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Abstract

Campylobacteris a major cause of acute bacterial gastroenteritis worlgwiitd the
highest number of infections being attributedC@mpylobacter jejuni C. jejuniis a Gran
negative, spiral, motildacteriumthat belongs to the campylobacterales order and is
related to bothHelicobacterspp. andWolinella sp.. It has long been established that
proton pump inhibitors (PPIs) and other benzimidazole derivatives display anti
Helicobacteractivity in vitro. PPIs have in the past been shown to affeslicobacter
pylori growth, survival, motility, morphology, adhesion/invasion potential and
susceptibility to conventional antibiotics.

PPIs are highly effective drugs that ardlweaerated, safe for prolonged daily use and are
therefore in high demand. Both the PPIs omeprazole and lansoprazole featured in the to
ten drugs prescribed in England in 2014. In 2@aimpylobacterwas also the most
commonly diagnosed gastrointestimgection in Scotland, in England and Wales aifsb

in Europe. It hapreviouslybeen generally accepted that patients who are being treated
with PPIs are more susceptible to enteric infections su€taagylobactethan people not
taking PPIs. The &ct of PPl exposure oH. pylori has been investiged rigorously in

the past. Asingle previous study has hinted that PPIs may also be capable of affecting the
related organisnC. jejuni, but investigations have been extremely limited in comparison to
those investigating the effect of PPIsldnpylori. This study has investigated timevitro

effects of direct contact with PPIs tre biology ofC. jejuni.

Exposure to the PPI pantoprazole was found to a@egjuni growth/survival, motility,
morptology, biofilm formation,invasion potential and susceptibility to some conventional
antibiotics.  Microarray studies showed that thmeA and Cj0561c genes were
significantly upregulated in response to pantoprazole exposure and a CmeABC deficient
mutantwas found to be significantly more susceptible to killing by pantoprazole than was
the parent strain. Proteomic analysis indicated that the oxidative stress response o
C.jejuni was induced following exposure to sla@thal concentrations of pantoprazole.
C.jejuni gene expression was assessed using-BBR and the genes encoding for thiol
peroxidase and GroEL athaperonin (both involved in th€.jejuni oxidative stress
response) were found to be arododr timeshigher in response to exposure to-$ethal
concentrations of pantoprazole. Experiments using the oxidative stress inhibitors thiourea
(a hydroxyl raital quencher) and bipyridyl (a ferroiren chelator) showed that killing by
pantoprazole was not mediated by hydroxyl radical production.
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Chapter 1

General Introduction



1 INTRODUCTION
1.1 History of CampylobacteDiscovery

The first reported discovery of a pathogenic bacterivhich likely belonged in thgenus
currenty known asCampylobacterwas in 1886. A German bacteriologist named Theodor
Escherich observed spiral shaped organisms in the colon and faeces of ¢hadread

died of enteric infectionwhich he wasotablyunable to culturéKist, 1986). Because he

was unable to isolate the bacteria, the significance of the organism in patients with enteric

infections wasverlooked for many years

In 1913 John McFadyean and Stewart Stockmported that they hadbserved
peculiarly shaped orgésms inthe uterine mucus afheep and cattle that had suffered
abortions(Skirrow, 200§. They classified them as vibrios because of their shapéhdyut
hadmore thanlikely actuallyisolatedCampylobacter fetugC. fetug. In 1919 Theobald
Smith and Marian Taylor isolated spiral shaped bagctsimailar to those observed by
McFadyean and Stockmaingm aborted bovine foetusasd the species nanvibrio fetus
was proposed to describe these organiéBmith & Taylor, 1919 The gecies name
jejuni was first introduced by Jonest al in 1931 when theysolateda bacterium they
calledVibrio jejuni (originally found in the jejunum)from calves with dysenterfJoneset
al., 1931 and he species nameoli was first introduced by Doyle in 1944 describe

organisms isolated from pigs

These difficult to isolate and culturerganisms were considered pathogens of mainly
vetermnary importance for many yeardn 1946 AJ Levy reported tha¥ibrio jejuni was

the likely causative agent in a mitlorne enteritis outbreak that had occurred in lllinois in
1938(Levy, 1946. Thissignalledtheinitiation of interest in these organisms in relation to
human diseaseln the 1950sElizabeth King noted that organisms isolated friiablood
culturesof patients with diarrhoeal diseaseuld be separated intwo groups:thosethat

grew best at 37°C and those that were thermophilic and grew best at 42°C. She correctl
hypothesised that the thermophilic organisms could be the cauke difirrhoeal illness

and that they might occur more commonly than their isolation from biugtt suggest
(King, 1957.

In 1963 Sebald and Veromeported notablalifferencesin the growth conditions othe
organisms previously classified in tMirio genus. Differences in the deoxyribonucleic
acid (DNA) guanineand cytosine content were also observe@nd the new genus
Campylobacteffrom the Greek campylo; meaning curveespropcsedfor a number of
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the organisns (Sebald & Veron, 1963including Vibrio fetus However, the complex
growth requirements of the fastidioGampylobacteprganisms were not fully understood

and isolation and growth of the bacteria reradia challenge.

In 1972 Dekeyseret al made their own growth media using thioglycolatar bae with

15% defibrinatedovine blood and the antibioticsovobiain, bacitracin and polymixin B

They combined centrifugation andltration technique and were the first to report
successful i s ol a tfromathe stoofs of patients with enteri{Bekeyseri o s
etal, 197. I n 1977, a | ess fAbur densomelatitigo |
campylobacters was developed by Skirr¢8kirrow, 1977. A selective media that
contained trimethoprim, vancomycin and polymixin B finadtyabled widespread isolation

of the organisms under lagabuom jartara anyincubator sei t |
at about 43ACo. The importance, in hum
within the Campylobactegenus soon became apparent. Advances in culturing techniques
and rising awareness have meant @ampylobaar is now recognised as the leading

cause of human bacterial gastroenteritis in the world.

1.2 Campylobacter Genus andCampylobacter jejuni

The genusCampylobacterbelongs to the epsilon class Bfoteobacteriain the order
campylobacterales. The related gexHelicobacterandWolinellaare also included in the
campylobacterales order.The Campylobactergenus currently consists afeventeen
speces andsix subspecies, of which the most fregtly reported in human diseaaee
Campylobacter jejunsubspeciegejuni (C. jejun) andCampylobacter col{(C. coli) (Cody
et al, 2013. Other species such #&ampylobacter lari(C. lari) and Campylobacter
upsaliensisC. upsaliensig have also beeralthough much less frequentigplated from
patients with diarrhoeal disea@¢anekoet al, 1999 Couturieret al, 2012 and pecies
such asC. fetusand Campylobacter hyointestinali€. hyointestinali$ remainmainly of
veterinary importance.C. jejuni causes around 90% of human infectio@scoli around
8% and other species@unt for only around 2% afll humanCampylobacteinfections
(Cody et al, 2013. C. jejuniis therefore the most significant species with regard to
human illressand isthereforethe species used for thmajority of experimental work

detailed within this thesis

C. jejuniis asmall (0.20.8 um wide and 0:5.0 um long)spiratshaped, Granmegative
bacterium It has a single unsheathed flagellunoador bothends of the cell and exhibits

a characteristic rapid darting @pinning motility. It is microaerophilicand cannot
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normally be grown in the laboratoynder ambient gaseous atmosphecanditions; it

grows best at around % oxygenO,).

C.jejuni hasa comparatively small genome (around-1.8 megabases) which is rich in
adenine and thymin@-outsetal., 2005. Having such a small genome may explain some

of C.j e | uohenodypic properties e.g. their inability to metabolise carbohydrates or to
degrade complex substances and their need for complex growth (Dedteet al., 201Q.

C. jejuni has only a single superoxide dismutase (SOD) enzyme (SodB) and a single
catalase enzyme (KatA) encoded for in its gendBtead & Rrk, 200Q. The aerobic

Gram negative enteric pathogEacherichia col(E. coli), in contrast, has threeODs ad

two catalase enzymeggiwanget al, 2012. C. jejuniis therefore extremely sensitive to

the action of free radicals and superoxide, more so than some other aerobic enteric
pathogens that are better equipped to manage oxidative stress. Some sttaijejuoi

can grow in atmospheric oxygen ifoold or pyruvate has been added to growth media, as
these are able to scavenge oxygen. Charcoal can also be added to agar used for tl
isolation of C. jejuni as it prevents the accumulation of reactive oxygen species (ROS)
(Johnet al, 2011).

1.3 Campylobacteriosis

Human disease is often food or waterborne and occurs via the oralwbhete, ingested
Campylobactermust survive the acid environment of the stomach #uedactivity of
proteolytic enzymes orderto reach the intestines. The surface of the intestinal tract is
covered in a thick layer of mucus af@dmpylobactemust colonise the mucus layer in
order to establish themselves in the colon and distal ileBlack et al demonstrated that

an infectious dose of only 5&8D0 organisms was sufficient to cause human disease
(Blacket al, 1988§.

In Scotland in 2014here were ©36 cases of campylobacteimsliagnosedHealth
ProtectionScotland., 201% which corresponds tan incidence of 124.6 sas per 100,000
population (Browning et al, 2015. In comparison, there were only 717 cases of
salmonellosigeported in Scoéindfor the same time periofHealthProtectionScotland,
2015, with an incidence of only 35 casesper 100,000 populatiofBrowning et al,
2015.

13|Page



Campylobactemwas also by far the most mmnon cause of Gillnessfor the same time
period in England and Wales, causing more diagnosed infedtiams for Salmonella
Shigellg E. coli O157,Norovirus Rotavirus Giardia and Cryptosporidiumcombined(see
Table1l). Campyobacter is therefore the most common cause of acute bacterial
gastroenteritis in th&nited Kingdom (UK)andis of great clinicalmportance

Tablel. The nost commonly diagnosed Ghiections in England and Walesn 2013
and 2QL4.

Laboratory Reports for England and Wales
Gl Pathogen Cumulative Totals 2013 J| Cumulative Totals 2014

Campylobacter
Salmonella

Norovirus

Rotavirus

| Giardia
Cryptosporidum
Shigella sonnei
E. coli0157

Laboratory diagnosed infections listed in descending order for 2014. Compiled using data
from (Public-Health-England, 201h

C. jejuni has been the most mmwnonly reported bacteridbl pathogen of humans in the
European Union since 2005. In 2014 the numbewoafirmed human campylobacteriosis
casegeported was 236,851 with an incidence of 71 per 100,000 population, an increase of
9.6% compared with the min 2013(EFSA, 201%. Salmonellosis was the second most
commonly reported infection in the European Uniith a total of 88,71%onfirmed
cases. In the United StatesCampylobactelis the second most common cause of food
borne bacterial gastroenteritis (wigalmonellabeing the commonest) and in 2013 the
incidence of campylobacteriosis was 13.73 cases 18,000 populationand for
salmonellosis was 15.15 cases per 100,000 populati@DC, 2013. In 2013
Campylobacteresulted in fewehospitalisationshanSalmonella(1,028 versus 2,029) and

resulted in fewer deatltianSalmonella11 versus 30) in the United States.

1.3.1 Symptoms and Management

The incubation period can benlp and quite variable (betwedrand7 days) but is often
betweenl and3 days. Symptoms can range from mild watery diarrhoea to severe bloody
diarrhoea withfever andleukocytes in the stoolfrabeet al, 201Q. Patients may also

experience malaise, fatigue, abdominal cramps, headaches or dizziness. Vomiting is rar
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but prolonged infections may result in weighbss. Campylobater causes an
inflammatory type diarrhoea that can lead@btissue damage buhfections are usually
selflimiting. Sympbms often resolve after arouidlays and patients often do not require

any treatment other than rehydration and replacementaifaiges.

1.3.2 Antibiotic Treatment of Campylobactetnfection

Antibiotic treatment is not normally required, especially in the immunocompetent.
Immunocompromised individuals, those with persistent disepagents with severe
bloody diarrhoeapaediatriccasesand infections in the elderipay however benefit from
antibiotic treatment in order to shorten the duration of symptoms. Serious and systemic
infections such as meningitis, endocarditis and bacteraemia can attafso require
antibiotic treatmet, but they are rare and occur mgsh immunocompromised hostAs

a result campylobacteriosis has a relatively low mortality (e et al, 2010Q. If
required, campylobacteriosis can be treated with fluoroquinolones (e.g. ciprofloxacin) or
macrolides (e.g. erythromycin). Tetracycline may be considered as an alternative,
althoughresistance rates can be high (for further information on the antibiotgtanese
mechanisms ofCampylobactersee Section5.1.2. In severe cases or in the case of
systemic infectionintravenous treatment with an aminoglycoside (e.g. gentamicin) may be
consideredQuinnet al, 2007.

1.4 Complications Associated wh Campylobactefejuni Infection
Occasionally, in the weeks or montf@lowing C.jejuni infecion icomp |l i cati o
occur insome patients. The severity, seriousness and duration of,whitlbe extremely
variable. These postfectious complications can be easily divided itieo groups:

intestinal and extrantestinalsequelae

14.1 Intestinal Sequelae

Irritable bowel syndromgIBS) is increasingly being implicated as a podéctious
complication ofC. jejuniinfection (Smith & Bayles, 200,/Spiller, 2007 Zilbaueret al,
2008. Patients with IBS suffer from abdominal pain, bloating and altered bowel habits.

Although IBS is not lifethreatening, it is life changing and cansome cases be |Heng.

C.jejunihas al so been | inked to infl amiakeror y
et al, 1992 Berberianetal, 1999. Cr ohnés patients have infl
tract that can cause @minal pain, diarrhoea, weighto ss and f ati gue.
can again be a loAgrm condition although patients ay undergo periods of remission

when they have mild or absent symptonfsllowed by debilitating flare ups.
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Campyl obacteriosis is known to cause act
and can lead to these flare upAlthough the intestinal seqlae linked with preceding
C.jejuni infection are longerm complications, they are not lifereatening conditions.
However, some of the extiatestinal sequelae linked with precedi@g jejuni infection

can bdife-threatening

1.4.2 Extra-intestinal Sequela

Extraintestinal complications that may result followiyjejuni infection are often, like
campylobacteriosisself-limiting. However they can occsionally result in serious loRg
term deficitdn patientsor be lifethreateningWassenaar & Blaser, 1999Extraintestinal
complications that can occur followir@) jejuni infection include GuillairBarré syndrome
(GBS), which is the most commonly repodtghe relatedMiller Fisher syndrome (MFS)

andreactive arthritigReuteret al, 2010.

