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Figure	
   1-­‐2:	
   Transmission	
   routes	
   of	
   O157:H7.	
   Cattle	
   are	
   the	
  major	
   source	
   of	
   O157:H7,	
   although	
   its	
   high	
  

prevalence	
  in	
  other	
  farm	
  animals	
  has	
  been	
  reported.	
  Direct	
  transmission	
  from	
  animals	
  to	
  humans	
  can	
  occur	
  

by	
   contact	
   (farms,	
   petting	
   zoos),	
   although	
   the	
   majority	
   of	
   outbreaks	
   have	
   been	
   caused	
   by	
   ingestion	
   of	
  

O157:H7-­‐contaminated	
   food,	
   such	
   as	
  meat,	
   dairy	
   products,	
   fruit	
   and	
   vegetables.	
   Contamination	
   of	
   crops	
  

occurs	
  through	
  faecal	
  contamination	
  from	
  animals,	
  such	
  as	
  the	
  use	
  of	
  manure	
  in	
  fertiliser.	
  

	
  

Human	
  and	
  animal	
  wastewater	
  is	
  thought	
  to	
  be	
  responsible	
  for	
  contamination	
  of	
  aquatic	
  

environments,	
  including	
  drinking	
  and	
  recreational	
  water.	
  Detection	
  rates	
  have	
  estimated	
  

that	
  one	
   in	
  a	
   thousand	
   faecal	
  coliforms	
   in	
  human	
  sewage	
  carries	
   the	
  stx	
  gene,	
   rising	
   to	
  

one	
   in	
   a	
   hundred	
   in	
   agricultural	
   animal	
   sewage,	
   and	
   even	
   higher	
   in	
   wastewater	
   from	
  

sources	
  such	
  as	
  slaughterhouses	
  and	
  agricultural	
  waste	
  disposal	
  sites	
  (reviewed	
  by	
  Mauro	
  

&	
  Koudelka,	
  2011).	
  

	
  

1.2.2	
  O157:H7	
  and	
  human	
  disease	
  

	
  

Infection	
  by	
  O157:H7	
  can	
  result	
  in	
  a	
  wide	
  range	
  of	
  effects,	
  from	
  asymptomatic	
  to	
  watery	
  

diarrhoea,	
   HUS,	
   and	
   thrombotic	
   thrombocytopenic	
   purpura	
   (TTP).	
   In	
   the	
   majority	
   of	
  

clinical	
   manifestations	
   of	
   O157:H7	
   infection,	
   disease	
   is	
   mild	
   with	
   abdominal	
   pain	
   and	
  

watery	
   diarrhoea	
  occurring	
   3-­‐4	
   days	
   after	
   infection.	
   In	
   patients	
  with	
   severe	
   symptoms,	
  

major	
  transmission	
  route	
  
minor	
  transmission	
  route	
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blood	
   in	
   the	
   faeces	
   can	
   vary	
   from	
   streaked	
   stools	
   to	
   pure	
   (100%)	
   blood,	
   with	
   this	
  

symptom	
  more	
  commonly	
  observed	
  in	
  O157:H7	
  than	
  other	
  EHEC	
  infections.	
  Illness	
  is	
  not	
  

accompanied	
   by	
   fever,	
   and	
   usually	
   resolves	
   within	
   a	
   week.	
   Approximately	
   2-­‐15%	
   of	
  

people	
  infected	
  with	
  O157:H7	
  go	
  on	
  to	
  develop	
  HUS,	
  and	
  children	
  are	
  particularly	
  at	
  risk	
  

of	
   this	
   disease,	
  with	
   15%	
  of	
   children	
   under	
   10	
   years	
   of	
   age	
  with	
   an	
  O157:H7	
   infection	
  

developing	
  HUS	
  (Tarr	
  et	
  al.,	
  2005).	
  O157:H7	
  is	
  the	
  most	
  common	
  cause	
  of	
  HUS,	
  and	
  this	
  

disease	
   is	
   responsible	
   for	
   the	
  majority	
  of	
   acute	
   renal	
   failure	
   in	
   children	
   in	
   the	
  Western	
  

world	
  (Noris	
  &	
  Remuzzi,	
  2005).	
  EHEC-­‐associated	
  HUS	
  is	
  caused	
  by	
  bacterial	
  production	
  of	
  

the	
   Shiga	
   toxin,	
   which	
   produces	
   widespread	
   thrombotic	
   microvascular	
   lesions	
   in	
   the	
  

kidney	
  with	
  subsequent	
   red	
  blood	
  cell	
  destruction	
  and	
  prevention	
  of	
  blood	
  and	
  oxygen	
  

supply,	
  eventually	
  resulting	
  in	
  loss	
  of	
  tissue	
  function	
  and	
  organ	
  failure.	
  	
  

	
  

The	
   severity	
   of	
   disease	
   varies	
   between	
   O157:H7	
   outbreaks,	
   due	
   to	
   differences	
   in	
   the	
  

virulence	
   of	
   the	
   strains	
   involved.	
   Some	
   particularly	
   severe	
   outbreaks	
   include	
   the	
   1996	
  

Sakai	
   outbreak	
   in	
   Japan,	
   caused	
   by	
   contamination	
   of	
   radish	
   sprouts	
   which	
   caused	
   12	
  

deaths	
  and	
  left	
  thousands	
  ill	
  (Michino	
  et	
  al.,	
  1999),	
  and	
  the	
  2006	
  North	
  American	
  spinach	
  

outbreak	
   which	
   resulted	
   in	
   3	
   deaths	
   and	
   hospitalisation	
   of	
   half	
   of	
   the	
   people	
   who	
  

reported	
   symptoms	
   (Grant	
  et	
   al.,	
   2008).	
   There	
   is	
   a	
   high	
   economic	
   cost	
   associated	
  with	
  

O157:H7	
   disease;	
   the	
   annual	
   cost	
   in	
   the	
   USA	
   is	
   estimated	
   to	
   be	
   $405	
   million,	
   which	
  

includes	
  medical	
  care,	
  lost	
  productivity,	
  and	
  premature	
  deaths	
  (Frenzen	
  et	
  al.,	
  2005).	
  The	
  

cost	
   of	
   individual	
   outbreaks	
   varies	
   greatly	
   by	
   size,	
   severity,	
   and	
   incidence	
   of	
   HUS.	
   The	
  

