 detec{idndersen
Nissen et al., 2005Moreover, T3SS&lependent effectors from EPEC and EHEC can subvert host
pro-inflammatory responses by targeting signal pathway such deBNdnd MAPK and dampen

the inflammation responses, which contributes to apétion ofE. coliin host.

In summary,intestinal pathogeni&. coli encountersseveral obstacleduring the process of
colonizing host digestive tract. In order to survive and replicate in host, intestinal pathBgenic
coli has evolved a diversity of strategies to overcome the obstdebesexample, intestinal

pathogenicE. coli is able to regulate the gene expressions to adapbstle environment

40



modulate the immune responses, andamumpete with gut microbiota for ments.In the second
chapter, our studfocused ondentification of a ETEGecreted factofESF)that blocked TNF
induced NFkB activation. One of the consequenceT®fF-inducedNF-kB activation is the
production of preinflammatory cytokineshat are esponsible for orchestrating the inflammation
responsesregulating the cell death of inflammatory tissues, and recruitment of white blood cells
(neutrophils) to inflamed tissue®sulting eliminatinginvading pathogensnd repairing the
damaged tissue3hrough subverting TNfnduced NFkB activation, ETEC strainare able to
colonize and replicate in host small intestine. In the third chapter, our study focuses on
identification of cAMP importer in ETEC. ETE@ssociated watery diarrhea leadsntd only
flushing gut microbiota from the intestine but alsease of cCAMP into the lumen of small
intestine.The cAMP is a key secondary messengat tan regulate the expressmirover 200

genes including the genes encodaathesins irk. colipromoing the adherence of pathogekic

coli strains to target cells. Compared to nonpathogéneolistrains such as-K2, ETECH10407,

a human origin pathogen,ishypere nsi ti ve t o extracell udiar ¢ AMI
regulating the expressiaf adhesins, we hypothesize that a cAMporteris present in ETEC
strains accounting for their hypersensitivity to extracellular cAMP. In this stueyemployed

Tn5 transposomeediated mutagenesis technique to construct mutant library and screen for the
mutants with hyposensitivity to extracellular cAMP. In the fourth chaptar studyfocused on

gut microbiota and T3S8ependent NleH effeatoGut microbiota refers to the collection of
microbes colonizing the digestive tracts, which contribute to control and eliminate invading enteric
pathogensPathogenic. coli(EPEC and EHEC3trains developed strategiesout-compete with

gut microbiota and madate host immune respondeor example, NleH effector i@. rodentium

(NleH1 in EHEC)can subvert N/B signaling pathway. In this study, we used mesigecific
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pathogenC. rodentiumto study the pathogenesis of EHEC and EREE performed microbiota
transplantation betwee@57BL/6J mice and C57BL/10ScNJ mice, or C3H/HeJ mice and
C3H/HeOuJ mice and challenged the mice with WT BnléH C. rodentiumstrainsaiming to
investigate the impact of gut microbiota and T3&pendent NleH effector on regulating the

colonization ofC. rodentiumn mouse modsl|
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Chapter2-Ent er ot &xscbbeni thagebkbin- bl oc

i nduce&lB &NEti vati on

Introduction

EnterotoxigenicEscherichia coli( ET E C) causes travelerso6 diarr
children living in developing countrig€roxen et al., 2013)ETEC strainsare characterizelly
encodingtwo main types of virulence factors: hdabile and/or heastable toxins (LT and ST)
that cause watery diarrh@@aleckenstein et al., 201@nd colonization factors (CFs) that mediate
ETEC adherence to intestinal enterocyt€sarat et al., 2017)n addition to causing diarrhea, LT
enhances ETEC adherence to host cells by activating host signalingapsthand inhibits
antimicrobial peptide and cytokine (e.g-8). production by disrupting nuclear factoB (NF-kB)
signaling pathway activatiofHuang et al., 2004; O'Neil et al., 1999; Roy et al., 2010)

Flagellin, a primary component of flagella, plays critical roles in ETEC patlesigerand
modulation of intestinal innate immune respodaiko and WesterlunilVikstrom, 2013) In
addition to flagellamediated bacterial motility, flagella tnegulates the adhesion of ETEC strains
to host cells. Previous study suggested that flagella associated with fimbriae promoted the
attachment of ETE C83902 strain to porcine small intestinal epithelial d&llsou et al., 2013)
Moreover, flagella were reported to positively regulate biadilm formation and activity of
guorum sensing in ETEC C83902 stréthou et al., 2014)Koushik Roy et al. described that
EtpA, a TPS exoprotein adhesion, promoted the flageddiated iachment of ETEC H10407
strain to host cellgRoy et al., 2009)

NF-kB plays an important role in regulating inflammation and innate immune responses to

microbial infections(Lawrence, 2009)NFkB is normally sequestered in the cytoplasmtioy
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NF-kB inhibitor, IkBa. Upon TNF stimulation or microbial infection, th&B kinase (IKK)
complex is activated, which subsequentkomotes phosphorylatiomoly-ubiquitination and
degradatiorikBa, resulting in nuclear translocation of MiB subunitgHacker and Karin, 2006;
Karin and BerNeriah, 2000; Skaug et al., 2009he innate immune system recognizes and
responds to pathogens through a diversefsetllular pattern recognition receptd@ikira et al.,

2006; Yin et al.,, 2015)Pathogens have accordingly evolved mechanisms to subvert innate
signaling pathways to promote their survival and transmig&teddick and Alto, 2014)

We previously reported that pmecubation of HCT8 cells with ETEC H10407
supernatants prevented TNF stimulation framducing kBa degradation and NKB activation
(Wang and Hardwidge, 2012We attributed this phenomendao a heafstable protein we
designated a£TEC SecretedFactor (ESF). Here we fractionated ETEC supernatants and
identified flagellin as necessaryd sufficient for this phenomeno®@ur curreh data sggested
that TLR5 wasnot involved into this phenomenoQur finding might provide a potential
pharmaceutically target for controlling intestinal inflammation in response to enteric pathogens

infection.

Figure 2 Overview the identification of ESF by FPLC and Mass Spectrometry

M tive fracti
] egative fractions
ETEC H10407 Supermatant ——» FPLC
Positive fractions
Mass Spectrometry e In-gel Digestion 44— SDS-PAGE & Silver Staining
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Materials and Methods

Reagents and Antibodieantibiotics used in this study were obtained from Fisher Scientific. The
restriction enzymes were purchased from New England BioLabsiaHUTNFa was obtained
from Cell Signaling. TLR5 antagonist, hTLRE, was from InvivoGen. Antibodies used in this
study were obtained from the following sources: HA, FLAG, aiiyc (Sigma), His and Tubulin

(Santa Cruz),KdBa (Cell Signaling).

Bacterialstrains and plasmid®acterial strains and plasmids are describ&ciivie4. Al ETEC
strains used in this study were derived from wildtype ETEC H1QB0ans et al., 1975. coli
DHb5a was used for routine molecular biological manipulations, whileoli BL21 (DE3) and
ClearColiBL21 (DE3) were used to express recombinant ETEC H10407 FIiC protein. Plasmids
pKD3 and pKD46 were used to construct ETEC H10407 mutants. Plasmids pET28a and pT7HMT
(Geisbrecht et al., 2006yere used to construct recombinant protein. All bacterial strains were

grown aerobically in LuriBertani (LB) broth or on LB plates with antibiotics at 37.

Cell line and culture conditionsgntestinal epithelial cell line HGB cells were maintaineat 37
"C, 5% CO2 in RPMI 1640 medium supplemented with 10 % (v/v) fetal bovine serum (FBS) and
Penicillin-Streptomycin (100 U/ml). HGB cells were seeded intevell plates at a concentration
of 5 x 1@ cells/well. The media was replaced by fresh RPBHA medium lacking both FBS and

Penicillin-Streptomycin prior to all experiments.
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Table 4 Strainsand plasmids used in Chapter 2
Strain or Plasmid Description
Strains
ETEC H10407

Source or Reference

O78:H11, CFA/I, LT and ST (Evans et al., 1975)

E. coliDH5a Cloning strain New England BioLabs

E. coliBL21 (DE3) Protein overexpression strain Novagen

ClearColi BL21 (DE3) Protein overexpression Lucigen

ETEC IiC ETEC H10407liC mutant This study

ETEC IiD ETEC H10407liD mutant This study

ETEC OliC/pFIiC- ETEC H1040741iC complemented  This study

FLAG with fliC

Plasmids

pFLAG-CTC FLAG-tagged protein expression Sigma

pET28a Hiss fusion protein expression Novagen

pT7HMT Hiss fusion protein expression with  (Geisbrecht et al., 2006)

TEV site

pKD3 Template for mutagenic PCR produc (Datsenko and Wanner,
2000)

PKD46 Lambda Red mediated mutagsrs (Datsenko and Wanner,
2000)

pCMV Mammalian expression gtor with (Gao et al., 2009)

HA-tag

pET28aFIiC FIliC in pET28a This study

pT7HMT-FIIC FIiC in pT7THMT This study

pT7HMT-FIIC (176 FIiC (176:395) in pT7HMT This study

395)

pT7HMT-FIIC (1-395)  FIliC (1-395) in pT7HMT This study

pT7HMT-FIIC (176 FIiC (176:488) in pT7HMT This study

488)

pCMV-FIiC (1-487) FIiC (1-487) in pCMV This study

pCMV-FIiIC (176-395)  FIiC (176395) in pCMV This study

pCMV-FIiC (1-395) FIiC (1-395) in pCMV This study

pCMV-FIiC (176487) FliC (176487) in pCMV This study

pCMV-FIiC (2-395) FIiC (2-395) in pCMV This study

pCMV-FIiC (2-487) FIiC (2-487) in pCMV This study

Preparation of ETEC H10407 supernataBfTEC supernatants were prepared by using either

M9 minimal media (1 x M9 salts, 2 mM Mg3@®.1 mM CaCJ, 0.4 % glucose) or RPMI 1640
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medium described previously. The ei#te supernatant was concentrated by using Centricon Plus
70 Centrifugal Filter (EMD Millipore) with a membrane NMWL of 3 kDa and was subsequently
subjected to acetone precipitation @0 C overnight. Protein pellets were collected by
centrifugation at 15 000 x g, € for 10 min, and resuspended into 0.15 M NaCl for further fast

protein liquid chromatography analysis.

Fast Protein Liquid Chromatography and Mass Spectrom&REC H10407 supernatants were
fractionated using a GE Life Science AKTA Fast Protein Liquid Chromatography (FPLC) system
to facilitate molecular characterization of ESF. Briefly, acejorgeipitated supernatant from M9

grown bacterial culture was resuspended inml®.15 M NaCl, clarified by 0.22 um filtration,

and applied at 4 ml/min to a Superdex S200 26/60 column (GE Life Sciences) that had previously
been equilibrated in 20 mM tris (pH 8.0), 200 mM NaCl. The £68#taining eluent was collected

from the columnbetween 1130 ml, and dialyzed against 4 | of 20 mM tris (pH 8.0) in
preparation for further chromatography. The ESRtaining sample was applied to a 1 ml
Resource Q anion exchange column (GE Life Sciences). The column was washed with a buffer of
20 mMtris (pH 8.0) until the Okyovalue reach baseline, then the bound proteins were eluted with

a gradient to 1 M NaCl in the same buffer. Fractions of 1 ml were collected, evaluated for their
ability to prevent kBa degradation in response to TNF, sepatdig SDSPAGE, and detected

by Silver Staining (Thermo Scientific). Proteins from active fractions were excised and digested
in-gel with trypsin (Promega). Proteins were identified using mass spectrometry at the Mass

Spectrometry & Analytical Proteomics haratory, University of Kansas.