1.4.2.1 Guillain -Barré Syndrome

GBS, which can occur around@d21 days followng C.jejuni infection, is an acute
neurological disease caused by the demyelination of peripheral nerves. This nerve
demyelination leads to a rapidly progressing ascending weakness of the limbs, with feet
and legs usually being the first to display adlaecid paralysis. If the paralysis ascends
and reaches the respiratory muscles then mechanical ventilation may be required. The
worldwide annual incidence of GBS is @l6cases per 100,000 populatidtyati & Nyati,

2013 and preceding. jejuniinfection is associated with around-20% of GBS cases
(Nyati & Nyati, 20L3). GBS is normally sellimiting but can occasionally lead to a leng

term neurological deficiin some patient¢due to irreversible nerve damaged can be

life-threatening if respiratory muscles are affected.

GBS is the result of an autommune reponse which can develop when antibodies to the
lipo-oligosaccharide (LOSpresent on certain serotypes ©f jejuni attack gangliosides
found on human nerve tissue. Slabgd LOS structures @. jejuniin particular are close
mimics of human peripheraherve gangliosides(Louwen et al, 2012 and the
sialyltransferase oCC. jejuni cstll is involved in the synthesis of the sialylated LOS
structures that indecthe production othe crossreacting antibodies. A c$t knockout
mutant which lacks the sialyltransferase and cannot sialylate LOS has been shown to b

unable to induce the production of agéinglioside antibodie@dieikemaet al, 2013.
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1422 Miller Fisher Syndrome

MFS is an uncommon variant of GBS, which can also be caused by molecular mioyicry
certain strains o€. jejuni MFS is characterised by a desdieig paralysis, which is the
opposite of that seen in GBS. MFS often begins with paralysis of the eye muscles
(ophthalmoplegia), progressing to facial asymmetry, slurred speech, general weakness an
loss of motor ceordination(Lo, 2007. In some casethe paralysis can descetal the
respiratory muscles, which occurs most oftienchildren. MFS can then be life-
threatenng and mechanical ventilation may teguird The annual incidence of MFS is

low, at around 0.09 per 100,000 populat{@e, 2007). The symptoms oMFS are again
normally selflimiting, although plasmaphesis (wherebygrossreactingantibodies can be
removed from the bloodstream) may shorten the duration of both GBS and MFS

symptoms.

1.4.2.3 Reactive Arthritis

Reactive arthritis is a conditiomvhere painful joints can also be accompanied by
conjunctivitis, uréhritis, fatigue, fever, weighioss and dermatology symptoms. The
arthritis occurs in the absence of antinuclear antibody or rheumatoid factor, affects
multiple joints (knees and ankles being the most commonly affected) awodalsly non
symmetrical Reative arthritis usually develops withid weeks of initial C. jejuni
infection and symptoms persist for arourdd12 months before spontaneously resolving
(Wu & Schwatz, 200§. Reactive arthritisis more likely to @cur in adults than in
children ands more common in males than in fema(stortenseret al, 2009.

1.5 Epidemiology

C. jejuniis the most common species Campylobacteffound in poultry,C. coliis the
predominant specidsundin pigs,C. upsaliensiss commonly found in domestic pets and
C. lari is the predominantspeciesfound in wild birds (particularlyseagulls) ands also
found in shellfish and crustaceafiSouts et al, 2005. Transmission ofC. jejuni to
humans is often the result of contact with, or consumption of, contaminated foodstuffs
such as raver undercookeahicken or unpasteurisethiry products C. jejunican also be
transmitted to humans via contaminated water. Pork, veal and haigrifeeant sources
of C. coliandC. upsaliensisan cause infections ihumans that have been in @mitwith
domestic petssuch as puppies or kittenwith diarrhoea. Persorto-person spread of
Campylobactespp is rare, even though large numberwiaible organisms are often shed
in the faeces of infected patieratsd the infectious dose is Idiiverest, 200R A notable

exception to this i€. upsaliensiswhich israrely found in foodstuffsout is transmittable
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to people by pets andanalso be transmitted via ®nto-person sprea@Foutset al,
2005.

The selflimiting nature of campylobacteriosis contributes to the predicted true incidence
of disease beingnuch higher than reporte©'Brien et al, 2010 as many of those
suffering from foodborne campylobacteriosis do not seek medical assistance Ye
Campylobacteenteritis is one of the most common forms of acute bacterial enteritis in the
developed world. It affects people of all ages, but is most common in childremadess t
5years old and i15-24 year old adult§Zilbaueret al, 200§. In developing countries
campylobacters areyperendemic in children unde2 years old (where they are also
associated with significant mortality) and asymptomatfections are common in adults
(Nyati & Nyati, 2013. Campylobacteenteritis is rarely seen in adults from areas where
campylobacters are hypendemi¢c as mmunity is usually acquired early in life due to
frequent exposurégKonkel et al, 1996. The high rate of asymptomatic infections seen in
developing countriesaised the question of wheth@ampylobacterstrains isolated in
developing countries should be considered pathog@lack et al, 1989. However,
many cases of campylobacteriosis are linked to foreign travelthrenadonsumption of
contaminated food or water in the areas visited. As Slahpylobacteis a significant

cause of travelleégliarrhoea and strains from developing areas are indeed pathogenic.

1.6 Virulence Factors of Campylobactefejuni

C. jejuniis a ‘ery successful human pathogand yet lacks many of the wéhown
virulence factors found in other successful human patho@dgns et al, 2012. Known
virulence factors ofC. jejuniinclude the production of cytolethal distending toxin (CDT),

the presence of a polysaccharide capsule, the ability to invade cells and motility due to
functioning flagellalHendrixsonret al, 2001, Karlyshevet al, 2002 Guerry, 200}. These

will be discussed in further detail the sections below.

1.6.1 Cytolethal Distending Toxin

CDT is the only knownfully definedexaoxin produced byC. jejuni andit is an antigenic
protein toxin(Pakhill et al, 200Q. CDT was first charactesed inE. coli but is known to
be produced bystrains ofC. jejuni as well as other enteric pathogens I&almonella
entericaand Shigella(Johnson & Lior, 1988Dastiet al, 2010. CDT was first identified
in C.jejuni in 1987 and itis now knownthat C.jejuni makes moreCDT than C. coli
(Castillo et al, 201). CDT is made up of thresubunitswhich are all membrane
associatedCdtA, CdtB and CdtC CdtB is known to behe active component of the toxin
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and has som similarity to DNase-like proteins It is thought to act like a DNase by
damaging DNA in the nucleus where it localises. The specific functions of CdtA and CdtC
are less weldefinedbut they may play a role in host cell binding and delivery of the
cdalytic subunit CdtB into host cell¥ounget al, 2007. CDT interrups the cell cycle

and inducs cell death(lsmaeelet al, 2005 becauset causes elongation and swelling of
cells CDT added to various cell linas vitro induces apoptosis of the ce{iéounget al,

2007. CDT alsocauses the production of interleukin 8 from intestinal epithelial cells,
which recruits éndritic cells, neutrophils and macrophages to the si@ jgjuni infection

and induces inflammatio(Dasti et al, 2010Q. Strains lacking CDT ar&éoweveralso
capable of causing diseaaad therethereforeexists aCDT-independent mechanism for

eliciting interleukin 8 productioand inflammatory diarrhog&Imi et al, 2012).

1.6.2 Capsule

C. jejunihas a number of hypaariableregions(sometimes referred to as phasgiable)

within its small genome which gain their variability as a result of sliggiehd
mispairing. Certain areas of th@ampylobactergenome containstrands of single
nucleotide repeats (or homopolymeric tracts). These are prone to dlipped
mispairing, which alters the length of the homopolymeric tractcamdhen influence the
expression of downstream genes. These homopolymeric tracifiearéound in areas of

the genomaupstreamof genedinked to flagella, capsaland LOSproductionand so the
expression of flagella, capsule and LOS genes can be aff@ast et al, 2019. This
method of altering surface structures such as capsule contributes to antigenic variation ir

Campylobacterwhich can be useful e.g. for evading host immune responses.

The capsule ofC. jejuni is thought to be a virulencictor and protect€. jejuni from
environmental stress. The capsule is made up of polysaccharides and it interacts with th
extracellular environment . jejuni. C.jejuni without a capsule have been shown to be
less invasive, less virulent in fersetess able to colonise chickens and more sensitive to
complemenimediated killing tharC. jejuni with a capsulgCorcionivoschiet al, 2019.
Capsula polysaccharide was suggested in one study to be importa@t jejuni survival

of osmotic stresgCameronet al, 2012. The presence or absence of a ckgpsan also

affect the autoagglutinatiofseeSection 1.6.3 ability of different Campylobacteistrains
(Guerry, 200Y.

1.6.3 Flagella
C. jejuni hasa single polar flagella abne or both ends of the cell, w¢h is unsheathed,

glycosylatedand is also immunogeni¢Wassenaar & Blaser, 1999 The flagella of
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C.jejuni are used to penetrate the mucous layer of the gut and are also required for the
adhesionto and invasion D epithelial cells(Guerry, 200). Flagella are also used by
C.jejuni to secrete nofflagellar proteins, which may play a role in invasion and
autoagglutination(Almofti et al, 201]). The fagella themselves are also important for
autoagglutination and biofilm formation, which are both important for the survival of
C.jejuni in the environmen{Kalmokoff et al, 200§. Flagella play an important role in

the pathogenicity o€. jejuniand ae essential forcolonisation in animal models and for
thecolonisation of humandsutsuiet al, 200Q Friis et al, 2005 Mills et al, 2012.

1.6.3.1 Role of Flagella in Invasion and Adhesion

It has long been ackmdedged that entry into host cells provides a means for pathogenic
bacteria to evade the host's immune system and gain do@siche where the pathogen
does not have to compete with other resident bacterial flbh@ human Gl tract is lined

with a cotinuously secreted layer of mucus which acts as a physical barrier to infection
and contains a mixture of glycoproteins that are responsible for its vis(\Wsggssombat

et al, 2010. Colonic biopsies from patients with stool cultures positiveGgejuni and
suffering from colitis were shown to contain bacteria associated with the mucous layer as
well as within the intestinal epithelial cells, sugm®s that adherence and invasion of host

epithelial cells is a hallmark @@ampylobactemfection(van Spreeuwett al, 1985.

The in vivo findings of van Spreeuweadt al were later followed by the discovery that
variousC. jejuni isolates adéred to and invaded a variety of epithelial cell limewitro
(Fauchereet al, 1986 Konkel & Joens, 198%verest, 2002 Campylobacteradhesion
protein A (CapA) is an autotransporter lipoproteirCofiejuniand insertional mutagenesis
of capAhas been shown to significantly reduce the adhesion tanamadion of Cace?

cells and an inability to colonise or persist in chick@shgaret al, 2007.

1.6.3.2 Role of Flagella in Biofilm Formation

Quorum sensing is impt@nt in autoagglutination but autoagglutination is mediated by the
glycans which are found on the flagella@fjejuni. Biofilm formation requires flagella
expression(Guerry, 200). Autoagglutination is often one of the first steps leading to
microcolony formation and the start of biofilm formation. tdagglutination is affected by
threemajor surface carbohydrateébe LOS core, the capsudemdflagella. The genes for
these threearbohydrate structures are found in the hyaeiable regions of th€. jejuni
genome(seeSection 1.6.2 and this may explain why autoagglutination varies markedly
between different stins. Strains which readily autoagglutinate will associate in higher

numbers to eukaryotic cel(&uerry, 200Y. Multiple nonmotile mutantCampylobacter
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strans have also been found to be deficient in both pellicle and aggregate type biofilm

formation(Joshuaet al, 2006.

1.6.3.3 Role of Flagella inTranslocation/Transcytosis

The ability ofselectedpathoges to migrate acrossnaintactcell barrier byinvading cells
can be an important virulence factor, as it allows access to underlying tesswesl as
possible dissemination througiut the host. C.jejuni can also translocate across the
epithelial cell barrievia an alternative mechanism awdn migrate from the intestinal
mucosa to a variety of extiatestinal sites, resulting in complicatiossch as meningitis,
endocarditis and bacteraemialhis mechanism of translocatiomvolves the bacteria

movingdown inbetweerthe host cells rather thareimginternalised by them.

It has beenreportedthat C.jejuni motility, as well as contributing to adherence and
invasion abilityalso contributes to the translocation ability of different strains andiéhat
novoprotein synthesis is also requir@8ras & Ketley, 1999 Strains ofC. jejuni which
have a mutation iflaA, have a truncated flagella and the motility of these organisms is
severely affecte¢Everest, 200R FlaA mutants o€. jejuni have been shown to be unable
to cross epithelial cell monolayers andFeA and related motility mudie required for
translocation(Grantet al, 1993. It has also been shown that straingCofejuni which
expresssialylatedgangliosidelike LOS (seeSection1.4.2.] translocate through epithelial
cells with greater efficiency than strains lacking gangliodike LOS (Louwen et al,
2012.

1.7 Susceptibility to Campylobacter

The human host has a number of defenagainst potential colonisation by enteric
pathogens, these include: stomach acid released by parietal cells, resident bacterial flore
the action of gut peristalsis, presence of an intact epithelial barrier, [ddahmunity and

the secretion ofnucus (Bavishi & DuPont, 201l Patients who havelisturbed their
resident bacterial flora (e.g. by taking antibiotics) can be more susceptible to enteric
infectionslike campylobacteriosjsas can people with diabetes, people that have been in
contact with pets or farm animals, people that have recently travelled internationally and
those that have consumed unpasteurised dairy products like(Tatk et al, 2009.
Numerous strains of pathogenic bacteria secrete virulence factors which damage cells an
disrupt the intact epithelial barrier of the gut, thereby increasinggteiivalin vivo (Elmi

et al, 2012.
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171 Proton Pump Inhibitor s as a Risk Factor for Enteric Infection

It is generally accepted that patients being treated with &8 more susceptible to enteric
infections such aCampylobacterthan patients not taking PP{&odato et al, 201Q
Bavishi & DuPont, 201l The stomach contents of patients taking PPIs will be less acidic
than those not taking PPIs. This is thought to result in increased survival of ingested
bacteria that might not otherwibavesurvived the acidity ofthe stomach. The infectious
dose of enteric pathogens may therefore be less for people taking Pidstaking of
proton pump inhibitors (PPIs) is known to result in hypochlorhydria, which allows
increased bacterial translocation across the epithedfil barrier (Bavishi & DuPont,
2017). It has been proposed that severe diarrhoea in cases of campylobacteriosis could b
a result of higher numbers of bacteliaing endocytosed and translocatingbetween
intestinal epithelial cell§Louwenet al, 2019. The use of PPIs has also been associated
with increased sugptibility to colonisation byClostridium difficile(C. difficile) (Strachan

et al, 2013. Singhet al commented on the possibility that PPI use as a gstof for

C. difficile infection might be due to PPIs affecting the ability of normal resident bacterial
flora to form protective biofilm in the GI tract, hence making it easielCiatifficile to
colonise(Singhet al, 2012.