1994	
  West	
  Lothian	
  outbreak	
  in	
  Scotland	
  cost	
  approximately	
  £3	
  million	
  at	
  the	
  time	
  of	
  the	
  

outbreak,	
   but	
   its	
   projected	
   cost	
   as	
   a	
   consequence	
   of	
   long	
   term	
   damage	
   to	
   health	
  was	
  

predicted	
  to	
  be	
  over	
  £11	
  million	
  over	
  the	
  next	
  30	
  years	
  (Roberts	
  et	
  al.,	
  2000).	
  Although	
  

the	
  yearly	
  number	
  of	
  reported	
  O157:H7	
  infections	
  is	
  significantly	
  lower	
  than	
  that	
  of	
  other	
  

enteric	
  pathogens	
  such	
  as	
  Salmonella	
  or	
  Campylobacter	
  (Figure	
  1-­‐3),	
  O157:H7	
  is	
  treated	
  

as	
  a	
  major	
  health	
  concern	
  due	
  to	
  its	
  higher	
  hospitalisation,	
  HUS	
  risk,	
  and	
  mortality	
  rate.	
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Figure	
   1-­‐3:	
   Annual	
   reported	
   O157:H7,	
   Campylobacter	
   and	
   Salmonella	
   cases	
   in	
   England,	
   Scotland,	
   and	
  

Wales.	
   The	
   average	
   annual	
   reported	
   cases	
   between	
   2008-­‐2012	
   were	
   1,186	
   for	
   O157:H7,	
   66,165	
   for	
  

Campylobacter,	
   and	
   9,882	
   for	
   Salmonella.	
   Data	
   was	
   obtained	
   from	
   Public	
   Health	
   England	
  

(https://www.gov.uk/government/organisations/public-­‐health-­‐england)	
   and	
   Health	
   Protection	
   Scotland	
  

(http://www.hps.scot.nhs.uk/).	
  

	
  

1.2.3	
  O157:H7	
  virulence	
  factors	
  

	
  

Pathogenic	
  E.	
  coli	
  carry	
  a	
  range	
  of	
  virulence	
  factors	
  that	
  allow	
  them	
  to	
  colonise,	
  survive,	
  

and	
   cause	
   disease	
   in	
   their	
   human	
   host.	
   The	
   genes	
   encoding	
   many	
   of	
   these	
   can	
   be	
  

transferred	
   horizontally	
   between	
   different	
   strains	
   of	
   E.	
   coli,	
   enabling	
   dissemination	
   of	
  

virulence	
  factors	
  between	
  different	
  phylogroups.	
  This	
  can	
  result	
  in	
  the	
  acquisition	
  of	
  new	
  

virulence	
  properties,	
  potentially	
  leading	
  to	
  the	
  emergence	
  of	
  novel	
  E.	
  coli	
  pathotypes,	
  as	
  

seen	
  by	
  the	
  O104:H4	
  strain	
  responsible	
  for	
  the	
  recent	
  2011	
  outbreak	
  in	
  Germany.	
  

	
  

As	
  in	
  other	
  EHEC	
  strains,	
  the	
  production	
  of	
  Shiga	
  toxin	
  in	
  O157:H7	
  is	
  associated	
  with	
  the	
  

development	
  of	
  HUS.	
  The	
  Type	
  3	
  Secretion	
  System	
  (T3SS)	
  is	
  another	
  important	
  virulence	
  

factor	
   that	
  mediates	
   intimate	
  attachment	
  of	
  bacteria	
   to	
  enterocytes,	
   and	
   is	
   carried	
  not	
  

only	
  by	
  EHEC	
  strains	
  but	
  also	
  by	
  EPEC,	
  Shigella,	
  Salmonella,	
   and	
  Yersinia	
   species.	
  Other	
  

virulence	
   factors	
   expressed	
   by	
   O157:H7	
   include	
   the	
   flagella,	
   long	
   extracellular	
  

appendages	
  that	
  provide	
  motility	
  but	
  also	
  have	
  sensory	
  and	
  adherence	
  functions	
  (Girón	
  

et	
   al.,	
   2002),	
   and	
   the	
   putative	
   virulence	
   plasmid	
   pO157,	
   carried	
   by	
   all	
   clinical	
   isolates,	
  

which	
   contains	
   many	
   different	
   mobile	
   genetic	
   elements	
   such	
   as	
   prophages	
   and	
  

transposons.	
   The	
   focus	
   of	
   this	
   thesis,	
   however,	
   will	
   be	
   centered	
   on	
   just	
   two	
   of	
   these	
  

virulence	
  factors:	
  the	
  Shiga	
  toxin	
  and	
  the	
  Type	
  3	
  Secretion	
  System.	
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100

101

102

103

104

105

year

an
nu

al
 re

po
rte

d 
ca

se
s

O157:H7
Campylobacter
Salmonella



1.	
  INTRODUCTION	
  

	
   13	
  

1.3	
  Shiga	
  toxin	
  

	
  

The	
   pathogenesis	
   of	
   haemorrhagic	
   colitis	
   and	
   HUS	
   is	
   dependent	
   on	
   the	
   production	
   of	
  

Shiga	
  toxin,	
  a	
  family	
  of	
  related	
  toxins	
  essential,	
  though	
  not	
  solely	
  responsible	
  for	
  disease.	
  

Stx	
   from	
   Shigella	
   dysenteriae	
  was	
   first	
   identified	
   over	
   a	
   hundred	
   years	
   ago	
   by	
   Kiyoshi	
  

Shiga,	
   and	
   subsequently	
   found	
   to	
  be	
  expressed	
  by	
  EHEC	
   strains	
   in	
  1983	
   (O’Brien	
  et	
  al.,	
  

1983).	
  	
  

	
  

1.3.1	
  Stx	
  structure	
  and	
  mechanism	
  of	
  action	
  

	
  

Stx	
   belongs	
   to	
   the	
   AB	
   family	
   of	
   toxins,	
   in	
   which	
   one	
   A	
   subunit	
   and	
   five	
   B	
   subunits	
  

associate	
  to	
  form	
  an	
  active	
  toxin.	
  Within	
  the	
  AB5	
  holotoxin	
  structure,	
  enzymatic	
  activity	
  is	
  

located	
   in	
   the	
   single	
   A	
   subunit,	
   while	
   the	
   binding	
   activity	
   is	
   associated	
   with	
   the	
  

pentameric	
  B	
  domain.	
  This	
  structure	
  binds	
  to	
  the	
  Gb3	
  receptor,	
  expressed	
  by	
  Paneth	
  cells	
  

in	
   the	
   intestinal	
   mucosa	
   and	
   by	
   kidney	
   epithelial	
   cells,	
   allowing	
   clathrin-­‐dependent	
  

endocytosis	
   of	
   the	
  A	
   subunit.	
   The	
   internalised	
  A	
   subunit	
   is	
   then	
  proteolytically	
   cleaved	
  

into	
  two	
  parts,	
  A1	
  (27.5	
  kDA)	
  and	
  A2	
  (4.5	
  kDA),	
  which	
  remain	
  covalently	
  associated	
  by	
  a	
  

disulphide	
   bond	
   until	
   the	
   two	
   cysteine	
   residues	
   are	
   reduced	
   (Olsnes	
   et	
   al.,	
   1981).	
   N-­‐

glycosidase	
  activity	
  within	
  the	
  A1	
  subunit	
  enables	
  it	
  to	
  cleave	
  a	
  single	
  adenosine	
  from	
  the	
  