Construction of ETEC H10407 mutantETEC were generated using the Lambda Red
Recombinase syste(@atsenko and Wanner, 20000CR products containing chloramphenicol

resistance cassettes were amplifieaif plasmid pKD3 using primerdéble 5) flanked with
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homologous upstream and dastream gene sequences. PCR products were transformed into
ETEC H10407 carrying the pKD46 plasmid by using electroporation. Potential mutants were
screened on LB plates containing chloramphenicol. All mutants were confirmed using DNA
sequencing. ETEC H104(liC was also expressed from pFLAGIC for complementation

studies.

Recombinant protein expression and purificatiBecombinant protein expression was induced
with 1 mM IPTG, 37 C for 5 h. Recombinant proteins were purified by using niek&hity
chromatography and subsequently dialyzed into PBS. Purified proteins were analyzed on 10 %
SDSPAGE and concentrations were quantified using the Bradford method.

TransfectionHCT-8 cells were seeded invell plates at a concentration of 2 X bells/well,
grown to 7080 % confluence, and transfected with 2.5 pg plasmid DNA using Lipofectamine
3000 (Life Technology). Transfected cells were stimulated witha {0 ng/ml) at 1248 h

posttransfection.

Immunoblotting HCT-8 cell pellets were resuspendadl0.0 mM HEPES, 1.5 mM Mgg&l
10.0 mM KCI, 0.5 mM DTT, 0.05 % (v/v) NRO containing protease inhibitor cocktails
(Thermo Scientific) and incubated on ice for 30 min. Lysates were centrifuged (10,000R,g, 4
10 min) and the supernatant was collecteumunoblotting was carried out as previously
describedWang and Hardwidge, 201By separating proteins using 10 % SPAGE and then
transferring the proteins to nitrocellulose blotting membranes (GE Healthcare Life Sciences).
Membranes were blocked in Odyssey blocking bufferGbr) at room temperaterfor 1 h, and
then incubated with appropriate primary and secondary primary antibodies. Immunoblots were
developed using the Odyssey infrared imaging syster@@r). Tubulin abundance was used to

normalize kBa abundance.
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Statistical analysig-or allquantitative data, tubulin immunoblotting was used to normétige |

abundance. The data represent at least 3 independent experiments and were analyzed using one

way

different (p <0.05)kBaabundanc e

ANOVA with t

he

Dunnettds multiple

as compared with t

Table 5 Oligonucleotides used in Chapter 2

he

compar

OTNF

Primer Purpose Sequence (5'3")
PRH3427 Delete ETEC H1040#iD A2T2GC.GATA2C3GCTATCTACTGTsGCATC
A4G2A2T2AGTGTGTA2CTGAGCTGCTC
PRH3428 Delete ETEC H1040#iD T2GTGCATAGCT4GAGC:GCTCGCGTATAC
ATGCTGAC TC.GTGA2TG3A2T2AGCATG2TC:
PRH3429 Verify fliD deletion TCTCTGTGTeCT2A2CGCT
PRH3430 Verify fliD deletion GCTGAT:GT.-GTC.TGCATA3CA
PRH3431 Delete ETEC H1040#iC CGTGCA2CAGC:A2TA2CATCAGT2GTA2T2GA
TA2G2AsGATCGTGTAGCTGAGCTGCTC
PRH3432 Delete ETEC H1040#iC GCG&GCAGACsGC:GTG2CGT2GAGCGA
TA2GTGTATG3A2T:AGCATG2TC:
PRH3433 Verify fliC deletion ATGATGCGCAGAGTAGAGT.GTAT
PRH3434 Verify fliC deletion ATGAT2ATC2GTsCTGCAGsT2
PRH3619 ClonefliC pCMV-Xhol TAC.GCTCGAGATGCACAGTCAT2ATA
PRH3620 ClonefliC pCMV-Notl ATA2GA2TGCGC.GCACGCAGCA(GAYCAGTA
PRH3681 ClonefliC pET28aNde | GGAT2C.ATATG2CACA2GTCAT2A2TACA
PRH3682 ClonefliC pET28aXhol  TAC2GCTCGAGACGCAGCAGAGACAGTA
PRH3684 ClonefliC pFLAG-CTC- TAC.GCTCGAGCACA2GTCAT2A2TA
Xhol
PRH3685 ClonefliC pFLAG-CTC- G2A2GATCTACGCAGCAGAGACAGTA
Balll
PRH3788 ClonefliC 176-395 TATAT2ACTCGAGATG2CGCGCAGAGCA2
pCMV-Xhol
PRH3789 ClonefliC 176-395 ATA2GA2TGCGCGCT2GCALCGAT,
pCMV-Notl
PRH3543 ClonefliC pT7HMT- TACGCGATC.ATG2CACAGTCAT2A2TACA:
BamHlI
PRH3844 ClonefliC pT7HMT-Notl ATA2GAT2GCGC.GCT2A2CGCAGCAGAGA
PRH3845 ClonefliC 176-395 TACGCGATC.GATG2.CGCGCAGA
pT7HMT-BamHI
PRH3851 ClonefliC 176-395 ATA2GAT2GCGGGGCTCAT.GCACGAT,
pT7HMT-Notl
PRH3971 ClonefliC pCMV-Xhol TAC2GCTCGAGCACAGTCAT2A2TACA3CAGC,
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Results

ETEC H10407 secretes ESF into M9 minimal media. previously found that ETEC H10407
secretes a heatable protein (ESFETEC SecretedFactor) into RPMI 1640 medium that
subsequently inhibits the ability of TNF to activate-KB signaling(Wang and Hardwidge, 2012)
To facilitate identification of this protein using biochemical fractionation, we @iesermined
whether this factor was also secreted into ETEC supernatants when ETEC was grown in M9
minimal medium. We incubated H&3 cells with either celfree ETEGM9 or ETEGRPMI 1640
supernatants for 1.5 h and then treated the cells withaT(46 ng/m, 20 min). Preincubating
HCT-8 cells with ETEGM9 supernatant significantly inhibited the degradation ld8d in
response to TN& stimulation Figure 3A), similar to the results obtained from pretreating HCT
8 cells with ETECRPMI 1640 supernatanEigure 3B). Degradation ofkBa was not observed
in cells preincubated with only ETEERPMI 1640 or ETEEM9 supernatant$or 1.5 hin the
absence of TNFHigure 3C). These data indicated that ETEC H10407 also sedeSEmto M9

minimal media.

Figure 3ETEC H10407 secretes ESF into M9 minimal media
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Identification of ESF by using FPLC and Mass Spectrom®tig/nextused FPLQRobinson et

al., 2017)o fractionate ETEEM9 supernatants and then assayed the fractions for their d@bility
block TNFinduced NFKkB activation. Two fractionsHigure 4A, fractions E and F) inhibited
TNF-induced NFkB activation in HCT8 cells and silver staining showed that these two fractions
had similar protein compositiofrigure 4B). We excised these ba@s and identified the proteins
using mass spectrometrygble 6). We identified a major outer membrane lipoprotein, outer
membrane protein A, the flagellar heaksociated protein FliD, and flagellin (Fli®. coliK-12
strains do not encode the ESFang and Hardwidge, 2012)The two outer membrane proteins
are highly conserved between ETEC &ndoliK-12, but FIiC and FIiD are not (~50 % identity).

We therefore focused on FliC and FIiD falbsequent biochemical assays.

Figure 4 Preparation and visualization of E®Bntaining fractions by using FPLC.
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Table 6 Mass pectrometry results.
ESFCandidates Identity to E. coli MG1655 GenBankAccession #
Major outer membrane lipoprotein 100 % CBJ00536.1
Outer membrane protein A 99 % CBJ01214.1
Flagellar hookassociated protein z 50 % CBJ01536.1
(FIiD)
Flagellin (FIiC) 52 % CBJ01535.1
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ETEC flagellin blocks TNHnduced kBa degradation.To examine whether FIiC and/or FIiD
prevent HCT8 cells from TNFinduced NFkB activation, we generated ETEC H1040C and
fliD mutants and prepared céiée supernatants from these mutant strains in RPMI 1640. ETEC
DiliC supernatants failed to block PNnduced kB degradation Kigure 5). Complementing
ETEC DfliC with a fliC expression plasmid restored the protective phenotimpue 5) By
contrast, the ETEQfIID supernatant behaved similarly to the WT ETEC superndtagire 5).

We therefore concluded thiiC expression was necessary for the ESF phenotype.

Figure 5 ETEC liC mutant su%e_rnatant.failed to inhibit TNiRduced kBa degradation.
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We next determined whether recombinant FliC is sufficte account for the ESF phenotype,
we expressed ETEC FIiC . coli BL21(DE3) and purified the recombinant protein using Ni
NTA chromatographyRigure 6A). Addition of FIiC blocked kBa degradation in response to
TNF (Figure 6B). To eliminate the potential impact of LPS contamination, we also expressed and
purified FIiC fromE. coli ClearColi 21(DE3). This strain produces a modified form of LPS that

does not trigger endotoxic responses in human @eldsesse et al., 201Hreincubating HCF
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8 cells with FIiC purified from ClearColi also protectddBh from TNFinduced degradation

(Figure 6C). The protective phenotype mediated by FliC was also-dtebte Figure 6D),

consistent with our previous dg&ang and Hardwidge, 2012)

Figure 6 ETEC FIiC blocked TNFnduced degradation okBa.
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FliC domain mappingThe function of flagellin is broadly conserved among all flagellated

bacteria. Nevertheless, outside the ahd Gterminal regions that comprise its intramolecular

coiled-coll, the flagellin (Fli) protein itself exhibits localized sequence/structure vbiyab

between otherwise closely related bacteria. For example, whereas the central rEégiomokh

FliC contains two distinct ~100 residue domgdaki-Yonekura et al., 20105equence analyses



suggest that ETEC FIiC cahs only a single, fused central domain consisting of residues 176
395. Importantly, residues within this central regionEofcoli flagellin comprise variable H
serotypespecific epitopes(Haiko and WesterlundlVikstrom, 2013) suggesting that these
sequences could impart stragpecific activities to th&liC protein. To investigate if a specific
FIliC subdomain might account for thHeBa protective phenotype, we overexpressed and purified
three truncated FIiC proteins designated as FH&J3), FIliC(176395), and FIliC(17€!88)
(Figure 7A). These proteins &re expressed from pT7HMT to facilitate removal of theeNninal
His-tag using TEV protease. While the presence of atatjsdid not affect the activity of full
length FIliC in blocking kBa degradation in response to TNIHdure 7B), none of the truncated
FIiC proteins were active. As a control, both taggadd untaggedFliC were heastable,
consistent with the heatability of the ESF we described previoushigure 7C, (Wang and

Hardwidge, 2013)

Transfecting fliC expression plasmids does not block-idEced kBa degradationWe next
sought todetermine whether mammalian expression of FliC would be sufficient to block TNF
induced kBa degradation. We expressed FliC fragments from a mammalian cell expression
vector and transfected these plasmids into HBGJells Figure 8A). These constructs weret
toxic to HCT-8 cells fFigure 8B), but they were unable to block TNiRduced kBa degradation