1.8 Stomach Acid

1.8.1 Acid Production

H'/K*-ATPases (or proton pumps) can be found at rest witlitovesicles insidethe
parietal cells of the stomach. Whaparietal cell is stimulated, e.gy histaminggastrin

or acetylcholinethe proton pumps migrate to the apical surface of the parietal cell and fuse
with the plasma membran&his causes the intracellular membrane structure known as the
canaliculus to undergo massive expansion, fogmamg microvilli and vastly increasing

the secretory surface area of the parietal(&slth<et al, 1995.

Hydrogen ions (Hor protong and hydroxyl ions@H) are generated within parietal cells
from the dissociation of water moleculéseeFigure 1). Carbon dioxide (Cg) diffuses
into parietal cells from the bloodstream and resaapsdly with thesehydroxyl ions via a
carbonic anhydrase enzyme produce bicarbonate ions (HEYO These bearbonate ins
are removed from the pariéteell via an anionexchangerin exchangeor incoming
chloride ions (C). Chloride ions movejuickly through the parietal ceib the area near
the apical surface callethe canaliculus The tydrogen ionsleft over from the water

dissociationare pumpednto the canaliculusyia the H/K*-ATPase,as potassium ions
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move inside the cellShin & Sachs, 2008 Hydrochloric acid (HCI) isdrmed within the

manycanaliculi of parietal cellandthenreleased intohe stomacliFigure 1).
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Figure 1. How hydrochloric acid is made and releas&®m parietal cels. Histamine
release activates the 'K -ATPasevia cyclic AMP(cCAMP)to allow protons(H")into the
canaliculus where they react with chloride iorf€1) to producehydrochloric acid(HCI).

HCI is then released from the canaliculus into the milieu of the stomactivation of the
H*/K*-ATPasecan be blocked by the HRceptor antagonistimetidine. Proton pump
inhibitors (PPIs) can bind to and inhibit thactivity of the H/K*-ATPase therebyalso
blockingthe release of HCbut at a later stage in the process

1.8.2 Excess Acid Production

The acidic environment of the stomach is effectiveoreventing bacterial infections via

the oral route, as many pathogenic bacteria do not survive exposure to the low pH in the
stomach. Stomach acid is also important for the digestion of foodstuffs, particularly
protein and for the absorption of irondacalcium. Excess production of stomach acid can
however lead to the development of gastesophageakeflux disease (GORD) or
peptic/duodenal ulcers.GORD occurs when the lower oesophageal sphincter muscle
allows acid to leak out of the stomach and iof the oesophagus. Patients often

experience difficulty or pain when swallowing and feel a burning pain in their chest after
23|Page



eating. As recently a0 years ago severe cases of excess acid production were sometimes
life-threatening(Olbe et al, 2003. Antacids could be given to temporarily neutralise
stomach acid and offer symptom relief, but antacids were unable to block the continued
productionof acid. Treatment options were therefore limited and surgical removal of
stomach nerves or partial stomach resection were comnterventions(Olbe et al.,

2003.

Cimetidine was introduced in the 1970s and it was the first intervention capable of halting
the production of stomach acid. Cimetidine is arBl@ptor antagonist which blocks the
release of histamine. Histamine release is a triggeac¢hyating the FIK*-ATPase) for
stomach acid release from parietal cells and as such, cimetidine blocks stomach acic

production via an indirect route (segure 1).

1.9 Developmentof Proton Pump I nhibitor s

1.9.1 Benzimidazole Derivatives Inhibit Proton Pumps

Throughout the 1960s a pharmaceutical company, then known aswasisearching for
prospective treatments for excess acid production and in the 1970s they discovered the firs
compounds that inhiletl the protonpumps of parietal cell§Olbe et al, 2003. The
compoundghey found were derivatives of benzimidazolhich is a bicyclic compound

that resuls from the fusion obenzeneandimidazole(Figure 2).

Benzene Ring
Portion

\ N Pyridine Ring
| «— Portion
N

Figure 2. Core benzimidazole structureBenzene fuses with imidazole to form the core
bi-cyclic structure found in all benzimiddealerivatives

In 1973, Astra discovered that a rimxic benzimidazole called H124/26 was able to block
the secretion of hydrochloric acid, by inhibiting th&K'-ATPase of parietal cells. Soon
after, it was discovered that a sulphoxide metaboliteHd24/26, called timoprazole
(Figure 3a), was an even more potent inhibitor of th&Kf-ATPase and oSubsequent

acid secretion.
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Figure 3. The demical structures of timoprazole and picoprazoletd124/26 was the
first nontoxic benzimidazole found that inhibited proton pumipst its sulphoxide
metabolite timoprazole (a) was found to be a much more potent inhibipyoton pumps
Timoprazole was howewvdound to betoxic and picoprazole (b) was the chemically
modified nontoxic structure, whichretained most inhibitory activity.

However it was later found that timoprazole inhibited iodine uptake in the thyroid gland
and caused thymus atrophy in anisnahd so it was unsuitable for clinical use. The core
structure of timoprazole, including the benzimidazole portion was retained, with different
substitutions and side chain configurations being added and the resulting structures teste
for H'/K*-ATPase mhibitory activity. The most potent benzimidazole found, that did not
inhibit iodine uptake, was called picoprazdtegire 3b).

1.9.2 Importance of the H'/K*-ATPase

Around the same time it was becoming clear thatfial step required for stomach acid
production was the activation of thé/KH*-ATPase in parietal cells. This active transport
mechanismis required to move protons into the canalicular region of the parietal cell,
where they then combine with chloridens to produce thdaydrochloric acidthat is
subsequently released into the stomdeigure 1). Without the H/K*-ATPase activity,
hydrochloric acid cannot be produced by parietal cells. TH&'HATPase of paetal

cells was therefore an excellent prospective target for nevseeretory therapies.

Thereare alsoH'/K*-ATPase foundin the kidneyswhich the benzimidazole derivatives
being developed by Astreould potentially also inhibit.However, it was knan thatthe
canaliculiof parietal cellsvas the only area of the body that reaches a p8 of land@his
property wasexploited duringthe drug desigrstages(Sachs et al, 1995. Different
substituents were systematically added to the pyridine (g&g Figure 2) of the
benzimidazoles in an attempt to increase the pKa of the drugs and maximise their ability,
as weak bses, to accumulate in the acidianalicularcompartments of parietal cells.

There they would be in close proximity to the proton pump they viriag specifically
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designed to inhibit Forming benzimidazole derivative structunggh a low pKa would
maxmise their accumulation in parietal cells over the kidreays reduce the likelihood of
the wrong proton pumps being targetdd 1979 a chemical moleculewhich would later
become known as omeprazdleigure 4a) was discovered and the first human clinical
trials testing it, began in 198Dlbeet al, 2003.
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Figure 4. The dhemical structures of omeprazole and pantoprazo@meprazole(a) was

the first commercially available PPI which has a core structure very similar to those of
timoprazole and picoprazole. aRtoprazole (b)is also a benzimidazolesdvative and is

the PPI used in this study.

193 Omeprazole Trials

Whilst the human trials were underway, animal studies were also being performed. In
1984 a longterm toxicology study using extremely high doses in rats resulted in endocrine
tumour formatbn and all omeprazole human clinical trials were halted. On further
investigation it was found that the tumours were developing in eokemmaffinelike

(ECL) cells which are specific to rats and there was no similar risk to hui@#reset al,

2003. Human trials resumed and it was concluded that omeprazole was safe for humar
use and that omeprazole had a much longer duration of activity andevefoth superior

to cimetidine. Because omeprazole was so efficacious, it was requested by some
physicians for patients with seveseo,dise
before it became commercially availakfl€linkenbergKnol et al, 200Q. Omeprazole

was finally launched in Europe in 1988 and in the USA in 1990; over 15 years after Astra

discovered the first benzimidazole derivativpalale of inhibiting protopumps.

194 Extended Proton Pump Inhibitor Family

1.94.1 Omeprazole

Although omeprazole was extremely potent and safe for use, it was known that making
chemical substitutions to the core benzimidazole structure could produce otheresructu
that were able to inhibit the proton pumps of parietal cells and that the properties of such

structures might be subtly different from those of omeprazole. Omeprazole is almost
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entirely eliminatedhroughhepatic clearancéChinget al, 199]) and there washerefore
potential for interactions with other drugs that were metabolised by the same liver
enzymes. In 1987 the search for a PPI with increased bioavailability and therefore less
liver clearance, was renewed by Astra. This heralded the creation of a family of
chemically related benzimidaleo derivatives known as PPlsith lansoprazole being
launched in 1991, pantoprazolseé Figure 4b) in 1994, rabeprazole in 1999 and

esomeprazole in 2000.

1.9.4.2 Lansoprazole

Lansoprazolen its inactive predrug form(seeSection1.10 was first known as A&G 749
and someof the most potentactivated formscapable 6binding to and inhibiting proton
pumpswere known asAG-1789 andAG-2000(Nagataet al, 1995. Lansoprazole has a
pKa around 4.0, which is similar to thdt@meprazole and it therefore also preferentially
accumulates in parietal cells rather than in the kidndysinderg@s acidactivation at a
similar rate to omeprazolbut has the added advantage of besvgilable as an oro
dispersible tablefJointFormularyCommittee., 205). Lansoprazole i©iowevernot very

water solubléNguyenet al, 2005.

1943 Pantoprazole

Pantoprazole has a similar potency to the first commercially alai® omeprazole, but

it interacts less with cytochrome4®0 (therefore has less potential for harmful interactions
with other drugsmetabolised by the same enzyndsan omeprazole and hasbetter pH
dependent activation profil@eil et al, 1992. At a pH of 2.0 the haliife of pantoprazole

is comparable with that of omeprazole at around 9 and 5 minutes respeciihely\PPIs
have been specifically designed to act onHK *-ATPase of parietal cells where the pH
is low and therefore both PPIs have short-he#fs at this low pHas they are quick to
become acidctivated when they preferentially accumulate in parietal célswever the
half-life of omeprazole at a pHf 5.0, where activation would be unwanted and potentially
lead to targeting of the kidney cell’#*-ATPase rather than the parietal cell/i'-
ATPase, is around 55 minutes. Pantoprazole was designed to be more stable at high p
and the haHife of partoprazoleat pH 5.0was improved to > 90 minutes.

1944 Rabeprazole

Rabeprazolevas originally known a&-3810 ands the least stable PPI at neutpd; it
converts to & active rm more quickly than the other PRIshigh pH(Besancoret al,
1997. Rabeprazole also differs from the other members of the PPI familyat it has a

pKa of aroundive, wherasthe others have a pkaound fourfHorn, 2000Q. Rabeprazole
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was howeverthe first PPl to be recommendedlf fion demando(Jointher a

FormularyCommittee., 201p6

1.9.45 Esomeprazole

Esomeprazolés in factthe Sisomer of the original PRaAunched by Astrapmeprazole.
Omeprazole isnow known to bea racemic composition of itevo optical isomers,
S-omeprazole (later known as esomeprazole) afwanBprazole.The Sisomerwas found

to inhibit gastric acid secretion to a greater degree than that of bothitdwenier and the
original racemic mixtureomeprazole(Anderssonet al, 200). The Sisomeris also
metabolised to a lesser degree and at a lowerthan the Rsomer and sdas greater
bioavailability andreaches higher peak plasma concentratidige Sisomer is also better
tolerated bypatients withimpairedliver-function thanother PPIs For these reasonthe
omeprazoleS-isomer alonavas launched as esomeprazole by AstraZeneca, over a decade

after the racemic miyure omeprazole was first launched.

1.10 Chemistry of Proton Pump Inhibitor Activity

PPIls are administered &s-cyclic (seeFigure 4) inactive pradrugs (Anderssonet al,
200 that are weak bases and have pKapart from rabeprazolepf around four
(Besancoret al, 1997. As suchthey preferentially move inside the parietal cells of the
stomach and accumulate in the canalisbecause the environment there is highly acidic
as a result of thel’/K*-ATPase activity and the accuhation of protons. The first step
required for theactivation ofall PPIs is protonatior(acid activation)and this occurs
quickly in the acidic environment of the canaliculus where protons are freely available.
The free nitrogen of the pyridine rirfgeeFigures 2 3 and4) becomes protonatd@hinet

al., 1993 anda sulfenic acid is formed. hEe sulfenic acid can undergo dehydration and
the chemical structureearrangegjuickly to form a tetrayclic sullenamide(Olbe et al,
2003.

Both the sulfenic acid form and thetracyclic sulfenamide are active forms of PRisd

as both of these formsare cationig they are therefore both also fairly membrane
impermeable Hencethe sites of action avaibleto activated PPlarelimited (Shinet al,

2004). The activatedforms of PPk form strongdisulphide bondswith thiol groups on
exposed cysteine residuektbe H'/K*-ATPaseof parietal cell§Shinet al, 1993. This
binding renders the proton pump inactive and the mtalu of hydrochloric acids
blockedbecause protons are unable to move to the canaliculus and react with chloride ions

to make hydrochloric aci(Beil et al, 1992.
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The active PPI formgthe sulfenic acids and the tetgclic sulfenamidesare highly
reactive and are capable of sedhcting(Shinet al, 20094. The stability of theactivated
forms is dependet on the pHand time. Hencef for examplethe pH changes anan

active form remains unbound to d/K*-ATPase then it can be broken down into inactive
sulphides ormultiple other productgBesancoret al, 1997. Benzimidazole derivatives

like the predrug forms of PPlsare usudy colourless but many of thactivated
benzimidazole intermediates, like sulfenic acids and sulfenamides are yellow in colour
(Nguyenet al, 2005. The compainds that may begeneratd by the break down of
unbound activated PPI forms amgore than can baccuratelyquantitatedor identified
(Shinet al, 2009.

The birding and subsequent inactivation of H&¥K*-ATPaseby sulfenic acids otetra

cyclic sulfenamidess irreversible and the production bydrochloric acidonly resumes
when new proton pumps are $lyesised by the parietal cedadthesemove to the plasm
membrandAli et al, 2009. Theacidactivatedtetracyclic sulphenamidérm is however
known to be norselective and is capable bfnding to andinactivatingthe adenylate

cyclaseor Na/K*-ATPase (se€igure 1) of parietal cellsalso(Beil et al, 1992.