28S	
  ribosomal	
  RNA	
  of	
   the	
  60S	
  ribosomal	
  subunit,	
  an	
  enzymatic	
  activity	
  shared	
  with	
   the	
  

plant	
   lectin	
   ricin	
   (Endo	
   et	
   al.,	
   1988),	
   preventing	
   binding	
   of	
   elongation	
   factor	
   to	
   the	
  

ribosome	
  and	
  thus	
  inhibiting	
  protein	
  synthesis,	
  resulting	
  in	
  cell	
  death	
  by	
  apoptosis	
  (Figure	
  

1-­‐4).	
  Stx	
  is	
  also	
  capable	
  of	
  interacting	
  with	
  other	
  non-­‐epithelial	
  cells,	
  and	
  can	
  affect	
  renal	
  

tubular	
  cells,	
  mesangial	
  cells,	
  monocytes	
  and	
  platelets.	
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Figure	
   1-­‐4:	
  Mechanism	
  of	
   action	
   of	
   Stx.	
  The	
  B	
  subunits	
  of	
  Stx	
  bind	
   to	
   the	
  host	
   receptor	
  Gb3	
  on	
   the	
  cell	
  

surface,	
  allowing	
  the	
  A	
  subunit	
  of	
  Stx	
  to	
  be	
  internalised.	
  Inside	
  the	
  host	
  cell,	
  the	
  A	
  subunit	
   is	
  cleaved	
  into	
  

two	
  parts,	
  and	
  the	
  A1	
  component	
  cleaves	
  a	
  specific	
  adenine	
  residue	
  from	
  the	
  ribosome,	
  disrupting	
  protein	
  

synthesis	
  and	
  thus	
  leading	
  to	
  cell	
  death.	
  

	
  

1.3.2	
  Stx	
  variants	
  

	
  

Stx	
  produced	
  by	
  EHEC	
  strains	
  are	
  differentiated	
  into	
  two	
  types	
  that	
  share	
  55%	
  sequence	
  

homology	
   (Fraser	
   et	
   al.,	
   2004):	
   Stx1,	
   which	
   shares	
   very	
   high	
   homology	
   with	
   Shigella	
  

dysenteriae,	
   and	
   Stx2,	
   which	
   is	
   structurally	
   similar	
   to	
   Stx1,	
   but	
   antigenically	
   distinct.	
  

O157:H7	
   can	
   carry	
   genes	
   encoding	
   both	
   forms	
   of	
   the	
   toxin,	
   although	
   it	
   is	
   Stx2	
   whose	
  

expression	
   is	
   more	
   strongly	
   associated	
   with	
   the	
   production	
   of	
   bloody	
   diarrhoea	
   and	
  

higher	
  risk	
  of	
  HUS.	
  Within	
  each	
  group,	
  Stx	
   is	
  classed	
   into	
  variants	
   (Table	
  1-­‐1)	
  that	
  differ	
  

from	
  each	
  other	
  in	
  biological	
  and	
  immunological	
  reactivity,	
  with	
  the	
  Stx2	
  group	
  displaying	
  

a	
   higher	
   level	
   of	
   heterogeneity	
   compared	
   to	
   the	
   Stx1	
   group.	
  Only	
   the	
   genes	
   for	
   Stx1a,	
  

Stx1d,	
  Stx2a,	
  and	
  Stx2c	
  have	
  been	
  identified	
  in	
  O157:H7	
  isolates.	
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Table	
  1-­‐1:	
  Stx	
  types	
  and	
  variants.	
  Stx	
  variants	
  found	
  in	
  O157:H7	
  are	
  underlined.	
  Adapted	
  from	
  Pacheco	
  and	
  

Sperandio	
  (2012)	
  and	
  Scheutz	
  et	
  al.	
  (2012).	
  

Stx	
  type	
   Variants	
  

Stx1	
   Stx1a,	
  Stx1c,	
  Stx1d	
  
Stx2	
   Stx2a,	
  Stx2c,	
  Stx2d,	
  Stx2dact,	
  Stx2e,	
  Stx2f,	
  Stx2g	
  

	
  

	
  

The	
  most	
  virulent	
  Stx2	
  variants	
  are	
  Stx2c	
  and	
  Stx2dact.	
  Two	
  amino	
  acid	
  changes	
  in	
  the	
  B	
  

subunit	
   of	
   Stx2c	
   reduces	
   its	
   potential	
   to	
   generate	
   a	
   significant	
   neutralising	
   antibody	
  

response	
  in	
  mice	
  compared	
  to	
  the	
  other	
  Stx2	
  variants,	
  although	
  it	
  displays	
  equal	
  toxicity	
  

(Lindgren	
  et	
  al.,	
  1994).	
  The	
  Stx2dact	
  variant	
  also	
  shows	
  these	
  alterations	
  in	
  the	
  B	
  subunit,	
  

along	
  with	
  a	
   further	
   two	
  amino	
  acid	
  changes	
   in	
   the	
  A	
  subunit	
   that	
  allows	
  an	
  additional	
  

proteolytic	
  cleavage	
  event	
  by	
  elastase	
  to	
  occur	
  (Kokai-­‐Kun,	
  2000).	
  This	
  results	
  in	
  a	
  greater	
  

capacity	
  for	
  Gb3	
  binding	
  and	
  thus	
  an	
  enhanced	
  increase	
  in	
  toxicity	
  (Bunger	
  et	
  al.,	
  2013).	
  

Consequently,	
   bacteria	
   carrying	
   these	
   toxins	
   are	
   more	
   virulent	
   than	
   any	
   other	
   Stx2-­‐

expressing	
   strain	
   in	
   the	
  mouse	
  model	
   of	
   disease	
   (Melton-­‐Celsa	
   et	
   al.,	
   1996).	
   Although	
  

Stx2dact	
   has	
   been	
   associated	
   with	
   a	
   severe	
   clinical	
   outcome	
   and	
   high	
   risk	
   of	
   HUS	
  

development	
  (Bielaszewska	
  et	
  al.,	
  2006),	
  it	
  has	
  not	
  yet	
  been	
  found	
  in	
  an	
  O157:H7	
  strain.	
  