(Figure 8C).
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Figure 7 Only full length of ETEC FIiC inhibi
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Figure 8 Expression 6ETEC FIiC in mammalian cells failed to block TNkduced degradation

of IkBa.
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ETEC FIiC inhibits kBa degradation independently of TLR%oll-like receptor 5 (TLR5)
recognizes bacterial flagell{iayashi et al., 2001 )resulting NFkB pathway activation. Because
ETEC FIiC subverts TNfinduced kBa degradation we speculated that ETEC FIliC might
somehow escape TLR5 recognitidro test our hypothesis, we first incubated HE €ells with
recombinanETECFIIC protein(100 ng/ml)for up to 10 h. Immunoblotting ressitevealed that
IkBa degradation was observed aetearly phase of incubation (15 and 30 ram) the total
IkBa returned to normal level after 1 h incubatighgure 9A), indicating that ETEC H10407
FliC was unable to abrogate TLR5 recognition. Meanwhile, we incubated8+€1s with ETEC
H10407 wildtype and mutantsfliC and ZfliD) supernatants and found that ETEC H1040iC
supernatant failed to induckBa degradationKigure 9B). Since ETEC FIliC was confirmed to
be a ligand for TLR5, we speculated whether TLR5 was involved irrR&Giated inhildion of
IkBa degradation in response to TNF treatment. We used TLR5 antagonist, - Rbblock
the activity of TLR5. We first préencubated HCT8 cells with hTLR5Fc (1.5pug/ml, 60 min),
followed by addition of recombinant ETEC FIiC (100 ng/ml, 20 mRé¢sults suggested that

hTLR5-Fc was able to bloclkBa degradation in response to ETEC FIiC stimulation by inhibiting
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TLR5 function Eigure 9C). Next, HCT8 cells were first subjected to incubation with hTERS
(1.5pg/ml, 60 min) and subsequently additaf ETEC FIiC (100 ng/ml, 90 min) followed by TNF
stimulation (20 ng/ml, 20 min). Immunoblotting results suggested that the degradation of

IkBa was inhibited in both presence of and absence of hTER@igure 9D). Taken together,

ETEC H10407 is able taibvert TNFinduced NFkB activation in a TLR&ndependent manner.

Figure 9 ETEC FliGmediated blockage of TNiaduced degradation okBa was independent

of TLR5.
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Discussion

Here we identified ETEC FIliC as necessary suidicient to inhibit kBa degradationn response
to TNF stimulation Surprisingly, blocking TLR5 recognition of flagellin did not eliminate this
phenotype, suggesting a potential TRBependent mechanism of actiafe were unable to
define the FliCdomain responsible for this activity, despite truncating the protein into soluble

fragments that compmesl the variable central domaiWe also observed that endogenous
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expression of FIiIC in mammalian cells didtmeconstitute this phenotypguggesting aotential

TLR5-independent interaction partner for FIiC.

TNF-TNFR1-mediated NFkB activation occurs on the cell surface and is associated with lipid
rafts (Li and Lin, 2008) Cationic ceHpenetrating peptides can disrupt TNfediated NFkB
signaling by inducing TNF receptor internalization in a clatd@pendent mannérotin-Mleczek
et al., 2005h) The mechanism of Fli@nhediated inhibition ofKBa degradationn response to
TNF might be associated with TNFR internalization, as we had previously observed that blocking
clathrinrdependent endocytosis affected the activity of the ETEC secreted facto\(#&8ig; and
Hardwidge, 2012) Future characterization of the phenotype we report here has the potential to
provide insight in the development of amiflammatory compounds that target &B, an
approach that might prove efficaciougpmevention on developmentodncergZhang et al., 2017)

or other inflammatory diseases.
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Chapter3-1 dent i fi cation of cyclic AMP

Escherichia col i

Introduction

EnterotoxigenicEscherichia coli(ETEC) is the most common causative agent of childhood
diarrhea in developing countries and alsoaccourdt r t he principal etiolog
(Croxen et al., 2013)The pathogenesis of ETEC is associated with production of colonization
factors(Kharat et al., 2017and with heatabile enterotoxin (LT)and/or heastable enterotoxin

(ST) (Fleckenstein et al., 2010)

Attachment tolECs is a crucial step to colonize small intestine for ETEC infectwmich is
mainly mediated by production of colonization fact@harat et al., 2017 Currently, at least 23
CFs have been described and most of the CFs are encoded on plgsmaidd et al., 2017)
Attachment of ETEC strains to IECs is achieved through bindigfsfto different receptors on
host cells. For example, coli surface antigen 6 (CS6) has been reported to bind fibronectin and
sulfatide, and colonization factor antigen | (CFA/I) was documented to bind to glycoproteins and
glycosphingolipids located oneélsurface of host cells in the small intes{ifereira and Giugliano,
2013) Upon binding to IECs, ETEC strains pragulLT and ST causing watery diarrhea
(Fleckenstein et al., 2010yhe mechanism of LTand STFinduced diarrhea has been described in

Chapter 1.

Cyclic AMP (cAMP) is an important secondary messengeE. lcoliand other bacteria, CAMP
controls gene expression, which occurs through cAMP receptor protein,(@Rieh hasbeen
reviewed in Chapter .1In ETEC strains, Lipositive ETEC strains are more adherent to

mammalian cellsn vitro study than LTnegative STEC strain@llen et al., 2006; Johnson et al.,
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2009) Qur preliminary datawgggested ETEC strains can utilize exogenous cAMPsgmullated
the adherence of L-fiegativeETEC strainsto mamnalian cells.Taken together, these studies
suggested that cAMP functions as a soluble, adheq@mreoting factor upon its secretion from
intoxicated @ithelial cells.Given that LFinduced release of cAMP into intestinal lumerg w
reasonabhhypothesize that there is a higher affinity importerexiracellulacAMP.

In this study, we employed a Tambediated mutageesis approach that was awssful tool to
manipulate bacteria geme by randomly insertingnib transposon into chromosome of living
bacteria(Reznikoff, 2008)o study the cAMP importer system in ETEChrough castruction of
mutant library by using ETEC H104QZyaAmutant as a parent strain, we aimed to screen for
the phenotype that ETEC H104@EFyaA mutant carrying a Tn5 insertion in the genome was
unable to utilize maltose on maltose MacConkey indicator agar supplemented cAMP.

Materials and Methods

ReagentsAntibiotics, maltose monohydrate and MacConkey agar bias€ in this study were

obtained fom Fisher Scientific. The restriction enzynae®l T4 ligasevere purchased from New

England BioLabsAdenos n e -&dic rBodophosphatdris salt was from SigmaAldrich.

Gel/PCR DNA Fragment Extraction Kit, H8peed Mini Plasmid KitSuper optimabroth (SOB) and
Luria-Bertani (LB) broth were purchased from MidSEZ-Tn 5 E <-KAWNnp Transposor
Kit andEZ-Tn5E <®KKND2>Tnp Tr ans pwere obtanéd fré lucigen.
Masterpuré™ Complete DNA and RNA Purification Kit was obtained from Epicentre.

Bacterial strains, oligonucleotides and plasmiBlacterial strains and plasmids were described in

Table 1. ETEC H1040ZxyaAmutantderived from ETEC H10407 stramas usedo prepare Th

5-mediated mutaritbrary. TransforMax EC100D pit16electrocompetert. coli(Lucigen) was

used to identify the disrupted gene in-3amediated mutants.l&midspKD3 and KD46 were
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used to prepare ETEC H10407 mutants. All bacterial stexcept iKD46 were aerobically

maintained in LB broth or on LB agaltate with antibiotics at 37C. Bacterial strain harboring

pCP2@nd KD46 was grown at 30C.

Table 7 Bacterial straingnd plasmids used in Chapter 3

Strains and Plasmids Description References

ETEC H10407xyaA ETEC H10407acks AC This study

ETEC H10407Lcrp ETEC H10407 lacks CRP  This study

E. coliK-12 LxyaA E. coliK-12lacks AC (Brickman et al., 1973)

E. coliK-12 Lxrp E. coliK-12lacks CRP (Brickman et al., 1973)

E. coli pir-116 E. colistrain containir gene Lucigen

pKD3 Template for mutageniPCR (Datsenko and Wanner, 200
products

pKD46 Lambda Red madted (Datsenko and Wanner, 200
mutagenesis

pCP20 plasmid encodeBLP (Datsenko and Wanner, 200!

recombinase

Preparation of maltose MacConkey indicator agbfaltose MacConkey indicator agar was
MacConkey agar base supplemented with 1 % (w/w) maltose monohydrate, 50 pg/ml kanamycin,
and 50 uM adenaosn e -c&addic, ndonophosphatei$ salt. ETEC mutats that canot ferment

maltoseform white/colorless colonies on maltose MacConkey indicator agar.

Genomic DNA extractiarExtraction of genomic DNA was performed by usiMasterpuré"
Compl ete DNA Purification Kit foll enrationgof t he 1r

genomic DNA was determined usiagNanoDrop 2000 Spectrophotomdteisher Scientifig.

Transposon mutagenesin5 transposon was randomly introduced into the chromosome of
ETEC H10407xyaAmutant by usingeZ-T n 5 E  <-B>Ard Transposome Kit afeZ-T n 5 E
<R6 &itKAN-2>Tnp Transposome Kit (Luci giastryctiois.o |l | o wi

Both Tn5 transposons harbor a broad hasige kanamycin resistance marker contributing to
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selectively isolate Tn@ssociaté mutants. The only difference is that tHeZ-Tn5 E
< R 6 #itKAN-2>Tnp Transposome carries E. coli conditional origin of replication termed

R 6 Kon, which contributes to map the disrupted genes.

Electroporation competent cells preparatioh.single cdéony of ETEC H10407xyaAmutant
without antibiotic resistance gene grown on LB agar was inoculated into 5 ml LB broth and
aerobically cultured with shaking (200 rpm/min) overnight at @7 The cultures were diluted
(1:100) into 100 ml LB broth and growia an ORoo of 0.6 with shaking. Cells werealvested by
centrifugation at 00 x g for 10 min at 4C and washed 3 times with 20 ml of iceld 10 %
glycerol. Cells were finally resuspended into 1 ml ofecéd 10 % glycerol and 100 pl aliquots

were ugd for electroporation.

Electroporation conditionsTransposome (1 ul) was mixed gently with 100 pl competent cells
in a 0.2 cm preshilled electroporation cuvette and incubated on ice for 5 min. Electroporation was
carried out using a BioRad Gene Pulser (200 Ohms, 25 pF and 2.5 kV). After electrop8@dtion,
pl of prewarmed SOC broth (SOB broth containing 20 % glucose) was immediately added and
mixed gently. The electroporated cells were transferred to a sterile tube and incubate@ at 37

with shaking for 60 min.

Mutants harboring Tn5 transposoifihe entire electroporated cells were diluted 1:10 and 50
microliters (50 pl) aliquots were plated on maltddacConkey agar plate supplemented with 50
Og/ ml kanamycin and -cyglie mdophosplate rris sdlt mmed inBubated 6
aerobically for 24 hw37 C. The mutants that were unable to utilize maltose were selected for

mapping the disrupted genes.
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Identification of transposcedisrupted genesAmong of the mutants carrying Tn5 transposon,
colorless colonies (inability to ferment maltose) ontos#MacConkey agar plate complemented
with 50 Og/ ml kanamy c icyclicanondph@sphatéiis salt vereselectedn e 3 6
For identification of the disrupted genes from the mutants, two approaches were employed based

on the commercial transpmsie kits used in this study.