1.11 Proton Pump Inhibitor Uses andDosages

1.11.1 Proton Pump Inhibitor Use

PPIsare frequently taken medications aareé prescribed to treat commoonditions such
as GORDor pepticuodenal ulcers. They are also often prescriegbhylactically to
prevent the development of ulcers in patients dpeireated with noisteroidal antr
inflammatory drugsnd incombination with antibiotics for the eradicationtélicobacter
pylori (H. pylori). Diseases such as ZollingéHisson syndrome and Barrett's oesophagus
are much rarer conditions and thesgure a much higher daily dosg PPI. In Barrett's
oesophagus the columnar epithelial cells in the lower oesoplhayedecome severely
damaged, usuallys a result of thdong standing reflux of stomach acid and if left
untreated, the cells can becomaaaous. Patients with Zolling&illison Syndrome haye
sometimes multiplegastrirsecretingtumours (or gastrinomas) in the duodenum or
pancreas which leads to hyperstimulation of the parietal ¢ HATPase and sustained

hydrochloric acid release.

1.11.2 The British National Formulary
The British National FormulargBNF) is used by prescribers, pharmacists and healthcare

professionals for guidanam uses andhe recommended des of medicines availabley
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prescription in the UKShenet al, 2011). Table 2 lists the daily doseof various PPIs
recommended fothe treatment of a variety of conditioascording to the BNF Typical
daily dosages range from -80 mg per day, usually taken as a single oral dose, but in
complicated case®PIs may require to be taken before every r{@ldnet al, 201). In

a report by Klinkenberdinol et aloneexceptional patient required a daily dose of 120 mg

omeprazole to manage theymptomgKlinkenbergKnol et al, 2000.

Table2. Daily dosages ofPPIs as recommendeth the British National Formulary
(Joint-Formulary-Committee., 2016

Daily Dose (mg/ml) for Different Conditions
BNF Indication

Zollinger-Ellison
Syndrome

PPI
Benign Ulcer Severe Ulcer

Omeprazole 20 40 20-120*
Lansoprazole 30 30 60-160**
Pantoprazole 40 80 80-160*
Rabeprazole 20 20 60-120**
Esomeprazole 20 40 80-160*

PPlIs are listed in the table in the order in which they were licenced for use in the UK and

the severityof symptoms increases towards the rigand side of the table* Doses of
omeprazole pantoprazoleor esomeprazol@ver 80 mg per day to be divided intwo

doses. ** Doses of lansoprazole over 120 mg per day to be dividedtidodoses.
*** Doses of rheprazole over 100 mg per day to be divided iwimdoses.

GORD and uncomplicatedol( benign ulcers are usually treated with the lowest
recommended dose @¢tPls. Complicatedof severg ulcersinclude ulcers which are
actively bleeding and in such assthe recommended dose of PPIs often increases.
Zollinger-Ellison syndrome is the most severe condition that PPIs may be prescribed to
treat and the recommended PPI dose in such cases is often over 100 mg pablé=®).(

The maximum single dose that is recommended in the BNF for omeprazole, lansgprazole
rabeprazoler esomeprazolés 80, 120 100 and 80 mg respectively. Pantoprazole is the
PPl ugd for thein vitro testing in this study (due to its superadnility to dissolve in water)

and the maximum single dose of pantoprazole that is recommended is 80 mg.

1.11.3 People Taking Proton Pump Inhibitors
PPIs are very effective drugs, with few serious side effects and are available in the UK

both by prescription ahover the counter. According to data published in April 2015 both
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the PPIs omeprazole and lansoprazole featured in thenapugs prescribed in England

in 2014 (Health and Social Care Information Centre). Omeprazole wahkittianost
commonly presébed drug with 28.8 million itembeingprescribed and lansoprazole the
tenthmost commonly prescribed with 21.6 million items being prescribed in England in
2014 It is clear that in the UK there are a grewumber of people taking PRisd the
numbers ee increasinggeeFigure 5). The numbers will likely be even higher than these
data suggest, because data is unavailable for PPIs bought over the counter and takel
without a prescriptionlt has been noted thBPIs are amongst the most widely prescribed
family of drugs worldwide and that more and more people throughout the world are taking
PPIs(Ali et al, 2009 Bavishi & DuPont, 2011

NHS Prescriptions for PPIs in England
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Figure 5. Quarterly data for PPl prescriptions in England. Available from
http://www.nhsbsa.nhs.uk/PrescriptionServices/DauisiPPDPrescribingAnalysisChar
s/Gastro_National_June_2014.pdf.

1.11.4 Proton Pump Inhibitor s in the Gastrointestinal Tract
The PPI concentration which is clinically achievable in the mucous layer of the human gut
is unknown(Megraudet al, 199). It has also been stated that the &dtcentration that
can be found in the GI tract or stomach is unkndkirshahiet al, 1998 Trautmannet
al.,, 1999. In what is believed to bene ofthe only repos of its kind Caselliet al used
high liquid chromatography to measuttee lansoprazoleoncentration in gastric juice
A very small group of patients were given 15, 30 or 60 mg lansdprar@round 10pm
and blood sample were taken 2 hours later. Peak plasma eanations are reached
around zhours post PPtlose and are dose dependent. Twélverspost dosel ml of
gastric juice was collecteflom the patient@and the concentratiortd lansoprazole found
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in the juices were in the range 0:8.5, 1.22.0 and 2.98.4 ug/ml respectively for the
different dosing regimes. Following a 60 mg dose of lansoprazole, peak plasma
concentration was reached 2 hours post dose and was found tougent] but the
concentration in gastric juicé€l2 hours post dogewas aroundthree fold higher (2.9
3.4ug/ml). The authors noted thaather than increasing linearly (as might be expected)
the concentrations achieved in gastric juice appeared to iecredse x ponent i a

increasing”Pldoses.

It is noteworthy to point out that the peak plasmaceotration was reached around
2 hours post PPl dosénowever, the lansoprazole concentration in gastricejm@as
measured many hours latat,12 hours pst dose, with no indication of why this time point
was chosen or indeed what effect tipwstdose had on the concentrations detected in
gastric juice. This studyneverthelesprovides evidence th#teresidual PPI concentration

in the GI tract may be pher than peak plasma concentratisuggestand that PPIs

remainin the Gl tractat detectable levels for a prolonged period of time post dose.

It has been stateth another studythat an acid activated form of rabeprazole can be
detected in gastric joe (Oharaet al, 200]) but the reference for this information is
Aunpubl i.slhhagdalsaledenasiimated that the concentration of PPI found in the
luminal surface of parietal cells may be as high as 1,000 times thia¢ @bncentration
found in the bloodShin & Sachs, 2008 The data on the RRoncentration that can be
found in the GI tract or stomach is indeed scarce, perhaps at least in part due to the
difficulties in acquiring samples of gastric juice from patembllowing PPI dosing
regimes. Peak plasma concentrations amverselyeay to determine, as blood samples

can be easily collected from patientsis therefore difficult to ascertathe concentrations

of PPI which are likely to be achieved in the human Gl tract.

Table 3lists the concentrations of PPI that migiworeticlly be achieved in the stomach
following different PPl dosestakenon a full or empty stomach Resultsof calculations

show thatif all of the PPl remained in the stomach tliae maximumachiewable
concentrations vary greatly depending on whatedisstken and whether on a full or
empty stomach.The maximum single dose of pantoprazole recommended in the BNF is
80mg and if taken on an empty stomach, the maximum achievable concentration might be
around 1 mg/ml (or 1,000 ug/mljOf course, the whole Plbse is unlikely to remain free
floating in the juices of the Gl tract and an unknown proportion would instead be expected
to accumulate in canaliculi and bind to ATPases. It is extremely difficult therefore to

determine the concentrations of PPI thatimige found in the Gl tract, but they are likely
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to be in the pg/ml range and (at least in the case of pantoprazole) unlikely to exceed
1 mg/ml (or 1,000 pug/ml).They are therefore likely to be present in higher concentrations
than the concentrations obrventional antibiotics required to inhibit bacterial growth.
The length of time that a concentration might be sustained for in theaGlis also
unknown. Worth additional consideration is thé&tet volume of stomach contents is

unlikely to remain stedy over a period of 24 hours.

Table3. Concentrations of PPI that might be achieved in the stomach following
different dosages.

Daily Dose of PPI Concentation That Might Be Achieved

BNF Indication

(mg) (ug/ml)
Empty Stomach Full Stomach

GORD
Benign Ulcer
Complicated UIcerI
Exceptional Case:i

Calculations performed on the empty stomach containing 80 ml of residual fluid arhd a ful
stomach 1.5.1 The highest single dosec@mmended for pantoprazole is 80 mg.

1.12 The Anti-HelicobacterActivity of Proton Pump Inhibitor s

A summary of studies relevant to the arglicobacterproperties of PPIs can be found in

Table 4 and selected detaitse discussed further in the sectibelow.

1.12.1 Early Studies

In 1964, Bishopet alwere the first to report on the aiftacterial activity of benzimidazole
derivatives(Bishop et al, 1964. In 1991, in the first report of its kind and only a few
years after the global launch of omeprazole, Ivethal used both agar dilution and broth
macrodilution to show that the PPIs omeprazole and lansoprazole inhtimtegowth of

H. pylori (lwahi et al, 199). Exposure to lansoprazole in liquid media was shown to
cause changes té. pylori morphology and it was concluddakt, at concentrations higher
than those required to inhibit the growth ldf pylori, lansoprazole had a bactericidal
effect. Iwahiet alalso reported in this early study that the bactericidal activity of the PPIs
appeared to have as uptod0O0qgina, fansoprakote wasdimable/ to
inhibit the growth of a wide range of laboratory standeadterialstrains and also of

27 clinical isolates ofC. jejuni (Iwahi et al, 1997)).
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Table4. Chronological list summarising the results of studies investigating the difgiicobacter properties of various PPIs.

PPIs Tested Methods Employed Notable Results

Iw ahi
(lwahi et al, 199)

Omeprazole
Lansoprazole

Agar dilution
Broth macrodilution

H. pylori

C. jejuni

E. cloacae

M. morganii

Proteusspp.

P. aeruginosa
. marcesens

PPIs inhibitecH. pylori growth

Coccal forms and blebs seen in membranes. @iytbri

No inhibition of growth of the other organisms tested up to
100pug/ml

Megraud
(Megraudet al, 1997

Omeprazole
Lansoprazole

Agar dilution

. pylori

. coli

PPIs inhibitecH. pylori growth
Coccal forms oH. pylori seen
No effect onC. jejunior E. coligrowth

Suerbaum
(Suerbaunet al, 1997

Omeprazole
Pantoprazole

Agar dilution
Broth macrodilution

S
H
C. jejuni
E
H

. pylori

PPIs inhibitedH. pylori growth

Nagata
(Nagateet al, 1993

Omeprazole
Lansoprazole

Broth microdilution

H. pylori
Proteusspp.

PPIs inhibitedH. pylori growth
No inhibition of Proteus sppup to 1,000 uM (around 350 pug/m

Figura
(Figuraet al, 1999

Omeprazole

Agar dilution

H. pylori

PPI inhibitedH. pylori growth

Hirai
(Hirai et al, 1995

Omeprazole
Lansoprazole
Rabeprazd

Agar dilution

H. pylori

PPIs inhibitedH. pylori growth

Nagata
(Nagataet al, 1995

Omeprazole
Lansoprazole

Broth macrodilution

H. pylori

PPIs inhibitedH. pylori growth

Nakao
(Nakaoet al, 1999

Omeprazole
Lansoprazole

Agar dilution

H. pylori

Motility of H. pylori affected above the MIC
PPI exposure affected lagkence to Heg2 cells
Morphology affected with blebs seen

Shibata
(Shibateet al, 1999

Omeprazole
Lansoprazole

Agar dilution

H. pylori

PPIs inhibitecH. pylori growth

Sjostrom
(Sjostromet al, 19969

Omeprazole

Broth dilution

Helicobacterspp.

Campylobactespp.

B. subtilis

coli
vulgaris
aeruginosa
aureus

E.
P.
P.
S.

PPI inhibitedH. pylori growth
No inhibition of growth of the other organisms tested up to
256 ug/ml



M PPIs Tested | Methods Employed | Orgamsms Used NotableResults |

Omeprazole Broth microdilution PPIs inhibitecH. pylori growth
Lansoprazole PPIs additive to some coentional antibiotics

(Bambaet al, 1997

Midolo Omeprazole I Agar dilution PPIs additive tsome conventional antibiotics
(Midolo et al, 1997 Lansoprazole

Mirshabhi I Omeprazole I Agar dilution PPI inhibitedH. pylori growth

(Mirshahiet al, 1998 Broth macrodilution

Nakao and Malfertheiner
(Nakao & Malfertheiner, 1998

Omeprazole
Lansoprazole
Pantoprazole
Omeprazole
Lansoprazole
Omeprazole

YJA20379°
Lansoprazole

Some PPIs were bactericidal
Blebs seen on bacterial surface
PPIs inhibitedH. pylori growth

Broth macrodilution

Agar dilution
Broth macrodilution
Agar dilution

(Vogt & Hahn, 1998 I

PPIs inhibitecH. pylori growth

Agar dilution ‘

PPIs inhibitedH. pylori growth ‘

(Wooet al, 1999

Trautmann
(Trautmanret al, 1999
Tsutsui

(Tsutsuiet al, 2000

Agar dilution
Broth macrodilution
Agar dilution

H. pylori PPI inhibitedH. pylori growth
PPI additive taazithromycin killing
PPIs inhibitecH. pylori growth

No inhibition of growth of the other organisms tested up to

Omeprazole
Lansoprazole

H. pylori
Campylobactespp.

Rabeprazole P. mirabilis 256 ug/ml
S. enterica Inhibition of H. pyloriandCampylobactemotility, but not of
V. cholerae norspiral organisms
V. parahaemolyticus
Ohara Omeprazole Agar dilution H. pylori Motility of H. pylori affected at suMIC levels

(Oharaet al, 200) Lansoprazole
Rabeprazole
Omeprazole

Lansoprazole

Pantoprazole
TF18**

I

Tanaka
(Tanalka et al, 2002

Agar dilution PPIs inhibitedH. pylori growth

PPIs additive or synergistic to conventional antibiotics

. pylori

Spengler Broth microdilution

(Spenglert al, 2009

H. pylori PPI inhibitedH. pylori growth

Motility of H. pylori affected at sutMIC levels

*

YJA20379 = a newly synthestPPI developed by Ywdgn Pharmaceutical Company
** TF18 = a trifluoromethyl ketone derivative {2-benzoxazolytB,3,3trifluoro-2-propanone)



Alsoin 1991, agar dilution was used by Megraidlto confirm that the PPIs omeprazole
and lansoprazole inhibited the growthtbfpylori. Bactericidal activityat concentrations
higher than those required to inhibit growth and changds. fuylori morphology were

also confirmedMegraudet al, 199]. Suerbaunet alalso confirmed in 1991 that the PPI
omeprazole inhibited the growth &f. pylori and reportedhat the, as yet not clinically
available, PPI pantoprazole also inhibited the growtH.gdylori (Suerbaunet al, 1991).