	
  

1.3.3	
  Shiga	
  toxin-­‐encoding	
  bacteriophages	
  

	
  

The	
  genes	
  for	
  Shiga	
  toxins	
  in	
  E.	
  coli	
  are	
  exclusively	
  located	
  on	
  temperate	
  lysogenic	
  phages	
  

that	
  integrate	
  into	
  the	
  genome	
  of	
  their	
  host	
  bacterium.	
  The	
  Stx1	
  bacteriophage	
  genes	
  are	
  

integrated	
  into	
  yehV	
  (Yokoyama	
  et	
  al.,	
  2000),	
  a	
  gene	
  encoding	
  a	
  positive	
  regulator	
  of	
  curli	
  

expression.	
  The	
  Stx2	
  bacteriophage	
  genes	
  are	
  integrated	
  into	
  the	
  locus	
  for	
  wrbA	
  (Makino	
  

et	
   al.,	
   1999),	
  which	
   encodes	
   a	
  NAD(P)H:quinone	
  oxidoreductase,	
  with	
   the	
   exception	
   of	
  

the	
   Stx2c	
   variant	
   which	
   is	
   found	
   next	
   to	
   sbcB,	
   a	
   gene	
   encoding	
   the	
   exonuclease	
   Exol	
  

involved	
   in	
  genetic	
  stability	
   (Eppinger	
  et	
  al.,	
  2011).	
   In	
   the	
   lysogenic	
  state,	
  Stx	
  genes	
  are	
  

replicated	
   as	
   an	
   integral	
   part	
   of	
   the	
   bacterial	
   genome.	
   Expression	
   of	
   the	
   phage	
   genes	
  

occurs	
   when	
   the	
   phage	
   lytic	
   cycle	
   is	
   activated,	
   allowing	
   the	
   genes	
   encoding	
   Stx	
   to	
   be	
  

packaged	
  in	
  phage	
  particles,	
  which	
  are	
  assembled	
  and	
  released	
  through	
  lysis	
  of	
  the	
  cell.	
  

The	
  released	
  Stx	
  bacteriophages	
  are	
  then	
  able	
  to	
  infect	
  other	
  non-­‐stx	
  E.	
  coli,	
  potentially	
  

leading	
   to	
   integration	
  of	
   the	
  Stx	
  genes	
   into	
   the	
  chromosome	
  of	
   the	
  new	
  host	
  and	
   thus	
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dissemination	
   of	
   this	
   virulence	
   phenotype.	
   Lysis	
   of	
   bacteria	
   also	
   allows	
   release	
   of	
  

translated	
  Stx	
  protein	
  into	
  the	
  local	
  environment.	
  

	
  

1.3.4	
  Horizontal	
  gene	
  transfer	
  of	
  stx	
  and	
  its	
  contribution	
  to	
  new	
  EHEC	
  outbreak	
  strains	
  

	
  

Infection	
  of	
  bacteria	
  by	
  bacteriophages	
  can	
  result	
  in	
  integration	
  of	
  the	
  phage	
  genes	
  into	
  

the	
   bacterial	
   chromosome	
   as	
   the	
   phage	
   undergoes	
   lysogeny	
   (Figure	
   1-­‐5).	
   This	
   type	
   of	
  

horizontal	
   gene	
   transfer	
  by	
  phage	
  has	
  been	
  associated	
  with	
  acquisition	
  of	
   a	
  number	
  of	
  

major	
  virulence	
  factors,	
  such	
  as	
  diphtheria	
  toxin	
  of	
  Corynebacteria	
  diptheria,	
  cholera	
  toxin	
  

from	
   Vibrio	
   cholerae,	
   and	
   enterotoxin	
   A	
   of	
   Staphylococcus	
   aureus.	
   Together,	
   these	
  

examples	
   highlight	
   the	
   contribution	
   that	
   phages	
   have	
   played	
   in	
   the	
   evolution	
   of	
   novel	
  

pathogens.	
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Figure	
   1-­‐5:	
   The	
   lytic	
   and	
   lysogenic	
   cycles	
   of	
   bacteriophages.	
  When	
  phage	
  DNA	
   is	
   injected	
   into	
  bacterial	
  

cells	
  it	
  can	
  enter	
  one	
  of	
  two	
  cycles	
  of	
  reproduction.	
  In	
  the	
  lytic	
  cycle	
  (left)	
  the	
  phage	
  DNA	
  hijacks	
  the	
  cell’s	
  

replication	
  and	
  translation	
  mechanisms,	
  using	
  them	
  to	
  produce	
  more	
  phage	
  DNA	
  and	
  proteins.	
  Eventually,	
  

the	
  assembled	
  phages	
  cause	
   lysis	
  of	
   their	
  host	
  bacterium,	
   releasing	
  progeny	
  phages	
   into	
   the	
  surrounding	
  

environment	
  where	
  they	
  can	
  go	
  on	
  to	
  infect	
  other	
  bacteria.	
  In	
  the	
  lysogenic	
  cycle	
  (right)	
  the	
  phage	
  DNA	
  is	
  

integrated	
  into	
  the	
  bacterial	
  chromosome,	
  becoming	
  a	
  prophage.	
  The	
  phage	
  DNA	
  continues	
  to	
  reproduce	
  

during	
  cell	
  division	
  and	
  is	
  transmitted	
  to	
  daughter	
  cells.	
  Certain	
  conditions	
  can	
  release	
  the	
  prophage	
  from	
  

the	
  chromosome,	
  causing	
  it	
  to	
  enter	
  the	
  lytic	
  cycle	
  and	
  produce	
  phages.	
  

	
  

A	
  recent	
  and	
  significant	
  example	
  of	
  how	
  Stx	
  acquisition	
  can	
  result	
  in	
  the	
  emergence	
  of	
  a	
  

new	
  outbreak	
  strain	
  is	
  provided	
  by	
  the	
  E.	
  coli	
  O104:H4	
  outbreak	
  in	
  Germany	
  in	
  2011.	
  This	
  

incident	
  resulted	
  in	
  over	
  four	
  thousand	
  cases	
  of	
  infection	
  and	
  852	
  cases	
  of	
  HUS.	
  This	
  was	
  

a	
  much	
  higher	
  rate	
  of	
  HUS	
  (approximately	
  29%	
  of	
  cases)	
  compared	
  to	
  many	
  other	
  EHEC	
  

outbreaks	
   (Buchholz	
   et	
   al.,	
   2011).	
   Although	
   symptoms	
   indicated	
   the	
   infection	
   to	
   be	
  

caused	
   by	
   an	
   EHEC	
   strain	
   such	
   as	
   O157	
   or	
   O111,	
   the	
   actual	
   organism	
   responsible	
  was	
  

eventually	
  identified	
  as	
  an	
  EAEC	
  strain	
  which	
  had	
  acquired	
  the	
  stx	
  gene.	
  The	
  combination	
  

of	
   Stx	
   expression,	
   capacity	
   to	
   adhere	
   using	
   the	
   enteroaggregative	
   phenotype,	
   and	
   the	
  

ability	
   to	
   generate	
   biofilms	
   was	
   thought	
   to	
   contribute	
   to	
   the	
   high	
   level	
   of	
   virulence	
  

observed	
  in	
  this	
  outbreak	
  (Scheutz	
  et	
  al.,	
  2011).	
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1.3.5	
  Regulation,	
  activation	
  and	
  expression	
  of	
  the	
  bacterial	
  SOS	
  response	
  

	
  

The	
  switch	
  from	
  a	
  lysogenic	
  lifestyle	
  to	
  a	
  lytic	
  cycle	
  by	
  bacteriophages	
  is	
  controlled	
  by	
  the	
  

SOS	
   response,	
   a	
   high-­‐activity	
   repair	
   response	
   to	
   damage	
   of	
   DNA.	
   When	
   the	
   cell	
  

undergoes	
   stress	
   that	
   results	
   in	
   DNA	
   damage,	
   such	
   as	
   exposure	
   to	
   UV	
   light	
   or	
   certain	
  

antibiotics,	
  the	
  SOS	
  response	
  is	
  activated	
  and	
  allows	
  Stx	
  bacteriophage	
  to	
  escape	
  into	
  the	
  

surrounding	
   environment,	
   where	
   it	
   may	
   infect	
   other	
   bacteria	
   and	
   enter	
   the	
   lysogenic	
  

cycle	
  once	
  more.	
  