(). EZ-T n 5 E <-B>Anp Transposome Kitdentification of the TnSassociated disrupted gene
was carried out busing REmediated inverse PCRBriefly, five micrograms (5 pgpenomic
DNA were digested using two restriction gnes overnight at 37C, respectively. Subsequently,
the digested genomic DNA fragments wadfligated by using T4 ligase in a large reaction
volume at 16 C overnightto avoid crossigation. Next, we performed PCR in a 50 pl reaction
volume by using <elf-ligated DNA as template, a forward primer 5§
ATGGCTCATAACACCCCTTGTATTA3 )Y and a reverse primer 5
GAACTTTTGCTGAGTTGAAGGATCA-3 Younder the following conditions: 98 for 3 min,
followed by 35 cycles of 36 at 95 C, 30s at 53 C, and 3 min at 72C and by a final extension
at 72 C for 10 min. PCR products were analyzed on 1.2 % agarcsargkjelpurified. Purified
PCR products were submitted to Molecular Cloning Laboratories (CA, United States) for
sequencing by using a forward primé& -®CCTACAACAAAGCTCTCATCAACC-3 pand a

reverse primerd €6GCAATGTAACATCAGAGATTTTGAG-3 )%

(i). EZTn5 E <diKKND-2>Tnp Transposome Kitdentification of the TnSassociated

disrupted gene was carried out followihge ma nu f act ur Briefl§y, ivemicragtamsu c t i o n
(5 ng) of genomic DNA were digested using restriction enzymes overnight @t Stibsequently,

the digested genomic DNA fragments were subjected tdigation by using T4 ligase in a large

reaction volume in order to avoid creggation. Next, the seHlligated DNA fragments were
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transformed intolransforMax EC100D pifl16 electrocompetenE. coli using electroporation
followed by screening for the Tn5 transposon on LB agar containing kanamycin (50 pg/ml)
overnight at 37 C. Plasmids werextracted from the positive colony (defined by presence of
kanamycin resistance cassettes) amte submitted to Molecular Cloning Laboratories (CA,
United States) for sequencing by using a forward primer5 -6 (
ACCTACAACAAAGCTCTCATCAACC-39 and a reverse  primer 66
CTACCCTGTGGAACACCTACATCT3 6 )

Preparation of electrocompetent cells containing pKDlasmid pKD46 was transformed into
ETEC H10407 LxyaA mutant by using electroporation aptKD46-containing colonies were
identified on LB plate supplementedtiviampicillin (100 pg/ml) at 30C. When ETEC H10407
LryaAmutant containinggKD46 was grown to OBo of 0.1 at 30 C with shaking, Larabinose
was added to a concentration of 10 mM to indpk®46 lambdared expression. Whe@Dsoo
reached to 0.4, the brial cells were collected @00 xg, 10 min, 4 C), washed 3 times with 10

% ice-cold glycerol, and resuspended in 10 %dodd glycerol for subsequent electroporation.

Construction of mutant3.hrough bioinformatics analysis of the genome of EHEO407 strain,
10 potential genesTéable 8) that might serve as high affinity transporter for extracellular cAMP
were selected for preparing mutants by using ETEC H10ZyAA mutant as parergtrain.
Mutants were generated using thembda Red Recombinasgstem(Datsenko and Wanner,
2000) Briefly, PCR products cdaining chloramphenicol resistance cassettes were amplified from
plasmid pKD3 using primer@ able 9) flanked with homologous upstream and downstream gene
sequences. PCR products were transformed into ETEC HI§@Amutant carrying the pKD46

plasmid byusing electroporation. Potential mutsuwere screened on LB plates glgmented
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with chloramphenicol. All mutants were verified using DNA sequencing and the primers used

were listed inTable 9 andTable 10

Sequence analysiSequence data was analyzedising DNASTAR software. BLAST searching
of disrupted genes in ETEC H10407 were carriedabuhe NationalCenter for Biotechnology

Information (http://www.ncbi.nlm.nih.gov/BLAST

Table 8 Genes for mutatiom Chapter 3

Protein Gene

CBJ01581, AB&ransporter ETEG2078
CBJ01738, putative ribitol transporter ETEG2235
CBJ02675, putative AMP binding protein ETEG3175
CBJ02680, putative membrane protein ETEG3180
CBJ02696, major facilitator superfamily protein ETEG3196
CBJ02754, putative permease ETEG3253
CBJ03427, putative transmembrane HD family hydrolase ETEG3920
CBJ03653, UPF721 transmembrane protein ETEG4148
CBJ03956, inner membrane protein ETEG4447
CBJ04059, predicted transporter ETEG4550

65



Table 9 Oligonucleotides used for preparation of mutamt€hapter 3

Primer Purpose Sequend8®d)(560
PRH3307 ETEC_2078 GC.GT2GATACAG2L.GCTGCGCGACAGTGCGT
mutation F ATG2T2CAT3GTGTAGCTGAGCTGCT.CG
PRH3308 ETEC 2078 TCTsCTG:CGTGAGC.TGCGTGACAT.CGCGCG
mutation R ACGC,TGACGCATATGATATCTC2T2AG
PRH3309 ETEC_ 2235 T3CGA:CTCGCAT.CT.ATCGCACTATAT2AITCG
mutation F T2AG2CT.CACACTGTGTAGCTGAGCTGCT.CG
PRH3310 ETEC_2235 ACG2TATA2CAC2ACG2CAT.GCGAGCAG2AG
mutation R T2AGACATAC2ATATGA2TATC2TC2T2AG
PRH3311 ETEC_2078 TCCACCACCTCTTCCTGTG
verification F
PRH3312 ETEC_2078 CAATACTGAATCGCTGTCCC
verification R
PRH3313 ETEC_2235 GTTGGGTTTGCCACTGCA
verification F
PRH3314 ETEC_2235 GCTGCTCAACGCGAATGA
verification R
PRH3339 ETEC_3175 AG2T3C.TGACTGCAGA2 TG CTGATACGTCGTAGA
mutation F TGATCA3CGA4CACT(GT)2AG2CTGAGCTGCTCG
PRH3340 ETEC_3175 ATCG3TCA2G2(TAPGALCGATC2ATCTC.TGC G TG
mutation R A2C2AGATG2CGCTCATCATATGATATCTC2TAG
PRH3341 ETEC_3180 C2AC3AGTA3CGGGCGCTGRATGSCTAGTCTGGTG:
mutation F TCATGCGCGCGTGTGTAGCTGAGCTGCT.CG
PRH3342 ETEC_3180 TACAGCG.TGAG2ATA2GCGTAGCGTCAG3CGACG
mutation R CTCGCAGA2TGTGAT3GAC(AT)2GA2TATC2TC2TAG
PRH3343 ETEC 3196 GAG2T3CTCGCGAsGCGGGCACA3T2A2TACGCGTACT
mutation F CATA LG T CTCGTGTGTAGCTGAGCTGCTCG
PRH3344 ETEC_3196 CA2T3A2TGA2TsA2C2T2A3CGATA2TCATC2TGCACAG
mutation R T2A3G2TAGCACTCATATGA2TATC2TC2T2AG
PRH3345 ETEC_3253 AG2CAT3GCTA(CT)2GA2GCAGTA2(TG)AGC3GC2GTG
mutation F TGT2GCGC2ACG2CG3T2(GEAGCTGAGCTGCTCG
PRH3346 ETEC_ 3253 TG2CGTGACGTCTGCGGTACGCTGTGLCTALGCG
mutation R CGAT2CATCAT2CTG2T3CATATGATATCTCTAG
PRH3347 ETEC_3175 CCTTGTGGACAGCCTGGAA
verification F
PEH3348 ETEC_3175 AAGCAGCGTGGTAGCATAATG
verification R
PRH3349 ETEC_3180 AACCTATCTGGAGAGCATTC
verification F
PRH3350 ETEC_3180 CGGCGTTAAGCATCACTA
verification R
PRH3351 ETEC 3196 TCCAGCAAGATACGAGGTT
verification F
PRH3352 ETEC_3196 AAGCGGTGATGTTGAAGC

verification R

66



Table 10 Oligonucleotides used for preparationnafitantsin Chapter Jcontinued).

PRH3353 ETEC_ 3253 TTACCGCCTCTCCTTCTC
verification F
PRH3354 ETEC 3253 CCTGACCGCATTGTTGAT
verification R
PRH3373 ETEC_3920 ATCA2TGTCT2G2C2GCT2AT2ACAC2ACTGCTsA2T3C
mutation F T2 AGTCATACGCAT.GTGTAG CTGAGCTGCTCG
PRH3374 ETEC_3920 GCTGTACATA3CA2GA2TAGAGAG2ATAT 2GCATGsC
mutation R AGACTA2TGAG2TAG3ACATATGATATCTC2T2AG
PRH3375 ETEC 4148 T2ACAG2T3CAT2A2T2AGA TGTG TGCTGTATAST?
mutation F A4C3GCATAGTGAT(GTRAG2CTGAGCTGCTCG
PRH3376 ETEC 4148 T4sAT2A2GAsGA2CGAGATCATGT3AG3T2GTAT3ACA
mutation R CACAGAITATCoATATGA2TATC2TC2T2AG
PRH3377 ETEC_ 4447 C2G2A3T2G3AGATGAG2TGA4sGsACGCATATC TGz
mutation F TCAT3CAGTAT(GT)sAG2CTGAGCTGCTCG
PRH3378 ETEC 4447 AGACTCAGTACAT(AC)2AsCATCTGATASTCTGs
mutation R CGTCAT:CAGAGCAsC3(AT)2GA2TATC2TC2T2AG
PRH3379 ETEC_ 4550 AT4CATAGATGT2C2TsCTATASTATG2CG.CAG2TG
mutation F CoGCAGTGAZT(GCRAT(GT)2AG2CTGAGCTGCTCG
PRH3380 ETEC_4550 CT2A3CA2CA(CT)2A3GATA2CA3CA2CA2CACAT
mutation R AGTAG2A2TGAGA3T2CATATGA2TATCTC2T2AG
PRH3381 ETEC 3920 GCGATGAGGATGGTGTAA
verification F
PRH3382 ETEC_ 3920 GACTCTGCGTGGATTGAA
verification R
PRH3383 ETEC 4148 CCGCAATACCTGAACCAAT
verification F
PRH3384 ETEC 4148 GGCAGTTGAACCTATGAGTT
verification R
PRH3385 ETEC 4447 GGAAATTGGGAGATGAGGTGAAAA
verification F
PRH3386 ETEC 4447 ACTGGTTGACAGGCTGAATGAT
verification R
PRH3387 ETEC_ 4550 ACATAAGAACAGCACCGATA
verification F
PRH3388 ETEC_4550 GCAGCATTGAACATTACCAT
verification R
Not e: O6mut ati ond represents the pr i merepesertshtlzet
pri mers that were used to verify the mutants

means reverse primer.
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Results

ETEC H10407ryaA mutantwas more sensitive to extracellul@AMP. In E. coli strains,
adenylate cyclase eaded bycyaAgene regulates thgeeneratiorof intracellula cCAMP from ATP.
Our preliminarydata suggested that ETEC strains can sense and utilize extracellular cAMP to
promote adhesin expression. In this study, we first determined the sensitivity of HETEID7

LxyaA mutant to exogenous cAMP on maltose MacConkey agar supplemented with adenosine
3 0 scyEli monophosphate tris salt. ETEC H1042%#p mutant ancE. oli K-12 Zerp mutant
formed colorless colonies on maltose MacConkey agar regardless of the concentration of
exogenous CAMP addedto maltose MacConkey agar (datat shown). Our results also
demonstrated that ETEC H104QZ&yaA mutant can form red/pink colonies on nask
MacConkey agar gplemented with 25 uM cAMP (dataot shown). Converself. oli K-12

LryaA mutant cannot produce red/pink colonies until the concentration ofeerag cAMP
reached to 1 mM (dataot shown). Here our evidence suggested that ETEGStveéere more
sensitive to exogenous cAMP th&n coli K-12 strains and CREPAMP complex regulated the

utilization of maltose as a carbon sourcé&ircolistrains.