They used a broth macrodilution method, with a short incubation period, to show that the
acid activated forms of the PPIs were better able to inhibit the grovidhmflori than the
pro-drug forms wergSuerbaunet al, 199]). The authors commented that inhibition of

H. pylori growth, found when using agar dilution methods, was probably the result of PPI

activation over the longcubation periods used (&5 hours).

1.12.2 Later Work

In the years that followed, numerous studies confirmed that various PPIs were capable o
inhibiting H. pylori growth (Nagataet al, 1993 Figuraet al, 1994 Hirai et al, 1995
Nagata et al, 1995 Shibataet al, 1995 Sjostromet al, 1996 Bambaet al, 1997
Mirshahi et al, 1998 Nakao & Malfertheiner, 1998Vogt & Hahn, 1998 Woo et al,
1998 Trautmannet al, 1999 Tsutsuiet al, 2000 Tanakaet al., 2002 Spengleret al,
2004, inducing morphological changg®akao et al, 1995 Nakao & Malfertheiner,
1998, were bactericidalNakao & Malfertheiner, 1998nd that growth inhibition of other
bacterid genera was napparen{Nagataet al, 1993 Sjostromet al, 1996 Tsutsuiet al,
2000. In 1994 Figuraet al suggested thanhibition of H. pylori growth byomeprazole
might infer thatPPIs were affecting bacterial ATPas@sgura et al, 19994. They
postulated that if this was indeed the ¢daben PPIs could theoretically affect anything
which requirel energy production by the bacterium. Bacterial motilgyan energy
requiring processimportant for the pathogenicity dfl. pylori, and yet Figura et al
reportedthat the motility ofH. pylori wasnot adversely affected at suthibitory levels of
PPI.

1.12.3 Proton Pump Inhibitor s Affect Bacterial Motility

In disagreement with Figurat al Nakao reported onl{ year later that the motility of
H. pylori was adversely affected by exposure to PPIs at obratens that affected
bacterial growth(Nakaoet al, 1995. They noted that only slight motility was observed
following exposure to the MIC of lansoprazote 6 hours (MIC having been determined
using agar dilution ove# days). A complete lack of motility was not observed until
H. pylori had been exposed tour times the MIC for 4 hours. Much later,in vitro

36|Page



methods were improved and an adverse effecHompylori motility, at concentrations
lower than those required to inhibit bacterial growtiere described by multiple authors
(Tsutsuiet al, 200Q Oharaet al, 2001, Spengleret al, 2004. Of particular relevance to
this study is the report bysutsui et al which showed that various PP{sip to a
concentration of 25@g/ml) adversely affected the motility of botH. pylori and
Campylobacterspp., even though no inhibition dfampylobacterspp. growth was
observedTsutsuiet al, 2000.

1.13 Problemswith Previous Research

Many precedingstudies make use of a single Pf@llegraudet al, 1991 Figuraet al,
1994 Spengleret al, 2009 whereas others use more thane (lwahi et al, 1991
Suerbaurret al, 1991 Hirai et al, 1995 Tsutsuiet al, 2000. In studies where a single
PPl has been used, the PPI in question is often diffépetitose used in othesimilar
studies(Megraudet al, 1991 Figuraet al, 1994. PPIs are known to beot very soluble
in water(Shinet al, 2004 Nguyenet al, 2009 and he PPlaused in different studigzave
often been dissolve@nd in some cases further diluteddifferent liquids (lwahi et al,
1991, Figuraet al, 1994. Broth dilutionhas been used by some auth@serbaunet al,
1991, Spenglert al, 2009 and aar dilutionby otherg(lwahi et al, 1991, Megraudet al,
1991 Figuraet al, 1994 Hirai et al, 1995 Tsutsui et al, 2000 even though thetability
of PPIsin different agarss unknown(Trautmanret al, 1999. Hence it is very difficulto
compare the results of relevant studiesctly with one anothe

Suerbaunret alinvestigated the anbacterial properties of PPIs inggdrug form, as well

as in acidactivated formgSuerbaunet al, 199). Is it important to note that work carried
out by Suerbaunet al, using acidactivated PPlscould only use very shbincubation
times (1 hour) andhat acid activation of a PPI does not result in a single activated
chenical structure, rather a number of different active forms can r@suahi et al, 1997
Suerbaumet al, 1991). Also pertinent is that these different activated forms will have
varied antibacterial activities themselves, based on thein specific chemical structures
(Tsutsuiet al, 2000.

1.14 Other Bacteria and Froton Pump I nhibitor s

The majority of research into the abtcterial properties of PPIs has focusedopylori,
but the activity of PPIs and otheibenzimidazole derivatives, against other pathagyand
opportunistic bacteria have also been investigagegummary of relevant studies can be

found inTable 5 and selected details are discusiether in the sections below.
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Table5. Chronological list summarising the results of studies investigating the properties of various PPIs against organisms @héfahcobacter

and Campylobacter.

w PPIs Tested Methods Employed Notable Results

Bishop
(Bishopet al, 1969

Various

benzimidazoles

Broth macrodilution

coI|

. aerogenes
. aureus
. pyogenes

Inhibition of growth was observed in some cases

The Gram positiv@rganisms were more sensitive to inhibitory
activity than Gram negative

Problems with benzimidazole solubility were common

Aeschlimann
(Aeschlimanret al, 1999

Omeprazole
Lansoprazole

Broth microdilution

. aureus

PPIs able to lower MIC and MBC of conventional antibiotics
(ciprofloxacin and norfloxacin)
PPIs increase killing by levofloxacin

Nguyen
(Nguyenet al, 2005

Omeprazole
Lansoprazole

Glass slide biofilm

. mutans

PPIs found to be bactericidal agaiBstmutans
PPIs also able to inhibit biofilm formation

Vidaillac
(Vidaillac et al,, 2009

Omeprazole
Omeprazole
analogues

Agar dilution
Broth dilution

. aureus

PPl MICs were > 512 pg/mi
PPIs can reduce MIC of norfloxacin
PPIs supplement killing by norfloxaci

Sambanthamoorthy
(Sambanthamoorthgt al, 2011

Omeprazole
Lansoprazole

ABC-1*

Crystal violet staining

. pneumoniae
. aeruginosa
. boydii

. aureus

. cholera

ABC-1 did not b inhibit growth of the organisms tested
ABC-1 did prevent biofilm formation

ABC-1 was more potent at preventing biofilm formation than
omeprazole

Pre formed biofilm was not dispersed by ABC

Singh
(Singhet al, 2012

Esomeprazole

Crystal violet staining

nIIU<nLmUTAR

. aeruginosa
. aureus

Exposure to PPI decreased ability to form biofilm
PPI was able to supplement the killing by conventional antibiotic
(meropenem and waomycin)

* ABG-1 = antibiofilm compound 1, a novel low molecular weight benzimidazole similar in structure to omeprazole and lansoprazole



1.141 Proton Pump Inhibitors Enhance Conventional Antibiotic Activity

In 1999, Aeschlimanmet al reported that th®PIs omeprazole and lansoprazole improved
thein vitro activity of various fluoroquinolones against multiple strainStaphylococcus
aureus (S. aureuy (Aesdlimann et al, 1999. Coexposure to PPIs and the
fluoroquinolones ciprofloxacin and norfloxacin lead to a reduction in the minimum
inhibitory and minimum bactericidal concentrations (MBCs) of the fluoroquinolones and
increased the Kkilling of bacteriny the fluoroquinolone levofloxacin. Further work
investigating the activities of PPIs, and other benzimidazole derivative§.aureus
confirmed the ability to reduce the minimum inhibitory concentration (MIC) of
conventional antibiotics and proposedcade for PPIs as potential inhibitors of bacterial
efflux pumps(Vidaillac et al, 2007%.

In a later study Singbt al showed that prexposure to PPI enheed killing of S.aureus
by vancomycin and dPseudomonas aeruginog¢@. aeruginosa by meropenengSinghet
al., 2019. They also reported that the PPl esomegeinhibited biofilm formation in

bothS.aureusandP. aeruginosa

1.14.2 Proton Pump Inhibitors Inhibit Biofilm Formation

Susceptibility to conventional antibiotics and bacterial ability to form biofilm are linked. It
is well known that planktonic bacteraae (sometimes up to 1,060more susceptible to
antibiotics than bacteria in biofiims are and most antibiotics are developed to target
planktonic bacteria rather than those in biofilfSambanthamoorthyet al, 201J).

In 2005, Nguyeret alreported that the PPIs omeprazole and lansoprazole inhibited biofilm
formation in Streptococcus mutan$s. mutang (Nguyenet al, 2005. Later work by
Sambanthamoorthyet al distinguished between the ability of PPIs, and other
benzimidazole derivatives, to prevent biofilm formation but not to disrupfopneed
biofilm (Sambanthamoorthst al, 2017).

1.15 Anti -parasitic Activity of Proton Pump Inhibitor s

Albendazole and mebendazdlegure 6) are benzimidazole carbamate derivatives that are
usal to treathelminthinfections. They both have the sameribged benzimidazole core
structure that can be seen kigure 2 and have adapted sidechain configurations that
resemble the early structuresPPI develpmentshown inFigure 3 and those omodern

PPIs shown irfrigure 4.
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Figure 6. The diemical structures of albetlazole and mebendazoleAlbendazolga)
and méendazole (b) are benzimidazatarbamate derivativesvhich are used in the
treatment ovarioushelminth infections

In 1992, CedilleRivera and Munoz reported that albendazole and mebendazole inhibited
the growth of Giardia lamblia (G.lamblia) and, at even higher concentrations, the
benzimidazoles were capable of killing the protoz¢@edillo-Rivera & Munoz, 199p

They showed that the benzimidazoles were active at concentrations lower than that of the
recommended treatment fdg.lamblia infection (metronidazole) and suggested that
tubulin was the target of the benzimidazoles. The observation was howeveoksefor

a number of years following the publication and thearch for new anparasitic
treatments was thought by many to be of
infections (PerezVillanueva et al, 2011). However, resistance to recommended
treatments began to emerge and interest was renewed in identifying potential novel target
for the treatment of parasitic infections and innidfging potential novel treatmentsThe

early 2000ssaw a rush of articles being published, most of which focused on testing the
antiparasitic properties of newly synthesised oheamically modified benzimidazoles

(asummary of relevant studies can barfd inTable 6).

NavarreteVazquezet al extended the range of parasites used in their experiments to
include the protozoa&ntamoeba histolyticéE. histolyticg) and the helmintirichinella
spiralis (T.spiralis). The major component of the cytoskeleton @flamblia and

T. spiralisis tubulin but the major component of the cytoskeletok.dfistolyticais actin.
NavarreteVazquezet al reported that albendazole was inactive agdinstistolytica but

that sone of the benzimidazole structures that they had created inhiBiteidtolytica
growth. They determined that albendazole inhibited the polymerization of tubulin but that
other benzimidazole structures had goarasitic properties that were independeft o

tubulin polymerisation and that these required further study.
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Table6. Chronological list summarising the results studies investigating the anparasitic properties of benzimidazole derivatives.

Reference Benzimidazoles}l| Methods Employed J| Organisms Notable Results
Tested Used

Cedillo-Rivera
(Cedillo-Rivera & Munoz,
1992

Albendazole
Mebendazole

Broth macrodilution

G. lamblia

Inhibition of growth was observed as was killing
Tubulin is likely target of benzimidazoles

Navarrete-Vazquez
(NavarreteVazquezet al,
2001

Albendazole
Benzimidazole
derivatives

Broth dilution

G. lamblia
E. histolytica
T. spiralis

Inhibition of G. lamblia andT. spiralisgrowth was observed as was killing
Albendazole was inactive agairist histolytica

Albendazole inhibited tubulin polymerisation buhet benzimidazoles did not
Binding to tubulin is not required fall anti-parasitic activity

Andrzejewska
(Andrzejewskaet al, 2002

Albendazole
Benzimdazole
derivatives

Broth dilution

G. intestinalis
E. histolytica
T. vaginalis

Inhibition of G. intestinalisandT. vaginalisgrowth was observed
Albendazole was inactive agairisthistolytica

Benzimidazole derivatives inhibited growthf histolytica
Benzimidazole carbamates bind to tubulin and inhibit polymerisation.