	
  

At	
  least	
  43	
  genes	
  in	
  E.	
  coli	
  are	
  activated	
  by	
  the	
  SOS	
  response	
  (Courcelle	
  et	
  al.,	
  2001),	
  and	
  

the	
   proteins	
   they	
   encode	
   include	
   those	
   involved	
   in	
   DNA	
   repair,	
   protection	
   of	
   single-­‐

stranded	
  DNA	
   (ssDNA)	
   from	
  destruction,	
  DNA	
  mutagenesis,	
  and	
  arrest	
  of	
   the	
  cell	
   cycle.	
  

The	
   interplay	
   of	
   two	
   major	
   proteins,	
   RecA	
   (recombinase	
   A)	
   and	
   LexA	
   (locus	
   for	
   X-­‐ray	
  

sensitivity	
  A),	
   regulates	
   the	
   SOS	
   response.	
   RecA,	
   a	
   38	
   kDa	
  ATP-­‐dependent	
   protein	
  with	
  

DNA-­‐binding	
   abilities,	
   is	
   highly	
   conserved	
   in	
   bacteria,	
   with	
   structural	
   and	
   functional	
  

homologues	
  present	
   in	
  all	
  organisms,	
   including	
  humans	
   in	
  which	
   it	
   is	
   known	
  as	
  RAD51.	
  

LexA	
   is	
   a	
   27	
   kDa	
   protein	
  which	
   represses	
   the	
   expression	
   of	
   genes	
   involved	
   in	
   the	
   SOS	
  

response,	
  including	
  that	
  of	
  recA	
  and	
  lexA.	
  

	
  

Under	
  non-­‐stressed	
  conditions,	
  LexA	
  binds	
  as	
  a	
  dimer	
  to	
   its	
  cognate	
  LexA	
  box	
  sequence	
  

within	
  the	
  promoter	
  for	
  those	
  genes	
  expressed	
  by	
  the	
  SOS	
  regulon,	
  thus	
  inhibiting	
  their	
  

production	
  (Thliveris	
  et	
  al.,	
  1991).	
  As	
  a	
  consequence,	
  SOS	
  gene	
  expression	
  is	
  dependent	
  

on	
  the	
  affinity	
  of	
  LexA	
  for	
  each	
  promoter.	
  When	
  DNA	
  damage	
  occurs,	
  RecA	
  is	
  recruited	
  to	
  

ssDNA	
  by	
  the	
  RecFOR	
  complex,	
  whereupon	
  it	
  oligomerises	
  to	
  form	
  a	
  right-­‐handed	
  helical	
  

nucleofilament,	
  with	
  one	
  RecA	
  monomer	
  bound	
  per	
  three	
  base	
  pairs	
  of	
  DNA	
  and	
  a	
  total	
  

of	
   six	
   monomers	
   per	
   helical	
   turn.	
   RecA	
   can	
   also	
   form	
   filaments	
   on	
   double-­‐stranded	
  

(dsDNA)	
  when	
   recruited	
  by	
   the	
  RecBCD	
  complex,	
  albeit	
  much	
  weaker	
  ones	
   (Arenson	
  et	
  

al.,	
   1999).	
   The	
  assembled	
  RecA	
   filaments,	
   known	
  as	
  RecA*,	
  have	
   the	
  ability	
   to	
   catalyse	
  

strand	
  exchange	
  and	
  enable	
  homologous	
  recombination	
  to	
  repair	
  DNA.	
  In	
  addition,	
  they	
  

have	
   protease	
   activity	
   which	
   allows	
   the	
   facilitation	
   of	
   LexA	
   autocleavage,	
   removing	
   it	
  

from	
  the	
  promoter	
  sequence	
  of	
  the	
  SOS	
  genes	
  and	
  allowing	
  their	
  transcription	
  (Figure	
  1-­‐

6).	
  Studies	
  using	
  UV	
  light	
  to	
  damage	
  DNA	
  have	
  shown	
  that	
  after	
  irradiation,	
  the	
  amount	
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of	
  intact	
  LexA	
  within	
  the	
  cell	
  severely	
  decreases	
  within	
  a	
  matter	
  of	
  minutes	
  (Sassanfar	
  &	
  

Roberts,	
  1990).	
  	
  

	
  

	
  
Figure	
  1-­‐6:	
  Activation	
  of	
  the	
  SOS	
  response.	
  RecA	
  monomers	
  (red)	
  recognise	
  and	
  bind	
  to	
  damaged	
  ssDNA,	
  

forming	
  filaments	
  that	
  enable	
  autocleavage	
  of	
   the	
  LexA	
  repressor	
   (purple).	
  Cleavage	
  of	
  LexA	
  results	
   in	
   its	
  

removal	
   from	
   promoter	
   regions	
   upstream	
   of	
   genes	
   encoding	
   proteins	
   involved	
   in	
   the	
   SOS	
   response,	
  

including	
  those	
  that	
  encode	
  for	
  RecA	
  and	
  LexA.	
  

	
  

The	
  first	
  SOS	
  genes	
  to	
  be	
  expressed	
  are	
  urvA,	
  urvB,	
  and	
  urvD,	
  which	
  catalyse	
  nucleotide	
  

excision	
  repair,	
  removing	
  damaged	
  nucleotides	
  from	
  DNA.	
  This	
  is	
  followed	
  by	
  expression	
  

of	
   recA	
   and	
   homologous	
   recombination	
   functions,	
   which	
   result	
   in	
   repair	
   of	
   lesions	
   at	
  

replication	
  forks.	
  Cell	
  division	
   is	
  also	
  halted	
  by	
  the	
  production	
  of	
  the	
   inhibitor	
  SfiA.	
  Late	
  

expression	
  of	
  umuC	
  and	
  umuD,	
  approximately	
  40	
  minutes	
  after	
  DNA	
  damage,	
  produces	
  

the	
  mutagenic	
  DNA	
   repair	
   polymerase	
   Pol	
   V.	
   This	
   is	
   an	
   error-­‐prone	
  polymerase	
   strictly	
  

regulated	
   by	
   the	
   cell	
   and	
   only	
   generated	
  when	
   the	
   SOS	
   response	
   is	
   active.	
   As	
   the	
   SOS	
  

response	
  risks	
  the	
  introduction	
  of	
  lethal	
  mutations	
  into	
  the	
  genome,	
  strong	
  regulation	
  is	
  

required	
  to	
  ensure	
  that	
  these	
  genes	
  are	
  repressed	
  when	
  no	
  longer	
  required.	
  Constitutive	
  

expression	
  of	
  lexA,	
  allowing	
  LexA	
  re-­‐accumulation	
  as	
  DNA	
  is	
  repaired,	
  results	
  in	
  eventual	
  

repression	
  of	
  the	
  SOS	
  response	
  once	
  more.	
  