Transposon library identified ETEC mutants that cannot utilize maltdée.generated a
transposon library by usingEZ-T n 5 E <-B>Arg Transposome Kit an&EZ-Tn 5 E
< R 6 #isKAN-2>Tnp Transposome Kit. Of 1956 mutantsTable 10), we identified in total of

24 mutants that formed colorless colonies on maltose MacConkey indicator agar plate.

Table 11 Results of mutant library

Transposome Kit Mutant population (n=) Suspect mutant (n=)
EZTn5E <R6KoXTnp/ K/6192 7
EZTn5E <-REAny 11,764 17
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None of transposedisrupted genes were associated with importerdaMP. For mutants
constructed by usingEZ-Tn5 E  <di&KKN-2>Tnp transposome kit, identification of
di srupted genes was carried out following the
extracted from one of the mutants was digested using f&atriction enzyme. There are 4 136
recognition sites throughout the chromosomal genomd&BfEH10407 (5,15335 bp). Next, the
DNA fragments wereselfligatedand transformed int&. coli pir-116 cells and colonies were
rescued on LB plates containingriganycin (25 mg/ml). the rescued plasmids were submitted for

sequencing. The disrupted genes were identified and lisTeabie 11.

For mutants constructed by usifEZ-T n 5 EKAN-2>Tnp transposome kit, mapping the
disrupted genes was performed by using inverse PCR technology. Genomic DNA from one mutant
was digested by using restriction enzyMepA (11,9061 recognition sitespnd Tsel(19,974
recognition sites), respectively. The PCRducts were analyzed on 1.5 % agaross (degjure

10) and was extracted. The PCR products vgeguencednd thedisrupted genes were identified

and summarized ifiable 11

In summary,of 24 potential suspected mutantsgénes were identified. Howeverome of the
disrupted genes associated with cAMP importer. Instead, those genes were involved in utilization

of maltose.

None of mutated genes were associated with importer for cAMRe, mutation of the gene
(ETEC_4447) encodinimner membrane prote{(iCBJ03956 in ETEC H10407ZxyaAmutant was
described. First, the sequence (1,034 bp) responsible for chloramphenicol resistance gene was

successfully amplified by using PCRigure 11).
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Figure 10 Inverse PCResults

N‘SpA“ - - - - - + + +
Tsel - - + + +
Mutant + + + + + + + +

lane M 1 2 3 4 5 6 7 8

Note: Identification of ETEC_4289 (CBJ03795) by using inverse PCR. M, molecular weight; L2naehative
control, 2 replicates; Lanei35, Tsel treatment, 3 replicates; Lang 8, MspALll treatment, 3 replicates.

Table 12 Results of mpping the disrupted genes by Tn5 transposome.

Disrupted gene Function of disrupted gene

CBJ03109 conserved hypothetical protein

CBJ03167 4-alphaglucanotransferase

CBJ03169 regulatory protein

CBJ03794 maltose transport system, permease protein

CBJOF95 maltose transport system, substiiteding protein
CBJ03796 maltose/maltodextrin transport system, AbiRding protein

Figure 11 PCR amplification of chloramphenicol resistance gene from pKD3.

2.0 kbp—
1.6 kbp—3=

1.0 khp—3=

0.5 kop—w

il 1 2 3
Note: Amplification of chloramphenicol re;iagteance gene from pKD3rutation of ETEC_4447 (CBJ03956). M,
molecular weight; Lane-3, PCR products afhloramphenicol resistance geereplicates.
Subsequently, the PCR product was transformeeldotreccompetent cells containing pKD46,
and the suspected colonies were rescued on LB plate supplemented with chloramphenicol (25
pg/ml). A PCR reaction was carried out for detecting the presence of chloramphenicol resistance

cassette in the mutant. TRER product was analyzed on 1 % agaroserggii(e 12). A negative

control (1728 bp) was included.
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Figure 12 Verification of mutarg by using PCR.
Mutant - + +

+ - + +

WT +

2.0 kbp —»
1.5 kbp—»
1.0 kbp —»

0.5 kbp —>»>

Lane M 1 2 3 4 5 6 7

Note: Verification of mutated ETEC_4447 gene by using PCR. M, molecular weight; Lane 1, negative control; Lane
21 7,6 suspectutants were confirmed by PCR

All of the 10 genes were successfully mutated and were streaked onto Maltose MacConkey agar
plate supfemented without and with 25 uM cAMP, respectively. All of the mutants produced red
colonies in presence of cCAMP, and colorless colonies in absence of cCAMP, suggesting that none

of 10 genes are responsible for hypothetical importer for exogenous cAMP.

Discussion

ETEC is the main cause of traveleroés diarrhesce

carry one or two enterotoxins (LT and ST), which are the attributors to watery diarrhea in human.

Of two toxins, LT is able to activate the production a8MP from intoxicated IECs and
overproduction of CAMP is secreted into intestinal lumen through acti@i&®R channel. Cyclic

AMP is a secondary messenger that is able to interact with CRRCARP complex is a master
transcription regulator that modutathe expression of over 200 genes such as LT and (il in

coli. Previous study has suggested that ETEC H10407 strain is able to utilize exogenous cAMP

and is more sensitive to extracellular cAMP. It is possible that a cAMP impbwagawith high

affinity to cAMP is present in ETEC strains. In this present study, we employedn&diated
transposome technology to construct mutant library by using ETEC H108¢#A mutant

(inability to produce endogenous cAMB) introducing randomly into the chromosdrganome
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of ETEC H10407xyaAmutant, we successfully constructed a mutant library consistihg 3856

mutants and mapping the disrupted genes was completed, suggesting that none of the genes were
associated with cAMP importer. In addition, 10 gemesodng transmembranbound transporter

were mutated iETEC H10407xyaAmutant. Nonef the genes were involved tAMP importer

either.

Transposons are mobile DNA elements that can insert into target DNA molecules, which have
been applied onto mutageneaisd gene tagging. In addition Tm5, there are other transposons

such as Tn7 and Mu are documented and commercially avalEbi€.n 5 E Tr a nkétp o s 0 me
have been widely used in Gramegative and Grarpositive bacteria, especiallg. coli. For
transposommediated mutagenesis, uniform distribution of transposon insertion is a key factor for
their application in molecular biology. A previous study suggested that Tn5 transposon, compared

to Tn7 transposon, prefers to inserting into a sequence with high coimpos$iG/C. In this study,

we successfully used Tn5 transposon generating a mutant library by introducing Tn5 transposon
into ETEC strain H10407 (3.5 insertioiskb p on aver age). Given the T

rich sequence, it is possible thera isias on preparing the mutant library by using Tn5 transposon.

Maltose is a disaccharide containing two glucose molecules. Unlike glcassi cannot utilize
maltose directly. In addition to a maltose transport system, fermentation of maltose rergpuires
catabolite activator protein or cAMP receptor protein. GRRIP binds to DNA and initiate the
transcription of gene encoding gmae for utilization of maltosdn this studywe identified the
genes required for utilization of maltose rather than cAM&wever, our studynight benefit to

future study on identification of cCAMP importer system in ETEC.
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Introduction

EnteropathogeniEscherichia col(EPEC) and elerohemorrhagi&scherichia col(EHEC) are
important pathogens causid@rreal disease in both developing and develameshtries.These
two gastrointestinal lmderial pathogens together with rodentiunbelong to a group of pathogens
termed #tachingand effacing (AE) pathogengFranzin and Sircili, 2015 he A/E pathogens are
characterized by their ability to form distinctive lesioesned A/E lesionsn the surface dECs
resulting in intimate attachment of A/E pathogen tot leedl. The formation of A/E lesions
closely regulatedy T3SS (type 3 secretion systelf@aytan et al.,, 2016Moreover T3SS is
responsible for translocation of several NigonLEE-encoded) effectors into target cells
contributing to manipulation of host cell functions such as host inflammatory resijGadas et
al., 2014) It has been documented that NleB and NleH subvert hoshffmonmation responses
by targeting NFkB signaling pathway contributing to bacterial colonization in lfgsn et al.,

2016)

Human gut microbiotaefers to the microorganisithat colonize théiuman digestive tract,
which is mainly compose of bacteria, as well as viruses, yeast and arthaegut microbiota
plays an important role fermentation and absorption of undigested carbohydrates andjmgm
maturation of immune cells and development of immune systemwgell asn regulating theénost

resistance to donization of enteric pathogens (reviewed in Chapter 1).

C. rodentiumis a Gramnegative bacterium, which is a natural pathogen of m@kmder et

al.,, 2013) C. rodentiumis closely related to huam pathogens EHEC and EPHG@fection of
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mouse withC. rodentiums now an evaluable model to study the pathogenesis of EHEC and EPEC
(Crepin et al., 2016)E. coli O157:H7 strain EDL933 encodes two NleH effectors, NleH1 and
NleH2 (Gao et al., 2009)NleH1 and NleH2 are closely related T3&®ctors (84 % sequence
identity), which have been demonstratedniodulateactivation of NFkB pathway and apoptosis
(Grishin et al., P14). NleH1 has been reported to block IkKlependent phosphorylation of RPS3

at Ser209, and subsequently inhibit nuclear translocation of RPS3, resulting in subverting the
activation of NFkB pathway(Gao et al., 2009; Pham et al., 2012; Wan et al., 20/hereas,

NleH2 can promote the phosphorylation of RR®&8 mildly activates the NkB pathway(Pham

et al., 2012) Unlike EHEC and EPECC. rodentiumjust encodes one NleH effector that is

functionally identical tdNleH1 in EHEC and EPE@ham et al., 2012)

The nouse inbred line C57BL/6J is widely used in studying bacterial pathogenesis.
C57BL/10ScNJ mice are derived from C57BL/6J mice containing a 74.4 kb deletioh gene
resulting in the absence of functional TLR4. The inbred mice line C3H/HeJ carries a pi@itidm
in tir4 gene makingt hyporesponsive to bacterial LPS. The C3H/HeOuJ mouse is closely related

to C3H/HeJ mouse, which possesses a functional LR signaling pathway.

Previous studies have demonstrated that transplantation of microbiotaeigsoahlter host
resistance to enteric pathogéBskken et al., 2011; Willing et al., 2011n this study, we aimed
to evaluate the impact of microbiota on colonizatiorCofrodentiumin mouse modethrough
transplardition of gut microbiota betweatifferent genetic background ofause, as well as the

impactof T3SSdependent effectddleH on colonization ofC. rodentiumin mouse model
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Materials and Methods

Ethics statemengll animal experiments were performiadstrict accordance with theiglelines
of Institutional Animal Care and Use Committee at Kansas State University. The protocol was
approved by Kansas State University Animal Care Committee (IACUC #3323). This institution
complies with all applicable provisions of the Animal Welfare Act an@roBederal statutes and

regulations relating to animals.

Bacterial strains and reagent€. rodentiumWT (Crepin et al., 20163nd [nhleH mutant(Pham
et al., 2012)wvere used in animal experiments, and were maintained inilBatéani (LB) broth
and LB agar plate at 3. antibiotics and MacConkey agar used in this study was obtzorad
Fisher ScientificLB broth and LB agar we purchased from MidSci. QIAamp DNA Stool Mini

Kit was obtained from Qiagen.