Cedillo-Rivera
(Cedillo-Riveraet al, 2002

Albendazole

Broth macrodilution

G. intestinalis
. histolytica

Inhibition of G. intestinalisandT. vaginalisgrowthwas observed
Albendazole was inactive agairist histolytica
Possiblehat benzimidazole induaanges to the plasma membrane

Jiang
(Jianget al, 2002

Omeprable

Broth dilution

E
T. vaginalis
L. donovani

Inhibition of growth was observed
Due to inhibition of the K/H*-ATPase on the surface membrane
Interferes with pH homeostasis ability and disrupts proton motive force

Riel
(Riel et al, 2002

Omeprazole
Lansoprazole
Pantoprazole
Rabeprazole

Broth microdilution

. faldparum

Lansoprazole and rabeprazole were best at inhibiting growth
Omeprazole and quinine were found to be syngcgis
A V-type H-ATPase in the plasma membrane is unlikely to be the target

Valdez
(Valdezet al, 2002

Albendazole
Benzimidazole
derivatives

Broth dilution

G. lamblia
E. histolytica
T. spiralis

Inhibition of G. lamblia andT. spiralisgrowth by albendazole was observed
Albendazole was inactive agairist histolytica

Benzimidazole derivatives inhibited growth®f histolytica

Not all benzimidazole derivativéshibited tubulin polymerisation




Reference Benzimidazoles}l| Methods Employed J| Organisms Notable Results
Tested Used

Kazimierczuk Albendazole Broth microdilution J| G. duodenalis [| Albendazole was indiwe agains€k. histolyticaandT. vaginalis(up to 200uM)
(Kazimierczuket al, 2002 Benzimidazole E. histolytica Benzimidazoles affect oxidative phosphorylation in mitochondria

derivatives T. vaginalis Issues with solubility andrystallisationwere noted with some structures
Navarrete-Vazquez Albendazole Broth macrodilution jJ| G. lamblia Inhibition of growth was observed
(NavarreteVazquezet al, Mebendazole T. vaginalis Not all benzimidazole derivatives inhibited tubulin polymerisation
2003 and their T. spiralis Other structures have a different mechanism of action

analogues C. elegans
Andrzejewska Benzimidazole | Broth macrodilution J| G. intestinalis Inhibition of growth was observed
(Andrzejewskeet al, 2009 derivatives . vaginalis Benzimidazoles inhibit protein kinases (CK1, CK2, and others)

They may interfere with a wide spectrum of cell regulatory mechanisms

Navarrete-Vazquez Benzimidazole J Broth macrodilution J| G. intestinalis Inhibition of growth was observed
(NavarreteVazquezet al, derivatives Broth microdilution J| T. vaginalis
2009 P. falciparum
Valdez-Padilla Benzimidazole j| Broth dilution G. intestinalis Inhibition of growth was observed
(ValdezPadillaet al, 2009 derivatives T. vaginalis
HernandezLuis Benzimidazole j| Broth macrodilution f| G. intestinalis Inhibition of growth was observed
(Hernanded_uis et al, 2010 || derivatives E. histolytica Albendazole was inactive agairist histolytica
T. vaginalis
T
L
G
E
T

. spiralis
. mexicana
. intestinalis Inhibition of growth was observed
. histolytica Pantoprazole showed good activity againsthakteprotozoa

PerezVillanueva Omeprazole Unknown
(PerezVillanuevaet al, Lansoprazole
2011 Pantoprazole

. vaginalis PPIs may make good candidates for drejgurposing
Rabeprazole Mechanism ofintiprotozoalactivity is yet to be described

The main component of thgtaskeleton o6s. lamblia,G. intestinalis G. duodenalisT. spiralisand T. vaginalis is tubulin
The main component of the cytoskelaibi. histolytia is actin



In 2002, Jianget al were the first to test a clinically used formulation of a PPI for
antileishmanial activity(Jianget al, 20093. They noted that at pH 7.2 there was no
adverse effect on the protozoan, but at pH 5.5 omeprazole inhithigedyrowth of
Leishmania donovar(L. donovani. They suggested that the prodrug form was therefore
inactive and that the antileishmanial activity of omeprazole was due to one or more of the
protonated active forms of PPI. They also postulated thatraz@p was inhibiting the-P

type H/K*-ATPase on the membrane surfacé ofionovani This enzyme is known to be
important for pH homeostasis and maintenance of the proton motive force across the

membrane oE. donovani

It is known that acid activatetbrms of PPIs form strong disulphide bonds with thiol
groups on exposed cysteine residues of th&K HATPase found in parietal cells and that
acid activated tetrayclic sulphenamide forms can bind to and inactivate the adenylate
cyclase or N§K'-ATPaseof parietal cells (se€igure 1 and Section1.10. If acid
activated forms of PPIs were present in kiigneys it is also known that binding to and
inactivation of thekidney H'/K*-ATPases isalso possible (se&ection1.9.9. It is
therefore proven that PPIs can bind to and inhibit a variety of enzymes that they encounte
and therefore plausible that PPIs could bind to batter parasitic enzymes (particularly

perhaps ATPases).

Riel et al also used clinically used formulations of PPIs to inhibit the growth of
Plasmodium falciparungP. falciparun) but they concluded that the-type H-ATPase in

the plasma membrane Bf falciparumwas not the targgRiel et al, 2003. In 2011 it

was reported that after around 20 years of research, the mechanism of the tubulir
polymerisation indpendent anp r ot oz o a | action of benzi
d e s c r(PebeeVidlanuevaet al, 201). The properties of structures containihg tore
benzimidazole backbone are therefore hugely diverse, with some reportedly also having
antiviral, antifungal and antcancer activitiegAndrzejewskaet al, 2002 Kazimierczuk

et al, 2002 NavarreteVazquezet al, 2009.

1.16 Proton Pump Inhibitors and Campylobacter

Early studes reporting on the inhibitory effect of PPIstdnpylori stated that PPIs had no
similar inhibitory effect orC. jejuni(lwahi et al, 1991 Megraudet al, 199). Almost a
decade later, the first report of PPIs affecting bdthpylori and C. jejuni motility was
published(Tsutsuiet al, 200Q. C.jejuniis very acid sensitiv@Lodatoet al, 2010 and

attempting to differentiate between the drdcterial prpertiesof pro-drug versus acid
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activated forms of PPI by artificially manipulating the pH mitiegreforebe problematic

in the case oL. jejuni When Suerbauret al attempted to do this withl. pylori they

could only use short incubation times of 1 hour. $temdard measures of antimicrobial
activity (MIC and MBC) are however usually expressed using 24 hours exposure for

rapidly growing organisms.

Considering tha€. jejuniis one of the most important causes of bacterial gastroenteritis in
the world (seeSectionl.3); that there are increasing numbers of people taking PPIs
worldwide (se€Section1.11.3andFigure 5); that thee is a proposed link between taking
PPIs and increased susceptibility to enteric infections $&&tion1.7.1); and that it has

been suggested that taking PPIs allows increased bacterial translocation aeross th
epithelial cell barrier (seBection1.6.3.3, it seems prudent to use methods similar to those
employed previously by others to thoroughly investigate the effect of exposure to PPIs on
C.jejuni. If PPIs ardruly able to affecC. jejunimotility as described by Tsutsat al it
therefore seems reasonable to suggest that the pathogenicity of the organism should also |

adversely affected (s&ection1.6.3.

1.17 Summay and Aims

The exact method by which PPéxert their antbacterial effecton Helicobacterand
whether it is in fact a trubactericidaleffect, are as yet unknowrRPls arébenzimidazole
derivatives and such compoundsave been showrby othersto affect H. pylori
morphology(lkeda & Karlyshev, 2012 H. pylori motility (Oharaet al, 2001), adherence

of H. pylori to epithelial cell{Nakaoet al, 1995 and biofilm formation in organisms such

as S.mutans(Nguyenet al, 2005. PPIs have also been shown by others to supplement
thekilling of organisms such &s. pylori by conventionalntibiotics (Bambaet al, 1997.
Previous work has hinted that PPIs may also be capable of aff€tejgni (Tsutsuiet

al., 2000, but investigations have been extremely limited in comparison to those
investigating the effect of PPIs on the related organishh. pylori. Indeed as
Campylobacterand Helicobacter both belongin the campylobacteralesrder, adverse
affects following exposure @. jejunito PPIs might in fact be expected

The project aimswere todetermine whethedirect exposure t®Plsaffeced C. jejuniin
ways similar to those reported by othassng oher bacterial genera. héther PPIgould
affect C. jejuni growth/survival, motility, morphology, biofilm formation, adhesion and
invasion of cltured epithelial cellsand the effect of PPIs on thsusceptibility to

conventionahntibiotics wereinvestigaed
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Microarrays, proteomics and metabolomwsre used to investigate changesQ@ojejuni
gene expression, proteome and metabolome respectively, in response to PPI exposur
SelectedC. jejuni geneswere mutated to investigate the response to PPl axposf

deficient mutants in comparison to parent strains.
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Chapter 2

In Vitro Effects of PPI
Exposure onCampylobacter
jejuni



2 INTRODUCTION

2.1.1 Helicobacterand Proton Pump Inhibitor s

It has been widely reported that exposure to PPIs affects the geswltBurvival of

H. pylori in vitro. The first study to report that exposure to PPIs ingltite growth of

H. pylori was published only a few years after the first PPI, omeprazole, was made
commercially availablélwahi et al, 199]. The authors proposed that the doacterial
properties of PPl sH. pylerraglOOugnel haeno inhibitaryoeffeatg a i
on Bacteroides fragilis Bifidobacterium ©idum, C.jejuni, Citrobacter freundij
Clostridium perfringensEnterobacter cloacaéE. cloacag, Enterococcus faecali&. coli,
Eubacterium alactolyticum Eubacterium limosum Fusobacterium  mortiferum
Fusobacterium nucleatumKlebsiella pneumoniae(K. pneumoniag Lactobacillus
acidophilus Morganella morgani{M. morgani), Peptostreptococcus anaerobjidoteus
mirabilis (P. mirabilis), Proteus vulgarigP. vulgarig, P. aeruginosaSerratia marcescens

(S. marcescefs S. aureus Streptococcus pneuwmiae or Streptococcus pyogenes

(S.pyogenep

This early study reported that, as well as inhibiting the growtH. giylori, PPl exposure
caused membrane blebbing and changes to the morphology of bacterialwalls
bacilliform and coccal forms oH. pylori being observedlwahi et al, 199]). These
reported changes td. pylori morphology were supported by later studigegraudet al,
1991 Nakaoet al, 1995 Nakao & Malfertheiner, 1998 Exposure to PPlgvas also
reported in some studies to affect the motilityHbfpylori (Nakaoet al, 1995 Tsutsuiet
al., 2000, Oharaet al, 2001, Spengleret al, 2009 and its ability to adhere to cultured
cells(Nakaoet al, 1995.

Over the years, a number of proposed targets were investigated to explain the anti
Helicobacterproperties of PPIs. These included the potent urease enzymepylori
(Nagataet al, 1995 Logan, 199§, the organisms cytotoxifFigura et al, 1994 and
various bacterial ATPase enzym@glli & Fryklund, 1995 Parket al, 1999. However,

the target/s responsible for tirevitro activity of PPIsagainstH. pylori remained elusive

even after over a decade of resedMlHls et al, 2009, with urease, cytotoxin and specific
ATPase enzymes all ruled out as targe#s. more comprehensive review of relevant

literature can be found iBection1.12and inTable 4.
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21.2 Campylobacteand Proton Pump Inhibitor s

Iwahi et al werealsothe first to testhe PPIsomeprazole and lansoprazdte inhibitory
activity againstCampylobactesp. (lwahi et al, 199). They tested 27 clinically isolated
strans of C.jejuni and reported that no inhibition of growth was observed up to a
concentration of 100 pg/ml of P®1 This observationwas supported by later studies
reporting that the growth a€ampylobacterspp. was not inhibited up to 256 pg/ml of
omepraple, lansoprazole orabeprazole(Megraudet al, 1991 Sjostromet al, 1996
Tsutsuiet al, 2000. However inone crucial study, where PPl exposure was found to
affect the survival and motility oH. pylori, PPl exposure was reported to affect
Campylobactermotility even though no effect o@ampylolacter survival was found
(Tsutsuiet al, 2000.

Motility is considered an important virulence fac{geeSection1.6.3 of C.jejuni (van
Alphenet al, 2012 and is required for host colonisati¢@ullenet al, 2013, for biofilm
formation(Guerry, 2007 as well as for attachment to and invasion of epithelial ¢eliés

et al, 2019. In 1988 Black et al reported thaafter using a mixture of motile and non
motile Campylobacteistrains in experimental human infections only motil@ies were
recovered from stool§Black et al, 1989. Therefore, if exposure to PPIs can indeed
adversely affecC. jejuni motility thenadverse effects on the ability to form biofilm and to
adhere to and invade idgmelial cells could also result following PPl exposure. As
discussed previouslaving an adverse effect dd.jejuni motility could have serious
implications for the pathogenicity of the organism and its ability to cause disease.

2.1.3 Other Bacteria and Proton Pump Inhibitor s

Whilst the bactericidal activity of PPIs seems to be mostly limiteH.tpylori it seems
likely that the bacterial target for PPIs would be an ATPase, or multiple ATPase enzymes,
with the possibility of hampering any process which nexguenergy productio(Figuraet

al., 1994. It is therefore possible that energy requiring processegher bacteriamight
also be affected by exposure to PPAsmore comprehensive review of relevant literature
can be found irsection1.14and inTable 5. A number of studies concluddidat PPIs, or
structurally sinlar benzimidazolegnhibit biofilm formation in various Gram positive and
Gram negative bacteri@guyenet al, 2011 Sambanthamoorthgt al, 2011, Singhet al,
2012. Co-exposure to PPIs and conventional antibiotias also shown to increase
bacterial killing and reduce MICs and MB(@%eschlimanret al, 1999.
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2.1.4 Chapter Aims

It is generally accepted that patients being treated with PPIs are more susceptible to al
enteric infections (including campylobacteriosis &dlifficile) than patients who are not
taking PPIgBavishi & DuPont, 201}l The numbers of people taking PPIs worldwide is
also ever increasingThe link between PPI use and susceptibility to enteric infections has
been investigated icountriesincluding the Netherland®oorduynet al, 201Q Bavishi &
DuPont, 2011Bouwknegtet al, 2014. The effect of PPI exposure éh pylori has been
investigated rigorously in the past, but the effect@unejuni remains unclear. With

C. jejuni beingthe most common causd acute bacteriagastroenteritisn the UK and in
Europeit may prove useful to study the effects that direct contact with PPIs has on the

pathogen.

Experiments presented in thehapter wergperformedto determine whether exposure to
PPI had any effects ddampylobacter Methods similar to those usedvariousH. pylori
studies were employed to investigat@ifvitro exposure to PPI inhibited the growth of, or
indeed was bactericidal t€.jejuni. Any changes tdC. jejuni motility, morphology,
ability to form biofilm ad ability to adhere d or invade epithelial cells weralso
investigated. Selected experiments avalso performed using the Gramgative enteric
pathogenSalmonellaentericg subspenterica serovar Yphimurium (S. Typhimurium)

and a mouse commensatash of Lactobacillusto investigate whether tha vitro effects

of PPl exposure arbkely isel ecti veo and | imited to t

pathogens.

This study has utilised the PPI pantoprazole, due to its superior ability to dissolatem w
and give accurate concentrations, compared to other PPIs like omeprazole or lansoprazol
(personal observations)Pantoprazole is also generally prescribed at a higher dose than
some of the other PPIs (s@@&ble2) and the resulting concentration that might be
physically achievable in the Gl tract is therefore likely to be higher for pantoprazole than
for other PPIs (se€able 3).
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2.2 Materials and Methods

221 Bacterial Strains and Culture Conditions

The C. jejuni S. Typhimuriumand Lactobacillusstrains used in thishapter of the study
are listed inTable 7. All strains were storeda@8 0O AC on Mi crobankE be
revive strainsfrom frozen stocks, beads were thawed on ice amabead removed and
streaked onto a plate to obtain single colonies. After 48 honexr more colonies were
re-streaked onto a fresh plate and this was termed passage nomgbefStrains vere
routinely passaged onto a fresh plate evey days, up to a maximumpassage ofen
Strains fromovernight growts were used in all individual experiments. Strains were
routinely grown on either Muellddinton agar (MHA; Oxoid) or MHA with 7% horse
blood (MHA + B; seeAppendix 1). C.jejuniincubations were carried out at 37°C, in a
variableatmosphere incubator (VAIN; Don Whitley ®atific) in an atmosphere of
5%H,, 5% CQ, 5% G and 85% N. S.Typhimuriumand Lactobacillus spincubations
were carried out in a standard aerobic incubator at 377@e Lactobacillusstrain was
isolatedfrom a 68 week old healthy C57BL/§Harlan Laboratoriesgontrol mouse and
was identified using 16S ribosomal DNA typing.