	
  

The	
   SOS	
   response	
   is	
   not	
   considered	
   to	
   be	
   relative	
   to	
   the	
   amount	
   of	
   DNA	
   damage	
  

accumulated.	
  Rather,	
  studies	
  investigating	
  the	
  promoter	
  activity	
  of	
  the	
  SOS	
  genes	
  suggest	
  

that	
   the	
   SOS	
   response	
   is	
   induced	
   to	
   a	
   level	
   that	
   repairs	
   damage	
   but	
   allows	
   the	
   cell	
   to	
  

survive,	
   irrespective	
  of	
  the	
  extent	
  of	
  DNA	
  damage.	
   If	
   this	
   is	
   insufficient	
  to	
  complete	
  the	
  

repair,	
   further	
   rounds	
   of	
   SOS	
   induction	
   are	
   initiated.	
   This	
   demonstrates	
   that	
   the	
   SOS	
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response	
  is	
  highly	
  structured,	
  with	
  precise	
  temporal	
  modulation	
  of	
  gene	
  expression	
  levels	
  

(Friedman	
  et	
  al.,	
  2005).	
  

	
  

1.3.6	
  Regulation	
  of	
  Stx	
  expression	
  

	
  

Expression	
   of	
   stx	
   and	
   the	
   other	
   Stx	
   prophage	
   genes	
   are	
   under	
   the	
   control	
   of	
   the	
   λ	
   cI	
  

repressor,	
   which	
   prevents	
   the	
   phage	
   from	
   entering	
   the	
   lytic	
   cycle	
   when	
   bacteria	
   are	
  

growing	
  and	
  persisting	
  without	
  exposure	
   to	
  external	
   stress.	
   The	
   cI	
   repressor,	
   like	
  other	
  

phage	
   repressors	
   such	
   as	
   the	
   c2	
   repressor	
   of	
   P22	
   and	
   the	
   cI	
   repressor	
   of	
   ϕ80,	
   is	
   a	
  

functional	
  homologue	
  of	
  LexA	
  and	
  is	
  able	
  to	
  undergo	
  RecA	
  nucleofilament-­‐mediated	
  self-­‐

cleavage	
   (Sauer	
   et	
   al.,	
   1982).	
   Therefore	
   when	
   the	
   SOS	
   response	
   is	
   activated,	
   the	
   cI	
  

repressor	
   is	
   removed	
  from	
  the	
  prophage	
  promoter	
   region,	
  allowing	
  expression	
  of	
   these	
  

genes	
  and	
  a	
  shift	
  from	
  lysogenic	
  to	
  lytic	
  growth.	
  The	
  stx	
  genes	
  are	
  located	
  downstream	
  of	
  

PR,	
  a	
  promoter	
  which	
  is	
  only	
  active	
  when	
  the	
  lytic	
  cycle	
  has	
  been	
  initiated.	
  This	
  results	
  in	
  

the	
  expression	
  of	
  genes	
  involved	
  in	
  late	
  phage	
  function	
  (Roberts	
  et	
  al.,	
  1998).	
  

	
  

Agents	
  that	
  interfere	
  with	
  the	
  SOS	
  response	
  further	
  control	
  regulation	
  of	
  Stx	
  expression.	
  

These	
  include	
  the	
  nitric	
  oxide	
  (NO)	
  donor	
  NOR4,	
  which	
  significantly	
  decreases	
  expression	
  

of	
   stx2	
   and	
   inhibits	
   production	
   of	
   phage	
   particles	
   through	
   its	
   capacity	
   to	
   reduce	
   the	
  

expression	
  of	
  recA,	
  thus	
  preventing	
  activation	
  of	
  the	
  SOS	
  response	
  (Vareille	
  et	
  al.,	
  2007).	
  

In	
  contrast,	
  hydrogen	
  peroxide,	
  produced	
  by	
  human	
  neutrophils,	
  results	
  in	
  increased	
  Stx	
  

and	
   phage	
   production	
   due	
   to	
   its	
   upregulation	
   of	
   recA,	
   suggesting	
   that	
   oxidative	
   stress	
  

may	
   stimulate	
   pathogenicity	
   determinants	
   of	
   EHEC	
   (Imlay	
  &	
   Linn,	
   1987).	
   Expression	
   of	
  

stx1	
  is	
  also	
  repressed	
  in	
  a	
  non-­‐SOS-­‐dependent	
  manner	
  by	
  iron,	
  as	
  Stx1	
  is	
  controlled	
  by	
  the	
  

iron-­‐sensitive	
  repressor	
  Fur	
  (Calderwood	
  &	
  Mekalanos,	
  1987).	
  The	
  promoter	
  sequence	
  to	
  

which	
   Fur	
   binds	
   is	
   not	
   found	
   in	
   the	
   Stx2	
   promoter	
   region	
   and	
   thus	
   its	
   expression	
   is	
  

unaffected	
  by	
  the	
  presence	
  of	
  iron.	
  

	
  

1.3.7	
  The	
  role	
  of	
  Stx	
  in	
  bacterial	
  colonisation	
  and	
  the	
  immune	
  response	
  

	
  

Shiga	
   toxin	
  may	
  also	
  have	
  a	
   function	
   in	
   the	
  Type	
  3-­‐mediated	
  attachment	
  of	
  bacteria	
   to	
  

human	
  epithelial	
  cells.	
  In	
  order	
  to	
  colonise	
  the	
  intestine,	
  the	
  T3SS	
  facilitates	
  attachment	
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to	
  enterocytes	
  and	
  the	
  formation	
  of	
  an	
  attaching/effacing	
   lesion	
  by	
  translocation	
  of	
  the	
  

protein	
  Tir	
  (translocated	
  intimin	
  receptor)	
  into	
  the	
  host	
  cell	
  membrane,	
  where	
  it	
  acts	
  as	
  a	
  

receptor	
   for	
   the	
   bacterial	
   adhesin	
   intimin.	
   Intimin	
   can	
   also	
   recognise	
   nucleolin,	
   a	
  

eukaryotic	
   protein	
   which,	
   despite	
   being	
   involved	
   in	
   the	
   synthesis	
   and	
   maturation	
   of	
  

ribosomes,	
  can	
  also	
  be	
  found	
  on	
  the	
  cell	
  surface	
  of	
  many	
  cell	
  types	
  (Ginisty	
  et	
  al.,	
  1999).	
  