Mice and microbiota transplantatiofhree to fomrweekold female C57BL/6JC3H/HeJ and
C3H/HeOuJ micavere obtained from Jackson Laboratory (Bar Harbor, Ma@8yBL/10StNJ
micewere bred at College of Veterinary Medicine, Kansas State University. All micehaesed
(5 per group) in sterilized cages, fed autoclaved food and water under spatigeriree and
controlled temperature and photoperiod conditions. Theoimiota transplantatiowas carried
out as previously describgiVilling et al., 2011) Briefly, the native microbiota of mice was
depleted by a single oral do&® mg/mousedf streptomycin(D1) 24 hours prior taéhe first time
of microbiotatransplantation-resh fecal pellets fromi34 donor mice were collected and placed
in 1 ml transfer buffer (preeduced sterile phosphate buffered salontaining 0.05 % cysteine
HCI) on ice. The fecal pellets were homogenized and centrifuged at §3rx min andthe
supernatant was collected and diluted (1:3) in transfer buffer. One hundred microliter (100 pl) of

diluted fecal supernatant was introduced into recipient mice by oral gavage for 6 times (D2, D4,
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D6, D8, D10, and D12). A control group that receivedfdansplantation from the same strain

of mouse was included in this study.

Figure 13 Overview of experimental design.
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C. rodentium infectionsA single colony of mousspecific pathoge&. rodentiumand isogenic
mutantC. rodentium hleH was inoculated into 5 ml LB broth and aerobically cultured with
shaking (200 rpm/min) overnight at 3€. The cultures were diluted (1:100) into 200 ml LB broth
and aerobically cultured with shaking (200 rpm/min) overnight at3Tells wereharvested by
centrifugation at 00 x g for 15 min at 4C and washed 3 times with 20 ml of iceld PBS.

Cells were resuspended into 2 ml of@s#d 1x PBS and 100 pl aliquots were used to infect mice
by oral gavage 2 days after the last microbiotasier (D14). The actual infection dose was
determined by plating 100 pl aliquots of successive dilutions (100%) on LB agar. Mice were
monitored twice daily for clinical signs (dehydration, rectal prolapse and loss of responsiveness to
stimulation) ad weight loss. Mice were euthanized when the body weight loss was greater than
20 % of the initial weight and other clinical signs of infect{dehydration, rectal prolapse and

loss of responsiveness to stimulation)

Bacterial colonizationColon samplegapproximately 4 cm) were collected and stored on ice at
necropsy (D28). Feces were removed before weighing tissue. Colon samples were homogenized
in 1 x PBS (100 mg colows 5 ml 1x PBS), serially diluted (10i 10®), and 100 pl aliquots of

serial diltions were plated onto MacConkey agar and incubated for 24 h &t 37
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Fecal DNA extractionThreefour fecal pellets from each mouse were collected on the day of first
microbiota transfer (D1), on the day of infection (D14), and on the day of infeaiwiiB£8).

After collection, the fecal pellets samples were store@@tC. DNA extraction was performed

by using Ql Aamp DNA Stool Mi ni Kits (Qiagen)

concentration of DNA was determined by using Nanodrop ZB®&ber Scientific, USA).

Microbial community analysisThe microbial community profile was assessed by udi6§
ribosomal DNA sequencing. Genomic DNA samples from stool samplesssedgo perform lon
Torrent 16SRibosomal amplicon library constructioApproximately 40,000 reads per sample

were obtained in 400 bp reads.
Results

Survival of infected mice at the end of infectibhe C57BL/6J mice are more resistant@o
rodentium infection, whereas C3H/HeJ mice are more susceptibl€.toodentiuminfection
(Vallance et al.,, 2003)In this study,all C57BL/6J nice challenged by wildtype (WTL.
rodentiumor [nleH mutant survived by the end of experimeBy. contrastthe C3H/HeJ mice
infected with WTC. rodentiumsurvived at the end of experiment, whereas the C3H/HeJ mice
challenged byC. rodentiumZnleH mutantwere euthanized due to loss of great than 20 % of initial
weight Figure 14). The similar phenomenamasalso observed in C3H/HeOuice Figure 15).

The statistical analysis was performed by udiog-Rank (MantelCox) test.
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Figure 14 Survival of C3H/HeJ micen response t€. rodentiumZhleH infection

100

@ No transfer AnleH (n=3)

[ | B Self-ransfer AnleH (n=5)
&— Cross-transfer AnleH (n=10}

50 - p = 000145 & versus -l

Parcent survival

p=0.2383 @ VEr5US —k

p = 0.0028 - versus —ik

0 2 4 6 8 10
Days
Note: No transfer, C3H/HeJ mi¢a=>5)in this group were not subjected to microbiota transplantationtiaeléfer,
C3H/HeJ miceg(n=5) in this group were ushjected to transplantation of microbiota acquired from C3H/HeJ mice;
Crosstransfer, C3H/HeJ micéh=10)in this group were subjected to transplantation of microbiota acquired from
C3H/HeOuJ miceThep values are for log rank tegt:< 0.05 was considedeas significant difference.

Figure 15 Survival of C3H/H&uJ micein response t€. rodentiumZhleH infection
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Note: No transfer, C3H/HauJ mice(n=5) in this group were not subjected to microbiota transplantation; Self
transfer, C3H/H®uUJ mice (n=5) in this group were subjected to transplantation of microbiota acquired from
C3H/HeOuJ mice; Crosgransfer, C3H/HeJ mio@=10)in this group were subjeatdo transplantation of icrobiota
acquired from C3H/Herhice; Thep values are for log rank tegt< 0.05 was considered as significant difference.

Colonization of C. rodentiurm mice bythe end of infectionNext, bacterial colonization was
investigatedbased on gnetic background of mic&he pathogen load (cfu/g mouse colon) was
subjected to statistical analysis by using unpaitest (ManAWhitney test)In C57BL/6J mice
the mice were more resistant @ rodentiumbDnleH infection thanWT C. rodentiuminfection

(Figure 16) in No transfer group. The similahpnomenon was also observedati-sransfergroup
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(both the donor mice and recipient mice are the same stfRigure 16). By contrast,
transplantation of microbiota from C57Hl mice into C57BL/10ScN) mice reversed the
bacterial colonization in C57BL/6J mice in responséW® C. rodentiuminfection and C.
rodentiumDnleH infection (Figure 16). The statistical analysis was performed by using Man
Whitney test. Ourresults suggestethat T3SSdependent effector NleH did not significantly
contribute to colonization d€. rodentiumin mouse. In addition, microbiota transfer altered host

resistance to colonization @f rodentiumin mouse, which was not a significant alteration.

Figure 16 Bacterial colonization in C57BL/6J mice.
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Note: No transfer, C57BL/6J mi§¢e=8)in this group were not subjected to microbiota transplantationti@el$fer,
C57BL/6J micgn=9) in this group were subjected to transplantattbmicrobiota acquired from C57BL/6J mice;
Crosstransfer, C57BL/6{n=15) mice in this group were subjected to transplantation of microbiota acquired from

C57BL/10ScNJ mice; WT, wildtyp€. rodentiuminfection; DnleH, C. rodentiumDnleH infection; p < 005 ),
significant difference; ns, nesignificant difference.

In C57BL/10ScNJ micethe mice were more resistant to VCI rodentiuminfection than C.
rodentium DnleH infection (Figure 17) in no-transfer group(negative control) The simiar
phenomenorwas observed inedf-transfer group Kigure 17). By contrast, transplantation of

microbiota from C57BI6J miceinto C57BL/10ScN) mice altered the resistance WT C.
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rodentiuminfection The statisticalanalysis was performed by usihdannWhitney test.Our
results suggested that T38®8pendent effector NleH significantly resulted in bacterial
colonization in C57BI10ScN) mice Microbiota transplantatiowas able to alter host resistant to

colonization ofC. rodentiumWT strain in C57BlI10ScNJ mice

Figure 17 Bacterial colonization in C57BL/10ScNJ mice.
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Note: No transfer, C57BL/10ScNdice (n=8) in this group were not subjected to microbiota transplantation; Self
transfer, C57BL/10ScN#nice (n=9) in this group were subjectdd transplantation of microbiota acquired from
C57BL/10ScNJ mice; Crogsansfer, C57BL/10ScNice (h=15)in this group were subjected to transplantation of
microbiota acquired from C57BL/6J mice; WT, wildtyge rodentiuminfection; DnleH, C. rodentiumDnleH
infection; p < 0.05%), significant difference; ns, nesignicant difference.

In C3H/HeJ micethe mice were resistant to colonization of WIrodentium(Figure 18) in no-
transfer, slf-transfer group, andrasstransfer group (the genetic backgnd of donor mice is
different from that of recipient miceBy contrastC3HMHeJ micewere more susceptible 0.
rodentiumhleH infection (Figure 18). The statistical analysis was performed by using Mann
Whitney test.The survival data suggested thabdulation of inflammation by3SSdependent

effector NleHwas crucial for disease severity@3H/HeJ mice
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Figure 18 Bacterial colonization in C3H/HeJ mice.
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Note: No transfer, C3H/HeJ mi¢a=>5)in this group were not subjectéo microbiota transplantation; Sétansfer,
C3H/HeJ miceg(n=5) in this group were subjected to transplantation of microbiota acquired from C3H/HeJ mice;
Crosstransfer, C3H/HeJ micéh=10)in this group were subjected to transplantation of microbiotpieed from
C3H/HeOuJdmice; WT, wildtypeC. rodentiuminfection; DnleH, C. rodentiumDnleH infection; p < 0.05 ¥),
significant difference; ns, nesignicant difference.

In C3H/HeOuJ micgthe mice were resistant to colonization of \WTrodentiumFigure 19) in
no-transfer and alf-transfer groups, which was inconsistent with previous stéthwever,
transplantation of microbiota fro@3HMHeJ miceinto C3H/HeOuJ micencreased the bacterial
colonization Figure 19). By contrastC3H/HeOuJ micaveremore susceptible t€. rodentium
[nleH infection(Figure 19). The statistical analysis was performed by using M@fiitney test.
Theseresults indicated that inflammation rather than microbmdased higher mortality in

C3H/HeOuJ mice
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Figure 19 Bacterial colonization in C3H/HeOuJ mice.
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Note: No transfer, C3H/HeOuJ mi¢e=5) in this group were not subjected to microbiota transplantation: Self

transfer, C3H/HeOuJ micé=5) in this group were subjected to transplantation of microbiota acquired from
C3H/HeOuJ mice; Crossansfer, C3H/HeOuJ micé=10) in this group were subjected to transplantation of

microbiota acquired from C3H/HeJ mice; WT, wildtyperodentiurinfection;DnleH, C. rodentiunDnleHinfection;

p < 0.05 t), significant difference; ns, nesignicant difference.