Table7. Bacteial strains used in this bapter.

SgRcerenee

C. jejuni Minimally passaged strai (Gaynoret al, 2009
111680 first C. jejunito later have

its genome sequenced
C. jejuni Human clinically isolated (Korlathet al, 1985
81-176 strain

C. jejuni Human clinically isolated (Palmeret al, 1983
81116 strain
S.Typhimurium Pathogenic laboratory | (Hoiseth & Stocker, 1981
SL1344 strain
Lactabacillus sp. Normal gut flora strain Isolated from dnealthy
C57BL/6 mouse

2.2.2 Proton Pump Inhibitor

Unless otherwise stated the PPl pantoprazole sodium hygoteler (Sigma) was
dissolved in sterile water and sterilised using a 0.2 um syringe filtero(®s)t When
required, PPl was further diluted in sterile water to achieve desired concentrdtieat.

PPI solution and the most dilute concentration (in the case of serial dilutions) were

routinely cultured aerobically and microaerophillicaly on MHAckeck for sterility.
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2.2.3 Growth on Solid Agar

C. jejuni colonies from an overnight plate growth were harvested into Meidilgion
broth (MHB; Oxoid) and around<LG® CFU/ml added to 10 ml molten soft top agar (STA;
seeAppendix 1) and poured over the surlaof an MHA plate. After cooling, prepared
concentrations of pantoprazole {80mg/ml or 20,0000 pg/ml were spotted onto the

surface and plates incubated for 24 hours before being checked for inhibition of growth.

2.2.4 Pantoprazole Minimum Inhibitory Concent ration and Minimum
Bactericidal Concentration

MIC and MBCexperiments werperformedusing a broth microdilution method in sterile

96 well microtitre plates (Corning).Campylobacteror Salmonellacolonies from an

overnight plate growth were harvestedoiriHB or minimal essential media (MEM,;

Invitrogen)Dul beccods modi fied e a@MEM; Invirdgendor wi t

tryptic soy broth (TSB; LabM) to aroundx50° CFU/ml. An equal volume of this

bacterial suspension was added to the same volumel ¢htR®®ncentrations ranging from

40-0 mg/ml or 40,0000 pg/ml). The microtitre plate was covered with a sterile lid before

being incubated for 4 or 24 hours. The microtitre plate was then placed in an automatic

plate reader (BMG LabTeeRluoStarOptima) shaken and the optical density at 600 nm

(ODeog) measured.MIC was also assessed visually using a light bd8.ul aliquots were

taken from each well and spotted onto MHA + B plates and plates incubated for 24 hours

before being examined for the grovahSalmonelleor 48 hours before being examined for

the growth ofCampylobacter PPl was replaced with an equal volume of sterile water for

controls. Controls were also performed to ensure the sterility of water,, NVHEB/,

DMEM, TSB and PPI In a simiar mannerLactobacilluscolonies from an overnight

MHA plate growth were harvested into MHB ammhntoprazole MBC determined

following exposure to pantoprazole #ror 24 hours by culturing 10 pl aliquots on MHA

+ B plates for 24 hours

Following exposureo varying concentrations of PPI for 4 or 24 hours, aliquots were
removed from the wells and inoculated into fresh broths containing no PPI. These were
then incubated for a further 24 hours before aliqueseremoved and plated onto MHA

+ B to determineif live bacteria could be reviveth the absence of PHbllowing

exposureso specific PPI concentrations.
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2.2.5 Survival Studies

Following exposure to varying concentrations of PPl for 4 or 24 hours in a broth
microdilution method similato that used irBection 2.2.4 aliquots were serially diluted in
phosphate buffered saline (PBS; Invitrogen) and remaining viable bacteria were
enumerated byiable plate surface colorgpunting and calculating CFU/m.

2.2.6 Motilit y Testing

Semisolid agar (SSA, se&ppendix 1) was prepared once weekly and plates refrigerated
until required. Campylobacteror Salmonellacolonies from an overnight plate growth
were harvested into MHB tox10” CFU/ml. Aliquots of this suspension veeadded to an

equal volume of PPI (at concentrations ranging frethrbg/mlor 5,0000 pg/ml). These

were then incubated for either 4 or 24 hours before 1 ul aliquots were stabbed into the
centre of SSA plates. Plates were then incubated for 2&@oonelld) or 48 hours (for
Campylobacterand the diameter of the zones of spread were measured in mm. Following
each of the exposure times serial dilutions were made in PBS and spotted onto plates t
monitor bacterial survival at the different concentmagiof PPI tested. These plates were
incubated for 24 (fo6almonelld or 48 hours(for Campylobacterand surviving CFU/m|
calculated.

2.2.7 Biofilm Formation

25cnf flasks (Corning) containing 10 ml MHB were primed overnight in the VAIN. They
were then inocalted with a few colonies from an overnight plate growth of
Campylobacterand incubated overnight. Cultures were pelleted (Sigma 4K15 centrifuge)
at4,500 x g for 10 minutes at % and resuspended to an §of 0.6using an Eppendorf
Biophotometer Equalvolumes of this were aliquoted into 5 ml Eppendorf tubes (Starlab)
and PPI, or water for no PPI controls, eddo final concentrations &00, 250, 125 and

O ug/ml. The Eppendorf tubes were vortexed and incubated in the VAIN with loose lids
for 2 hours. To remove the PPI, Eppendorf tubes were centrifuggedescribed abowand
bacterial pellets washed with 1 ml PBS, vortexed anderdrifuged. The remaining
bacteria were resuspended in MHB to anggbDf 0.3. 200 pl of these suspensions was
added toreplicatewells of a 96 wellmicrotitre plate before being covered with a lid and
incubated in the VAIN to allow biofilm to form for 1, 2, or 3 days.

Following 1, 2 or 3 days incubation selecteells, covering a range of PPI concentrations,
were observe usingan inverted microscope (Zeiss Ax@v 25) at 408 magnification.
5 ul was taken fronselectedvells ontoglass microscopy sligestainedusingLive/Dead®

BacLight™ (Invitrogen) andviewed using fluorescent microscopyAxio Imager.Al) at
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400x magnification. In both casesmages were captured using Axiovision release 4.7.1
software (Carl Zeiss, GermanyAliquots were removed, plated on MHA and incubated
aerobically to check for contaminatiofthe remaining media was removed from all wells
andwells washedour times with PBS, plates inverted and dried in a 42°C incubator for 15
minutes. 1% crystal violet was added to wells and the plates placed on a rotary shake
(Stuart Scientific S03) at room temperature for 10 minutes aré\&flutions peminute

(rpm). Crystal violet was then removed and wells wasloen times with PBS. Plates

were again inverted and dried for 15 minutes before 70% ethanol was added to wells to
elute the crystal violet stain and plates placed again on a rotary shaki€ foinutes.

ODgoo Was then measured using a BMG LabT-ettoStarOptima plate reader. If values
were above the maximum detected by the plate reader, then 1:2 and 1:5 dilutions were
made in water from appropriate wells, the values correatedrding tahe dilution factor

and the average of both dilutions taleenthe final result

2.2.8 Adhesion and Invasion

In all of the references stated below, DMEM was supplemented with 10% foetal calf serum
(FCS; Gibco). C. jejuni81-176 was harvested from overnigplate growths into DMEM

and the suspension diluted as required in fresh DM&dé& below) Pantoprazole for use

in these experiments was dissolved and further diluted, when required, in PBS with PBS

alone being used for no PPI controls.

Caco?2 cells weregrown inDMEM. The cells were grown routinely irented cagissue
culture flasks (Corning) at 37°C in a 5% g£6@umidified atmosphere. For all assays,

12 well tissue culture plates (Corning) were seeded with approximat&ly sells per ml,

and incubatd until fully confluent (usually around 48 hours). Before infection with
C.jejuni the monolayers were covered with 1 ml fresh DMEM. Approximatedy0i
CFU/ml of C. jejuniin DMEM was added to monolayers with pantoprazole or PBS alone
being added to dinal concentration of 000, 500, 250 or O /ml. The infected
monolayers were incubated for 4 hours before 5 ul aliquots were stabbed into SSA and
motility following exposures to varying PRconcentrations assessed describedin
Section2.2.6 Serial dilutions were also prepared from the wells to ensure PPI exposure
concentrations tested did not significantly alter the CFU/ml surviving the PPI exposures.

For measurement of adhesion, the infected mondayere incubated for Hours and then
gently washedthree times with PBS, before being lysed using 1% (v/v) Tritorl00
(Sigma) in water and ten fold serial dilutions made in PBS. Teau aliquots of each

dilution were plated on MHA + B and agar platesubated for 48 hours in the VAIN to
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enumerate and calculate CFU/ml. For measurement of invasion, the infecteldyaon

were incubated for Bours as for the adhesion assay and thamntly washedthreetimes

with PBS, before adding DMEM containinggentami n ( Si gma) 200 ¢g
kill any extracellular bacteria. Following incubation with gentamicin the infected
monolayers weregyently washed, lysed and serial dilutions plated as desciibedhe

adhesion assay

The total number of bacterisssociated with the monolayers (adhered and internalised)
was determined using the method described first above and internalised only bacterie
determined by using gentamicin in the invasion assay. The difference between the tota
number of associated bagtgeand the number of intracellular bacteria was calculated to
obtain the number of adhere@t jejuni Onemg/ml (or 1,000 pg/ml) final concentration

of pantoprazole, dissolved in PBS and added to wells containing fully confluer2Caco
cells in DMEM, fa 12 hours looked microscopically indistinguishable from Caaells

not exposed to PPI. So the presence of PPI in the assay over dikelurdidl not affect

the cell morphology.

2.2.9 Electron Microscopy

Following exposure, for 24 hours, @f jejuni to vaious concentrations of pantoprazole,
50 pl aliquots were removed and fixed for 1 hour at room temperature, in 2.5%
glutaraldehyde in 0.1 M phosphate buffer. They were then ritisegk times, for

5 minutes each, with 0.1 M phosphate buffer. Specimems then fixed for 1 hour in 1%
osmium tetroxide. Aftethree 10 minute washes with distilled water, specimens were
dehydrated through an ascending series of acetone solutions (30),300 and 100%)
twice for 10minutes each. Specimens were then died critical point dryer (Polaron
E3000) for 80 mintesand mounted on stubs using doubided copper tape and silver
paint. A Polaron SC515 SEM coating system was used to coat the specimens with gold
palladium (20 nm thickness) and they were viewedaofEOL 6400 scanning electron

microscope.

2.2.10 Replicates and Data Analysis
Each assay was conducted in triplicate and was independently repeated atitsast tw
Results are expressed means +/ standard deviationsSD; error bars) ofall replicate

experimats. The unpaired Students t test was used to determine statistical significance. A

P value of> 0.01 but< 0.05 was considered significarit)(and a Pralue of <0.01 highly

significant {*).
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2.3 Results

2.3.1 Growth on Solid Agar

Various prepared concentrat®of pantoprazole wergatted onto plates inoculated with a
lawn of C. jejunito visually determine whether the PPI pantoprazole was able to inhibit the
growth of Campylobacter At a concentration of 20 mg/ml pantoprazde 20,000 pg/ml)

a clear zon@f inhibition was visible in the agaFigure 7a) and zones of inhibition were
observed down to 8 mg/nfbr 8,000 pg/ml)pantoprazoleRigure 7b), with the edges of

the zoms becoming progressily less clearly defined as thePI concentrationwas
lowered. At 4mg/ml pantoprazole (or 4,000 pug/mip inhibition was observed and the
growth ofC. jejuni was undisturbedr{gure 7b) as t was for the no PPI controlThe PPI
appeared not to diffuse through the agar and inhibition was limited to the area of direct

exposure.

Figure 7. The PPI pantoprazole inhib&the growth of Cjejuni. Pantoprazole solution,

at the concentrations (mg/ml) indicated in white text above the relevant spots, was spottec
onto a lawn of C. jejuni strain 8176. Plates were then incubated for 24 hours before
being inspected for zones of inhibition.

Similar resllts were observed, with mg/ml concentrations of PPI inhibitireggrowth of
C.jejuni strains 11168 and 81116 (data not shown). Direct inhibition of the growth of
multiple strains of C. jejuni, observed using simple spot testing, prompted further
investigation using sindard methods for MIC and MBd&termination

2.3.2 Pantoprazole Minimum Inhibitory Concentration and Minimum
Bactericidal Concentration
A standard MIC is determined by visually inspecting broth cultures, at various drug

concentrations, for thlowest concentration at which growth inhibition can be observed,
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indicated by the lack of turbidity caused by bacterial grofwvim Alphenet al, 20139.

In some cases, a more objective result can be obtained by using an automatic plate read:
to measure theptical density ©D) (Bambaet al, 1997. Broth microdilution was used to

try and determine the pantoprazole MIC f@riousstrains ofC. jejuni. The maximum
achievable pantoprale concentration in water was 40 mg/ml (personal observations)
hence the maximum final PPI concentration in a standard broth MIC or MBC experiment,
where equal volumes of bacterial suspension are mixed with an equal volume of the tes
agent, was 20 mg/ml Results inFigure 8 show that an MIC cannot be accurately
determined for pantoprazole. Insteafturbidity increasing as thdrug concentration
decreases (as is normally the case in an MIC experiment) theitp true and the

presence of the PPI itself causes an increase in turbidity

Effect of Pantoprazole on Culture Optical Density
~ 2 ]
€ 1.8 -
c
o 1.6 1
3 1.4 -
> 1.2 4
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T
S 0.4 -
2002 - T a T
© ). l o - I M

2500 1250 625 313 156 10 5 2
Pantoprazole Concentratlon (ug/ml)
a

Final Pantoprazole Concentrationper Well (mg/ml)
2.5 125 063 031 0.16

Figure 8. Turbidity cannot be used to determiniee MIC of pantoprazoléor wild-type

C. jejuni strains. C. jejuni strain 111680 was exposed to halving dilutions of PPI, in a
broth microdilution experiment, for 24 hours, before d@Dwas determined (a).
Pantoprazole above 10 mg/ml comes out of swiudifter prolonged incubation and above
1.25 mg/ml a yellow colour develops, making it difficult to determine where lack of
turbidity is due to lack of bacterial growth)(b
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It was found that, foll owing 24 hour s i
pantoprazol e, a yellow colour devel oped
10,000ug/ml) problems with solubility developedriure 8). This made it difficult to
determine a MIC by visual inspection or by reading the OD spectrophotometrically as
cloudiness in the wells occurred at high PPl concentrations. Results show that ODs are
much higher at high concentrations of PPI thaenefor the no PPI positive control.