In	
  vitro	
  infection	
  studies	
  of	
  nucleolin-­‐expressing	
  human	
  epithelial	
  cells	
  with	
  O157:H7	
  have	
  

shown	
   that	
  microcolonies	
  of	
   the	
  organisms	
  associate	
  with	
   regions	
  of	
   surface-­‐expressed	
  

nucleolin,	
   and	
   that	
   treatment	
   with	
   anti-­‐nucleolin	
   serum	
   reduces	
   bacterial	
   adherence	
  

(Sinclair	
   &	
   O’Brien,	
   2002).	
   Further	
   work	
   by	
   Robinson	
   et	
   al.	
   (2006)	
   observed	
   increased	
  

surface	
   expression	
   of	
   nucleolin	
   by	
   epithelial	
   cells	
   following	
   exposure	
   to	
   enzymatically	
  

active	
  purified	
  Stx2.	
   Stx2	
  also	
   significantly	
  enhanced	
   the	
  adherence	
  of	
  O157:H7	
   to	
  host	
  

cells,	
  with	
  the	
  Stx2-­‐expressing	
  wild	
  type	
  strain	
  binding	
  more	
  effectively	
  to	
  epithelial	
  cells	
  

in	
  tissue	
  culture	
  than	
  the	
  isogenic	
  stx2	
  deletion	
  mutant,	
  and	
  showing	
  higher	
  colonisation	
  

of	
  BALB/c	
  mice	
  (Robinson	
  et	
  al.,	
  2006).	
  

	
  

The	
  link	
  between	
  the	
  Type	
  3	
  Secretion	
  System	
  and	
  Stx	
  is	
  likely	
  to	
  be	
  a	
  complex	
  one.	
  There	
  

is	
   evidence	
   that	
   the	
   presence	
   of	
   Stx	
   phages	
   may	
   cause	
   repression	
   of	
   the	
   T3SS	
   at	
   the	
  

transcriptional	
   level.	
   In	
   particular,	
   O157:H7	
   phage	
   type	
   p21/28,	
   which	
   is	
   the	
   most	
  

prevalent	
  strain	
  linked	
  with	
  human	
  EHEC	
  infections	
  in	
  the	
  UK,	
  has	
  high	
  carriage	
  rates	
  of	
  

both	
  Stx2a	
  and	
  Stx2c	
  (90%),	
  and	
  yet	
  lower	
  median	
  levels	
  of	
  Type	
  3	
  secretion	
  compared	
  to	
  

O157:H7	
   strains	
   in	
   which	
   carriage	
   of	
   these	
   phages	
   is	
   lower	
   (28%).	
   Strains	
   that	
   were	
  

genetically	
  manipulated	
  to	
  delete	
  Stx2	
  phages	
  increased	
  Type	
  3	
  secretion,	
  and	
  addition	
  of	
  

the	
  Stx2	
  phage	
  to	
  strains	
  that	
  naturally	
  lack	
  this	
  phage	
  resulted	
  in	
  decreased	
  secretion	
  (Xu	
  

et	
  al.,	
  2012).	
  This	
  was	
  further	
  confirmed	
  by	
  Xu	
  et	
  al.	
  (2012)	
  in	
  an	
  Stx-­‐negative	
  K-­‐12	
  E.	
  coli	
  

strain	
   in	
  which	
   the	
   presence	
   of	
   a	
   genome-­‐integrated	
   Stx2	
   phage	
  was	
   demonstrated	
   to	
  

repress	
   induction	
   of	
   Type	
   3	
   gene	
   expression.	
   A	
   promoter	
   fusion	
   reporter	
   whose	
  

expression	
   of	
   fluorescence	
   was	
   controlled	
   by	
   Ler,	
   the	
   major	
   regulator	
   of	
   Type	
   3	
  

expression,	
  was	
  transformed	
  into	
  the	
  K12	
  strains	
  and	
  used	
  to	
  measure	
  Type	
  3	
  secretion.	
  

Ler	
  was	
   expressed	
   from	
  an	
   IPTG-­‐inducible	
  plasmid,	
   as	
   K12	
  does	
  not	
  naturally	
   carry	
   the	
  

gene	
  encoding	
  this	
  protein.	
  The	
  K12	
  strain	
  containing	
  the	
  Stx2	
  phage	
  showed	
  lower	
  levels	
  

of	
   fluorescence	
   production,	
   implying	
   that	
   the	
   phage	
   represses	
   Ler-­‐mediated	
   promoter	
  

activation.	
  This	
  repression	
  involved	
  the	
  cII	
  phage	
  regulator	
  and	
  reduced	
  expression	
  of	
  the	
  

cI	
   repressor,	
   which	
   had	
   no	
   direct	
   impact	
   on	
   Type	
   3	
   secretion	
   in	
   the	
   absence	
   of	
   an	
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integrated	
  Stx	
  prophage.	
  A	
  model	
  based	
  on	
  these	
  findings	
  proposes	
  that	
  colonisation	
  of	
  

epithelial	
   cells	
   via	
   regulation	
   of	
   the	
   T3SS	
   is	
   coordinated	
   in	
   part	
   by	
   Stx2-­‐encoding	
  

bacteriophages.	
  This	
  regulation	
  could	
  select	
  for	
  co-­‐acquisition	
  of	
  other	
  genes	
  that	
  encode	
  

Type	
   3-­‐secreted	
   proteins	
   and	
   regulators	
   that	
   can	
   overcome	
   this	
   Stx	
   phage-­‐mediated	
  

control	
  (Xu	
  et	
  al.,	
  2012).	
  

	
  

There	
   is	
   strong	
   evidence	
   that	
   the	
   Stx	
   proteins	
   are	
   involved	
   in	
   the	
   activation	
   of	
  

inflammation	
   in	
   the	
   host.	
   This	
   response,	
   which	
   is	
   fundamental	
   to	
   the	
   elimination	
   of	
  

invading	
  pathogens,	
   involves	
   the	
   synthesis	
  and	
   release	
  of	
   cytokines	
  and	
  chemokines	
  by	
  

immune	
  cells.	
  Studies	
  have	
  reported	
  that	
  interleukin	
  8	
  (IL-­‐8),	
  a	
  chemokine	
  and	
  important	
  

mediator	
  of	
  the	
  innate	
  immune	
  system	
  response,	
  is	
  upregulated	
  by	
  the	
  presence	
  of	
  Stx.	
  