The composition of gut microbiotatef microbiota transplantationBy using 16S rDNA
sequencing, we evaluated the efficiency of micr@itansplantationFor C57BL/6J mice,
transplantation of microbiota derived from C57BL/10ScNJ madeered the microbiota
compositiorresulting in a high diverse gut microbiotadure 20A). We next performed statistical
analysis of the composition shiftn iC57BL/6J mice by choosing 5 bacterial families
(Porphyromonadaces PrevotellaceagRikenellaceagd achnospiraceaeandRuminococcacede
that were the most abundant bacterial families in experimental mido-transfer group, there
was not significandifference Figure 20B). By contrast, microbiota transfer resulted in significant
increased abundance dfachnospiraceaeand Ruminococcaceaeand significant decreased
abundance oPorphyromonadaceain Selftransfer groupKigure 20B), which might be cawesl

by donor mice or stress such mouse handlimgCrosstransfer group, microbiota transfer
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significantly altered the abundance Pifevotellaceaeand RikenellaceadFigure 20B), which
suggested that the microbiota transfer successfully altered the ctiorposintestinal microbiota
in C57BL/6J miceThe statistical analysis was performed by usimgtiple t tests (HolrSidak
test) without assuming a consistent SD. Each row was analyzed individpaky0.05 was
considered as significant difference.

For C57BL/10ScNJ mice, transplantation of microbiota derived from C57BL/6J mice resulted in
the shift of microbiota compositiofiFigure 21A). We next performed statistical analysis of the
composition shift in C57BL/6J mice by choosing 5 bacterial familRsrghyromonadaces
Prevotellaceag Rikenellaceage Lachnospiraceaeand Ruminococcacegethat were the most
abundant bacterial families in experimental miceCtasstransfer group, there was not significant
difference Figure 21B). By contrast, microbiat transfer resulted in significant increased
abundance oLachnospiraceaeand Ruminococcaceaeand significant decreased abundance of
Porphyromonadaceaand Prevotellaceaen Selftransfer group Kigure 21B), which might be
caused by donor mice. Mo-trarsfer groupthe composition of intestinahicrobiotawas defined
by decreasedbundance oPorphyromonadaceaeand increased abundance Rikenellaceae
Lachnospiraceaand Ruminococcaceag-igure 21B), which might attribute to age. The shift of
microbiotain C57BL/10ScNJ mice suggested thmaicrobiota transfer successfully altered the
composition of intestinal microbiotd he statistical analysis was performed by using multiple t
tests (HolmSidak testwithout assuming a consistent SEach row was analydendividually,p

< 0.05 was considered as significant difference.
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Flgure 20 Shift of gut microbiota in C57BL/6J mice.
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Note: No transfer, C57BL/6J mi¢e=4) in this group were not subjected to microbiota transplantafielftransfer,

C57BL/6J micgn=4) in this group were subjected to transplantation of microbiota acquired from C57BL/6J mice;
Crosstransfer, C57BL/6Jn=4) mice in this group were subjected to transplantation of microbiota acquired from
C57BL/10ScNJ micep < 0.05 €), significant difference; ns, nesignificant difference.
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F|gure 21 Shift of gut microbiota in C57BL/10ScNJ mice.
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Note. No transfer, CS7BL/10$d\h1|ce(n—6) in this group were not subjected to microbitenspantation; Sek
transfer, C57BL/10SclNJ mice(n=6) in this group were subjected to transplantation of microbiota acquired from
C57BL/6J mice; Crsstransfer, C57BL/10Scl J (n=6) mice in this group were subjected to transplantation of
microbiota acgired from C57BL/@ mice;p < 0.05 ), significant difference; ns, nesignificant difference.

Composition shift after C. rodentium infection in C57BL/10ScNJ riiee next analyzed the
conposition of gut microbiotgrior to and posinfection by choosng 5 bacterial families that
were the most abundant bacterial families in experimental. tmicesponse toVT C. rodentium
infection, the composition of microbiota was characterized itgreased abundancef

Porphyromonadaceaeand decreasg abundanceof Rikenellaceage Lachnospiraceae and

85



Ruminococcaceagigure 22A and22C). By contrastthe composition of microbiota was defined
by increasd abundancef Porphyromonadaceaand Prevotellaceagand decreasa abundance

of RikenellaceaelLachnospiracea@nd Ruminococcaceaa mice challengedby C. rodentium
[nleH strain(Figure 22B and22D). However, statistical analysis indicated that the alteration of
intestinal microbiota was not significarfEifure 22C and 22D). The statistical analysis was
performed bysing multiple t tests (Holr&idak testwithout assuming a consistent SD. Each row
was analyzed individually < 0.05 was considered as significant difference.

In Selttransfer group, WTC. rodentiuminfectionresulted inthe shift of intestinal micrdbta
characterized bydecreasedabundance ofPorphyromonadacea@and Ruminococcaceaeand
increased abundance BfevotellaceagRikenellaceagand LachnospiraceadFigure 23A and
23C). By contrast, the composition of microbiota was defined by increased abundance of
Porphyromonadaceaand Prevotellaceag and decreased abundancelLethnospiraceaeand
Ruminococcaceae mice challenged byC. rodentiuminleH strain Eigure 23B and 23D).
However, statistical analysis indicated that the alteration of intestinal microbiota was not
significant Figure 23C and23D). The statistical analysis was performed by using multiple t tests
(Holm-Sidak testwithout assuming a consistent SD. Each row wadyaed individually,p <
0.05 was considered as significant difference.

In Crosstransfer group, WTC. rodentiuminfection causedalteration of gut microbiota defined
by decrease@dbundance oPorphyromonadaceaand Prevotellaceagandincreasecabundance
of RikenellaceagLachnospiraceaeandRuminococcacea@-igure 24A and24C). By contrast,
the composition of microbiota was defined by increased abundammmiyromonadaceaand
Prevotellaceag and decreased abundance dRikenellaceag Lachnogiraceae and

Ruminococcacea@é mice challenged byC. rodentiuminleH strain Eigure 24B and 24D).
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However, statistical analysis indicated that the alteration of intestinal microbiota was not
significant Figure 24C and24D). In summaryC. rodentiumnfectionsresulted in the changes of
intestinal microbiota, but nalignificant alteratiosof the 5 bacterial families in our studyigure

22C and 22D, 23C and 23D, 24C and 24D). The statistical analysis was performed by using
multiple t tests (HolrSidak test) without assuming a consistent SD. Each row was analyzed

individually, p < 0.05 was considered as significant difference.
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Figure 22 Composition of intestinahicrobiota in C57BL/10ScNJ micgithout microbiota

transfertreatmenin response tC. rodentlumnfectlons
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Figure 23 Composition shift of gut microbiota in C57BL/10ScNJ mice with -$alhsfer

treatmenin response tg. rodentlumnfectlons
‘WT infection (n=3) AnieH infection (n=3)
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Note.SeIftransfer, the C57BL/10ScNJ mife=3) received microbiota transferdim C57BL/10ScNJdonor mouse);
ns, nonsignificant difference.
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Figure 24 Composition shift of gut microbiota in C57BL/10ScNJ miagh Crosstransfer

treatment in response @ rodentlumnfectlors
WT infection (n=3) AnfaH infection (n=3)
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Note: Crosdransfer, the C57BL/10ScNice (n—3) received microbiota transferdm C57BL/6J mice (donor
mouse); ns, nosignificant difference.

In Figure 17, lower bacterial colonization &. rodentiumWT in mice that were not subjected
to microbiota transfer was observed, whereas higher bacterial colonizaGonoofentiumZnleH
was observed.We picked 5 bacterial familes Pérphyromonadaces Prevotellaceag
RikenellaceaglachnospiraceaeandRumina@occaceagand compared the abundance of these 5

bacterial families in response 0. rodentiuminfections. In response tdC. rodentiumWT

90



infection, the abundance Bfevotellaceaen Crosstransfer group was significantly higher than
that in Notransfergroup Figure 25A). However, the role oPrevotellaceaeshould be further
studied to determine whether the bacteri@iavotellaceadamily are responsible for bacterial
colonization in hostBy contrast, the abundance of these 5 bacterial families Iglighifted
without significant difference in response @ rodentiumZnleH infection Figure 258). Our
analysis of 5 major bacterial families suggested thatdentiumDnleH infection did not cause
significant alteration of the abundance of the 5 bacterial families, which might indicate that other
bacterial families contribute to bacterial colonization in hd3te statistical analysis was
performed by using multiple t tegtdolm-Sidak testwithout assuming a consistent SD. Each row
was analyzed individually < 0.05 was considered as significant difference.

Figure 25 Comparison of the alteration of intestinal microbiota in respon€e todentium

infectionsin C57BL/10ScNJ mice.
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Note: No-transfer, the C57BL/10ScNJ mice (n=3) did not receive amgrobiota transfer Selftransfer,the
C57BL/10ScNJ micén=3) received microbiota transferoim C57BL/10ScNJ mice (donor mous€yosstransfer,
the C5BL/10ScNJ mice(n=3) received microbiota transferdm C57BL/6J mice (donor mouseg);< 0.05 ¢),
significant differencens, nonsignificant difference.
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Discussion

In this study, we used 16S rDNA sequencing tetbgy to address the composition shatgut
microbiotain responséo C. rodentiumnfection.We found thatlhecomposition of gut microbiota
was dominated byBacteroidetesphylum andFirmicutes phylum (Figure 26A), which was
consistent with previous findindeckburg et al., 2005 hecomposition of gut microbta varies
amongindividual mice indicating that diet and environmental stresgasuse handlingalso
affect the composition of gut microbiofgigure 26A). Statistical analysis of 10 most abundant
bacterial families also demonstrated that the microbiota compositi@b0BL/6J mouse was
significantly different from that of C57BL/10ScNJ mouségire 26B).

Previous study has demonstrated that transplantation of gut microbiota from strains of mice that
are susceptible t8. rodentiuminfection induces similar susceptibility in mice that are previously
resistant t&C. rodentiuminfection(Willing et al., 2011) In this study, we performed the microbiota
transfer between two dely related mouse strains (C57BL/6J mous€57BL/10ScNJ mouse,
and C3H/HeJ mousgs C3H/HeOuJ mouse). We found that transferring the microbiota of
C57BL/6J mouse into C57BL/10ScNJ mouse indeed altered the host susceptibility @ WT
rodentiuminfection(Figure 17).

In this study, we observed a higher colonizatiofCofodentiumZnleH mutant rather than WT
C. rodentiumin C57BL/10ScNJ mice, which was consistent with a previous Sfeelyerbacher
and Hardwidge, 2014%uggesting that T¥sdependent NleH effector contribute to host resistance
to WT C. rodentium Transplantation of microbiota derived from C57BL/6J mice into
C57BL/10ScNJ mice appeared to contribute to alter host resistance @ kdentiuminfection.

We also found that bbtC3H/He] miceandC3H/HeOuJ micevere resistant to WT. rodentium

infection, whereas both of the two mouse strains were susceptiBlaadentiumZnleH mutant,
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which was inconsistent with previous findi{igallance et al., 2003; Willing et al., 201Given

the role of NleH effector in modulation of NEB signaling(Gao et al., 2009we speculated that
the higher mortality in both C3H/Hemice and C3H/HeOuJ miceattributed to intestinal
inflammation, which was not associated with TL-Rédiated NFKB signaling.

Here we presented observational data on colonizati@n mfdentiumn mouse model. We found
that genetic factortl4 deletion) affected the composition of gut microbiota in C57BL/10ScNJ
mouse, and the gut microbiota in C57BL/10ScNJ mouse promoted sistanee to WTC.
rodentiuminfection compared t€. rodentiunDnleH infection. Microbiota transfer indeed altered
the resistance of C57BL/10ScNJ mouse to @&/Todentiuminfection. The microbial community
analysis was performed at family level. A deep Iggia of the shift of composition of gut
microbiota might provide insight into the bacterial family or species that account for the alteration

of resistance t€. rodentiuminfection.
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Figure 26 The composition ointestinal microbiota in C57BL/6J and C57BL/10ScJ mice.
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Chapter5-Concl usi ons

To survive and multiply in host, diarrheagehiccolidevelops strategies smbvert host immune
responses, compete with gut microbiota for nutrition, and sense environmental signals to regulate
the expression of virulence factois this thesis work, wdocused on diarrheagenlk€. coli
signaling andinteraction with host NFKB signaling pathway and intestinal microbiota, which

somehow contribute to colonization of diarrheagénicoliin host intestine.