In order to determine if the turbidity at high concentrations of PPl was due to solubility
iIssues in MHB, the same test method was employed substituting MHB with MEM, DMEM
or TSB. In all cases the results were similarthose achieved using MHB (data not
shown) and an MIC could not be reliably determined either using an automatic plate readel
or by visually inspecting wells. For this reason, MHB continued to be used for subsequent

bacterial growth experiments, inciag MBC determinations.

The MBC is the concentration at which > 99.9% of a bacterial population are killed and
this can be determined by exposing strains to varying concentrations of a drug and ther
plating aliquots onto agar which is free from the drumdpaested(van Alphenet al,

2012. MBC results obtained using broth microdilution for various strair(S. ggjuni are

shown inTable 8.

Table8. The MBC of the PPI pantoprazole for different strains of {@juni falls within
a similar range.

Pantoprazole MBC (mg/ml)

Cétjgiunm 4 Hour Exposure 24 Hour Exposure

111680 3.30 +£1.30 4.502.00 0.83 ++£0.32 0.631.25
81-176 2.90 +£1.00 4.002.00 0.93 +/0.34 0.631.25
81116 3.30 +£1.30 4.50-2.00 0.99 +/£0.42 0.631.25

Following exposure to PPl in MHB for 4 or 24 hours in an MICeaskpent,10 pl aliquots
were removed from the wells and spotted onto MHA + B plates to determine the MBC.

These data support the observatioriFigure 7 that direct contact betwedd. jejuni and

the PPI pantoprai® is deleterious t@ampylobactersurvival. The PPl MBC following

4 hours exposure was found to be 3.3 mg/ml (or 3,300 pg/mijworof the C. jejuni
strains tested and 2.9 (or 2,900 pg/ml) for anotfable 8). The concentration required

to kill lowers when the exposure time is extended, such that following 24 hours exposure,

around 1 mg/ml (or 1,000 pg/ml), is bactericidaligejuni strains Table 8).
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Following exmsure to concentrations of PPl above 1.25 mdjonl 1,250 pg/ml)for
24 hours, no liveCampylobactercould be revived when aliquots were removed and
inoculated into fesh broths containing no PBhd incubated for another 24 hours in the

absence of PPI

Neither S. Typhimurium or Lactobacillus sp. demonstratedany susceptibilityto PPI
(Table 9) and the bacterial populatismwereable to survive exposures up to 20 mg(orl
20,000 pg/ml)pantoprazolewhich isover 20« the MBC forC. jejuni. A similar nunber

of colonies were isolated from 10 pl aliquots that had begmsed to 20 mg/ml (or
20,000pg/ml) pantoprazole for 24 hours as were isolated from the no PPI control
(Figure 9).

Table9. The PPIlpantoprazole does not kill S.yphimurium or Lactobacillus

‘ . I Pantoprazole MBC (mg/ml)
Strain

24 Hour Exposure
S.Typhimurium SL1344 > 20 > 20
Lactobacillussp. > 20 > 20

Following exposure to PPl in MHB for 4 or 24 hours in an MIC experiment, aliquots were
removel from the wells and spotted onto MHA + B plates to determine the MBC.

Figure 9. Lactobacillus displays no susceptibility to pantoprazole up to a concentration
of 20 mg/ml (or 20,000 pg/ml). Lactobacillus sp. in MHB were egped to varying
concentrations of pantoprazol@s indicated in pg/ml in the white text above individual
spots)for 24 hours before 10 pl aliquots were removed and plated onto MHA + B. Plates
were incubated aerobically for 24 hours before being examioedhie presence of
Lactobacillus and photographed using a Gel Doc system.

58|Page



2.3.3 Survival Studies

To investigate if exposure to PPI at concentrations lower than the MBC had an effect on
C.jejuni survival samples were diluted in PBS and remaining viable bactsere
enumerated, following exposure to various concentrations of f&tP# or 24 hours
Results inFigure 10a show that following 4 hours PPI exposure thegesmore variability

in the susceptibility ofC. jejuni strains, but following 24 hours exposure, multiple strains

of C.jejuni show very similar susceptibility patterngigure 10b). At the higher
concentrations of pantoprazole tested, there are f&wvgejuni suwiving than at lower
concentrationsKigure 10a andb). In Figure 10b where strainfiadbeen exposed to the

PPI for 24 hours themwasno bacterial survival above 1.25 md/(or 1,250 pg/mli¥or any

of thethreeC. jejuni strainstestedand this was to be expectas this exceeds the MBC.

Having determined that. jejuni waskilled by exposure to mg/ml concentrations of PPI,
experiments were performed usiBgTyphimuriumto investigate whether another, ron
spiral, Gram negative enteric pathogen might be similarly affected. Res#iguie 11
show that even following 24 hours exposure to concentrations of fBl timeshigher
than those required to KilC. jejuni, no effect onS.Typhimurium survival was evident.
This is in support of the MBC data Section2.3.2 where the MBCof pantoprazole was
> 20 mg/ml (or 20,000 pg/mipantgrazole forS. Typhimurium
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4 Hour PPl Exposure
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Figure 10. Exposure to the PPI pantoprazole affects C. jejuni strain survival in a dose
dependent manner.Aliquots were removed, serially diluted anghdving bacteria were
calculated follaving exposurén MHB to varying concentrations of PPI for 4 hours (a) or
24 hours (b).
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Figure 11. Exposure tathe PPI pantoprazole does noffact S. Typhimurium survival.
Aliquots were removed, serially diluted anghsving bacteria were calculated following
exposure to varying concentrations of PPI for 24 hours.

2.3.4 Motility Testing

Experiments werperformedusing soft agar motility to determine whether exposure to sub
lethal levels of PPI could interfere with the motiliof C.jejuni. Results inFigure 12
confirm that exposure to PPI does inhibit the motility Gf jejuni strains as motility

decreaseasthe PPlconcentrationncreases.

At the same time as the testing wasformedto assess the motility dE. jejuni strains,

serial dilutions were made to determine the numbers of bacteria surviving the exposures t
the various PPI concentrations. Rigure 10a, the log CFU/mI counts for strain 11168
(shown inblue) remains gite deady from the concentration 0 to 31§/ml. Yet when the
motility of these surviving bacteria was measuré&dgire 12) a highly significant
difference inthe motility of 111680 exposed to 318g/ml wassee compared to the no

PPl exposed control (P.3:0046). Following exposureof 111680 to 625, 313 and

156 ug/ml pantoprazole for Bours, the average zone diameter was found to be 0, 5.3 and
13.3 mm respectively whilst the remaining viable CFU/ml werexli0§ 3.0x10" and
3.5x10’ respectively.
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Figure 12. Exposure to the PPI pantoprazole adversely affects C. jejuni motility.
C.jejuni strain 111680 was exposed to PPI at0DO (a),500 (b) and Opg/ml (c) for

4 hours before aliquots were stabbedo 0.4% SSA. Three strains of Cjejuni were
exposed to various concentrations of the PPl pantoprazole for 4 (d) or 24 hours (e) before
having 1 €l alSSA PRlatds sveresthiena inchbatdd far 48thaurs before the
diameters of the zones were measured in mm raadn +/ SD plotted Levels of
significance, as indicated By (P value > 0.01 but < 0.09r ** (P value < 0.01)elate to

the individual test conditions compared to the no PPI control for the sawaie.
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Similar experiments performed usingalmonellain contrast, dund that Salmonella

motility was not affected by exposure to PRHg(re 13).

24 Hour PPl Exposure
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d

Figure 13. Exposure to the PPl pantoprazole doenot affect the motility of

S. Typhimurium. S. Typhimurium strain SL1344 was exposed to PP1,a0@(a), 500 (b)

and Oug/ml (c) for 4 hours before aliquots were stabbed into SSA. SL1344 was exposed tc
various concentrations of the PPI pantoprazole forh2d ur s ( d) before
aliquots $abbed into SSAPIlates were then incubated for 24 hours beforedthmeter of

the zones waseasured in mm andean +f SDplotted.

2.3.5 Biofilm Formation

Crystal violet assays were used to assess the abiliB jefuni (pre-exposed to PPI for

2 hourg) to then form biofilms. Microscopy was also used to visualise the biofilm, with
and without staining. Results iigure 14 show that in the absence of PRI, jejuni
producedmore biofilm at 48 hours than at 24 hours and still more at 72 hthasl(ie,

red and bars onthe far right of the graph At 24 hours there vgano significant
difference in the ability to form biofilnat any of the concentrations of PPI tes{ed.e
bars) but the ofilm formed in only 24 hoursvasquite small, even fothe no PPI control.
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At 48 hours howevefred bars) compared to the no PPI control, {engposure to 500, 250
and 125 pg/ml PPIdr 2 hours significantly reduceability to form biofilm (P = 0.005,
P=0.003 and P = 0.011 respectively). At 72 ho(rs bars) preexposure to
500pug/ml PPI for 2 hoursvas the only concentration to sifjpnantly decrease biofilm
(P=0.021) Similar results were seen @rjejuni111680 and 81176, with preexposure

to some PPI concentrations affecting ability to fdmafilm (data not shown).

Biofilm Formation After 2 Hour PPl Exposure
12
‘10 -
c *
o
o 87 *
> *% *%
‘» 6 1 m 24 Hour
c
8 [ [ [ = 48 Hour
— 4 A
.S 72 Hour
& 21 T
I T T
0 ' T T T
500 250 125 0
Pantoprazole Concentration (nug/ml)

Figure 14. Effect of preexposure to the PPl pantoprazole on the ability ofj€§uni to
form biofilm. C. jejuni strain 81116 was exposed to varying concentrations of PPI in
MHB for 2 hours befee PPI was removed by pelleting and washing bacteria. Samples
were then resuspended in fresh broth and corrected to the sarg® Bddore being
allowed to form biofilm in wells &6 wellmicrotitre plates for 24, 48r 72 hours. Levels

of significanceas indicated by (P value> 0.01 but < 0.0 or ** (P value< 0.01)relate
to the individual test conditions compared to the no PPI corfitnothe same incubation
time

Results inFigure 14 indicate that biofilm formation at 48 hours was most affebtegre
exposure to PPl anigure 15 shows that these results were confirmed using microscopy.
The no PPI control shows a dense structured biofilm using fluorescent microscopy
(Figure 15f) and multiple patches of heavily clumped bacteria using inverted light
microscopy Figure 15¢). C.jejuni preexposed to 25Qg/ml displays disruption to the
biofilm with fewer patches of heavilgilumped bacteria and large spaces between clumps
(Figure 15c and d). C.jejuni preexposed to 500 pg/ml shows no apparent biofilm
structure with individual bacterial cells rather than clumps or structured biofilm
(Figure 15a andb).
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Figure 15. Pre exposure to the PPI pantoprazole for 2 hours affects C. jeplility to

form biofilm at 48 hours. C. jejuni 81-:176 was exposed &0 (a and b)250 (c and d)

and Oupg/ml (e and f) pantoprazole iIMHB for 2 hours beforebeing allowed to form
biofilm in wells 0f96 well microtitre plates for 48 hours. Biofilms weviewed using a
normal inverted light microscope at x400 magnification (a, ¢ and e) and stained with
Ll VE/ DEADE BaclLightE stain then viewed u
x400 magnification.

2.3.6 Adhesion and Invasion

Gentamicin protectionssays were used to determinexposure to PPI affest ability of
C.jejuni to adhere to and/or invade Ca2caells. Caco2 cells originated from a human
colonic adenocarcinom@ouwenet al, 2012 and form polarised monolaye(Briis et al,

2005 which can be used as models for the absorptive epithelial cells of the gut
(MacCallumet al, 2005. Results inFigure 16 show thatthe decrease in adherent

C. jejuni on exposure to pantoprazole does not reach statistical significdheereduction

in invasion of Cac& cells washighly significant at all concentrations of PPI tested
(Figure 16). The P values for 250, 500 and 1,000 pg/ml pantoprazole exposed versus the
no PPI exposethvasioncontrol were 0.0009, 0.0@08and 0.0006respectively.
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Figure 16. Exposure to the PPI pantoprazole significantly decreases invasion of Gaco
cells by Cjejuni. Fully confluent monolayers of Ca&cells weranfected withC. jejuni
81-176 at varying concetrations of PPIfor 4 hours before adherent and invaded

organisms \ere quantified Levels of significance, as indicated #% (P value < 0.01)
relate to the individual test conditions compared torievantno PPI control.

2.3.7 Electron Microscopy

Results inFigure 17a show that polonged exposure to concentrations of pantoprazole
well above the MBC causé&3 jejunito change into atypical coccal forms which have lost
their flagella. At aroundwo timesthe MBC (igure 17b) we seethe poplation is a
mixture of cells in typical spiral morphologgpmewith intact long smooth flagella avade

also seatypical coccal forms which have shortened or absent flagella. In some cells we
see evidence of membrane blebbing (indicated by a white amrBigure 17b). When the

PPI concentrationthat C. jejuni has been exposed,ts lowered to below the MBC
(Figure 17¢), we find that most of the population is in typical spiral morphology with a
few coccal formsalso being presentC. jejunicells which have not been exposed to PPI
(Figure 17d) appear spiral, with intact flagella and smooth, bleb free membranes. Similar

results were also obtained for strains1gb and 8116 (data not shown).
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Figure 17. Prolonged exposure
to high concentrations of PPI
affects C. jejuni morphology.
C.jejuni 111680 in MHB was
exposed to 10,000 (a), 2,000 (k
600 (¢) and O pg/ml (d
pantoprazole for 24 hours
Morphology  switches  fron
atypical coccal forms following
exposure to high concentratior
of PPl to more typical spiral
morphology at low PPI
concentrations. A white arrow
is used to highlight membran
blebbing.














































































































































































































































































































































