In the first project of this thesis (Chapter, 8)¢ aimed to identifythe ESF and elucidate the
mechaimsm by which ESF blocks TNhduced NFkB activation.By employing fast protein
liquid chromatographywe divided ETEGM9 supernatant into different fractions and ESF
containing fractions were separated on SEESE and irgel digested. Our work indicatedat
ETEC flagellin was necessary and sufficient to blddRa degradation in response to TNF. We
subsequently aimed to characterize ETEC flage@inr work demonstrated that only full length
of flagellin can block kBa degradation in response to TNF, whivas ina TLR5-independent
manner However, the mechanism was not fully understde@iEC flagellin was reported to
contribute toETEC adherence to intestinal cells, which was independent of se(&gpeet al.,
2009) Our work and previounding (Wang and Hardwidge, 201#)dicate ETEC flagellirhas
additional functionOur work might provide potential target for development of enfilRmmatory
agent targeting\F-kB signaling.For the future work,the efforts can be made first determine
whether ETEC flagellinentersHCT-8 cellsto block kBa degradation in response to TNF
Secondanother direction is to determine whether TNFR is subjectedeinalization ofn HCT-

8 cell in response to ETEC flagelliwhich might contribute to address the mechanism.
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In the Chapter 3, we aimed to identixMP importer in ETECBY employing Tn5 transposome
technology, we successfullgonstruced mutant library andscreened mutants for the
hyposensitivity to extracellular cAMRHowever, one of the disrupted genes derived from the
mutant library were relateto cAMP importer Although the results were negatiyeur efforts
benefitusto identify cCAMP importerin future Given that CAMP regulates transcription of genes
related to virulence factor such aesterotoxinsand colonization factoran ETEC strains we
reasombly believethat identification of CAMP importer might advance our understanding of
interaction ofETEC bacterium with host contributing to its colonization in small intestarel
might provide insight intodeveloping potential pharmaceuticaleats for treatment and/or
prevention ETEC infectionsln this study,the commercial Tn5 transposome kit has been
demonstrated to be a suitable tool for preparation of mutaatyiby using ETEC H1040@cyaA
strain For future directiona reporter plasndithat can interact with intracellular cAMIP activated
CRP might be a potential method for screening for the mutentsir hypothesis, extracellular
CcAMP can enter ETEC H10407 cells, which might be related to transmembrane proteins. Another

direction s to explore the transmembrane protéina can interact with cAMih ETEC H10407

In the Chapter 4, we aimed &valuate the influence of gut microbiota ah8SS effector on
colonization of A/E pathogens in mouse mod&e performed microbiota transfeetween to
genetically related mouse strains. In this study, we observed a higher coloniz&iaondéntium
[nleH mutant in C57BL/10ScNJ micand microbiota transfer affected the colonization of @/T
rodentiumin C57BL/10ScNJ mice in this studynexpectedly, the C3H/HeJ mice in our study
were more resistant to WT. rodentiuminfection, but more susceptible @ rodentiumZhleH
mutant infectionFor the future direction, it is necessary to perform additional animal experiments

to confirm the suseptibility of C3H/HeJ mice or C3H/HeOuJ mice®@o rodentiuminfection.We
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next used 16S rDNA sequencing technology to study the composition of gut microbiota in
response taC. rodentiuminfection and tried to addreshe difference from the point of gut
microbiota Our preliminary analysis suggested that th&tive abundance oBacteroidetes
phylum andFirmicutesphylum might account for thieacterial colonizationFor future direction,

a more powerfully advanced software should be employ to andfyresequencing dataf
intestinal microbiotawhich enable us to analyze the microbiota dédtaossible,at genus or

species level

97



References

Aiba, H., 1985. Transcription of the Eschericklali AdenylateCyclase Gene Is Negatively
Regulated by Cam@amp Receptor Protein. Journal of Biological Chemigéf, 3063
3070.

Akira, S., Uematsu, S., Takeuchi, O., 2006. Pathogen recognition and innate immunitR4Cell
783-801.

Allen, K.P., Randolph, M.M., Fleckenstein, J.M., 2006. Imaoce of healabile enterotoxin in
colonization of the adult mouse small intestine by human enterotoxigenic Escherichia
coli strains. Infection and immuniz4, 869875.

AndersernNissen, E., Smith, K.D., Strobe, K.L., Barrett, S.L., Cookson, B.T., Logsh, S
Aderem, A., 2005. Evasion of Tdike receptor 5 by flagellated bacteria. Proceedings of
the National Academy of Sciences of the United States of Amediza92479252.

Bachmann, B.J., 1990. Linkage map of Escherichia cdlRKedition 8. Microbiadgical reviews
54, 130197.

Bahar, A.A., Ren, D., 2013. Antimicrobial peptides. Pharmaceuticals (EsE%31575.

Bakken, J.S., Borody, T., Brandt, L.J., Brill, J.V., Demarco, D.C., Franzos, M.A., Kelly, C.,
Khoruts, A., Louie, T., Martinelli, L.P., Mare, T.A., Russell, G., Surawicz, C., Fecal
Microbiota Transplantation, W., 2011. Treating Clostridium difficile infection with fecal
microbiota transplantation. Clin Gastroenterol Hep@tdl0441049.

Balsalobre, C., Johansson, J., Uhlin, B.E., 2@&lic AMP-dependent osmoregulation of crp
gene expression in Escherichia coli. Journal of bacteridl88y 59355944.

Bankaitis, V.A., Bassford, P.J., 1982. Regulation of Ademy@atelase Synthesis in Escherichia
Coli - Studies with Cyd.ac Operon andt®tein Fusion Strains. Journal of bacteriology
151, 13461357.

Baruch, K., GuwArie, L., Nadler, C., Koby, S., Yerushalmi, G., BHeriah, Y., Yogev, O.,
Shaulian, E., Guttman, C., Zarivach, R., Rosenshine, I., 2011. Metalloprotease type I
effectors thaspecifically cleave JNK and NkappaB. The EMBO journ&0, 221231.

Baumler, A.J., Sperandio, V., 2016. Interactions between the microbiota and pathogenic bacteria
in the gut. Natur&35, 8593.

Begley, M., Gahan, C.G.M., Hill, C., 2005. The interacti@tween bacteria and bile. FEMS
microbiology review29, 625651.

Berin, M.C., DarfeuilleMichaud, A., Egan, L.J., Miyamoto, Y., Kagnoff, M.F., 2002. Role of
EHEC 0157:H7 virulence factors in the activation of intestinal epithelial cekajipaB
and MAP knase pathways and the upregulated expression of interleukin 8. Cellular
microbiology4, 635648.

Bhinder, G., Sham, H.P., Chan, J.M., Morampudi, V., Jacobson, K., Vallance, B.A., 2013. The
Citrobacter rodentium mouse model: studying pathogen and hosbations to
infectious colitis. Journal of visualized experiments : JOVE, e50222.

Birchenough, G.M., Johansson, M.E., Gustafsson, J.K., Bergstrom, J.H., Hansson, G.C., 2015.
New developments in goblet cell mucus secretion and function. Mucosal ImBjunol
712-719.

Bodero, M.D., Munson, G.P., 2009. Cyclic AMP receptor pretiipendent repression of heat
labile enterotoxin. Infection and immunify, 791798.

98



Botsford, J.L., Harman, J.G., 1992. Cyclic AMP in prokaryotes. Microbiological re\6éws
100-122.

Bourgeois, A.L., Wierzba, T.F., Walker, R.I., 2016. Status of vaccine research and development
for enterotoxigenic Escherichia coli. Vaccid4, 28802886.

Brenner, D., Blaser, H., Mak, T.W., 2015. Regulation of tumour necrosis factor signalling: live
or let die. Nat Rev Immundl5, 362374.

Brickman, E., Soll, L., Beckwith, J., 1973. Genetic characterization of mutations which affect
catabolitesensitive operons in Escherichia coli, including deletions of the gene for adenyl
cyclase. Journal of bacteriokpd16, 582587.

Brubaker, S.W., Bonham, K.S., Zanoni, I., Kagan, J.C., 2015. Innate immune pattern
recognition: a cell biological perspective. Annu Rev Immwa$I257290.

Bryan, A., Youngster, |., McAdam, A.J., 2015. Shiga Toxin Producing Escherichi&tnl
Lab Med35, 247272.

Buffie, C.G., Bucci, V., Stein, R.R., McKenney, P.T., Ling, L., Gobourne, A., No, D., Liu, H.,
Kinnebrew, M., Viale, A., Littmann, E., van den Brink, M.R., Jenq, R.R., Taur, Y.,
Sander, C., Cross, J.R., Toussaint, N.C., Xavi&.,, Pamer, E.G., 2015. Precision
microbiome reconstitution restores bile acid mediated resistance to Clostridium difficile.
Nature517, 205208.

Carlos, C., Pires, M.M., Stoppe, N.C., Hachich, E.M., Sato, M.l., Gomes, T.A., Amaral, L.A.,
Ottoboni, L.M.,2010. Escherichia coli phylogenetic group determination and its
application in the identification of the major animal source of fecal contamination. BMC
microbiology10, 161.

Cendrowski, J., Maminska, A., Miaczynska, M., 2016. Endocytic regulation dfingtoeceptor
signaling. Cytokine Growth Factor R82, 6373.

Chassaing, B., Rolhion, N., de Vallee, A., Salim, S.Y., Prétaknon, M., Neut, C., Campbell,
B.J., Soderholm, J.D., Hugot, J.P., Colombel, J.F., DarfeMiiaud, A., 2011. Crohn
diseaseassociated adhereimvasive E. coli bacteria target mouse and human Peyer's
patches via long polar fimbriae. The Journal of clinical investigdtitiy 966975.

Cheng, Y.L., Song, L.Q., Huang, Y.M., Xiong, Y.W., Zhang, X.A., Sun, H., Zhu, X.P., Meng,
G.X., Xu, J.G., Ren, Z.H., 2015. Effect of enterohaemorrhagic Escherichia coli O57:H7
specific enterohaemolysin on interleudibeta production differs between human and
mouse macrophages due to the different sensitivity of NLRP3 activation. Immunology
145, 258267.

Chow, J.C., Young, D.W., Golenbock, D.T., Christ, W.J., Gusovsky, F., 1999likeoieceptor
4 mediates lipopolysaccharideduced signal transduction. The Journal of biological
chemistry274, 1068910692.

Chutkan, H., Kuehn, M.J., 2011. Cont@&dpendent activation kinetics elicited by soluble versus
outer membrane vesiekssociated heddbile enterotoxin. Infection and immunif\,
3760-3769.

Clark, R., Kupper, T., 2005. Old meets new: The interaction between innate and adaptive
immunity. J Invet Dermatoll25, 629637.

Clemente, J.C., Ursell, L.K., Parfrey, L.W., Knight, R., 2012. The Impact of the Gut Microbiota
on Human Health: An Integrative View. C&l8, 12581270.

Clements, A., Young, J.C., Constantinou, N., Frankel, G., 2012. Infesttimtiegies of enteric
pathogenic Escherichia coli. Gut Microligs71-87.

99