Stx	
  has	
  been	
  proposed	
  to	
  work	
  synergistically	
  with	
  flagellin,	
   the	
  principal	
  component	
  of	
  

the	
   bacterial	
   flagella,	
   to	
   produce	
   superinduction	
   of	
   IL-­‐8	
   that	
   leads	
   to	
   absorption	
   of	
   Stx	
  

into	
  systemic	
  circulation	
  (Jandhyala	
  et	
  al.,	
  2010).	
  Other	
  components	
  of	
  the	
  inflammatory	
  

response,	
   including	
   interleukin	
  6	
   (IL-­‐6),	
  macrophage	
  chemoattractant	
  protein	
  1	
   (MCP-­‐1)	
  

and	
  macrophage	
  inflammatory	
  protein	
  1α/ß,	
  have	
  been	
  implicated	
  in	
  the	
  response	
  to	
  Stx	
  

(reviewed	
  by	
  Lee	
  et	
  al.,	
  2013).	
  The	
  elicitation	
  of	
  these	
  responses	
  is	
  achieved	
  through	
  the	
  

activation	
  of	
  multiple	
  cell	
  signalling	
  pathways,	
  including	
  those	
  initiated	
  through	
  ribosomal	
  

stress.	
   This	
   occurs	
   during	
   Stx-­‐mediated	
   depurination	
   of	
   the	
   ribosome,	
   resulting	
   in	
  

activation	
  of	
  multiple	
  mitogen-­‐activated	
  protein	
  kinase	
  signalling	
  pathways	
  (Smith	
  et	
  al.,	
  

2003).	
   Stx	
   can	
   also	
   stimulate	
   circulating	
   proinflammatory	
   cytokines	
   such	
   as	
   tumour	
  

necrosis	
   factor-­‐α	
   (TNF-­‐α)	
   and	
   interleukin	
   1ß	
   (IL-­‐1ß)	
   by	
   directly	
   acting	
   on	
   monocytes,	
  

which	
  results	
  in	
  the	
  further	
  production	
  of	
  the	
  Gb3	
  receptor,	
  further	
  sensitising	
  epithelial	
  

cells	
  to	
  the	
  effects	
  of	
  Stx	
  (van	
  de	
  Kar	
  et	
  al.,	
  1992).	
  However,	
  there	
   is	
  also	
  evidence	
  that	
  

EHEC	
   produce	
   an	
   anti-­‐inflammatory	
   molecule	
   that	
   attenuates	
   the	
   inflammatory	
  

responses	
  to	
   its	
  own	
  Stx,	
  possibly	
  to	
   limit	
  the	
  host	
   immune	
  response	
  when	
  bacteria	
  are	
  

present.	
   In	
   contrast,	
   Stx	
   that	
   have	
   been	
   translocated	
   across	
   the	
   epithelium	
   and	
   away	
  

from	
  EHEC	
  can	
  produce	
  unimpaired	
   toxin-­‐mediated	
   inflammatory	
   responses	
   (Bellmeyer	
  

et	
  al.,	
  2009).	
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1.3.8	
  The	
  significance	
  of	
  Stx	
  outside	
  of	
  the	
  human	
  host	
  

	
  

Humans	
   are	
   considered	
   an	
   incidental	
   host	
   for	
   O157:H7	
   as,	
   while	
   human-­‐to-­‐human	
  

transmission	
   is	
   possible,	
   spread	
   is	
   frequently	
   limited	
   to	
   outbreak	
   situations	
   and	
   thus	
  

humans	
  are	
  considered	
  insufficient	
  hosts	
  for	
  sustainability.	
  In	
  contrast,	
  ruminant	
  animals	
  

are	
   the	
   primary	
   host	
   of	
   O157:H7	
   and	
   other	
   EHEC	
   members.	
   Despite	
   long-­‐term	
  

persistence,	
   infection	
   is	
   asymptomatic	
   in	
   ruminants,	
   which	
   is	
   associated	
  with	
   a	
   lack	
   of	
  

host	
  Gb3	
  receptors	
  at	
  sites	
  of	
  bacterial	
  colonisation.	
  This	
  raises	
  a	
  question	
  regarding	
  the	
  

function	
  of	
  Stx	
  in	
  O157:H7	
  given	
  that	
  humans	
  are	
  not	
  considered	
  the	
  intended	
  biological	
  

target,	
   especially	
   as	
   Stx	
   phages	
   are	
   found	
   in	
   the	
   genomes	
   of	
   EHEC	
   at	
   high	
   frequency.	
  

These	
  phages	
  are	
   lysogenic	
  and	
  their	
  reproduction	
  results	
   in	
  killing	
  of	
  the	
  bacterial	
  host	
  

so,	
  while	
  expression	
  of	
  their	
  genes	
  is	
  usually	
  inhibited,	
  their	
  presence	
  in	
  bacteria	
  carries	
  

the	
  risk	
  of	
  bacteriophage	
  production	
  and	
  subsequent	
  cell	
  lysis.	
  Therefore,	
  there	
  must	
  be	
  

an	
  evolutionary	
  advantage	
  for	
  bacterial	
  carriage	
  of	
  Stx	
  phage	
  in	
  many	
  EHEC	
  strains.	
  

	
  

One	
   hypothesis	
   is	
   that	
   the	
   purpose	
   of	
   Stx	
   is	
   to	
   defend	
   bacterial	
   populations	
   from	
  

unicellular	
  eukaryotic	
  predators.	
  This	
   is	
  supported	
  by	
  coinfection	
  studies	
  that	
  mixed	
  the	
  

grazing	
  protazoa	
  Tetrahymena	
  pyriformis	
  with	
  O157:H7	
  strains	
  positive	
  and	
  negative	
  for	
  

Stx	
  phages.	
  The	
  presence	
  of	
  Stx-­‐encoding	
  prophages	
  was	
   found	
  to	
  be	
  advantageous	
   for	
  

the	
  bacteria,	
  as	
   it	
   increased	
  the	
  survival	
   rate	
  of	
  O157:H7	
  following	
   ingestion	
   into	
  the	
  T.	
  

pyriformis	
   food	
   vacuole	
   (Steinberg	
  &	
   Levin,	
   2007).	
   Stx	
   has	
   also	
   been	
   shown	
   to	
   provide	
  

protection	
   against	
   killing	
   by	
   another	
   protozoan	
  bacterivore,	
  Tetrahymena	
   thermophilia.	
  

Studies	
  by	
  Lainhart	
  et	
  al.	
  (2009)	
  found	
  that	
  T.	
  thermophilia	
  was	
  killed	
  in	
  the	
  presence	
  of	
  

both	
   Stx-­‐producing	
   bacteria	
   and	
   purified	
   Stx,	
   while	
   Stx-­‐producing	
   bacterial	
   strains	
   also	
  

displayed	
  a	
   growth	
  advantage	
  over	
   Stx-­‐negative	
   strains.	
   This	
   production	
   and	
   release	
  of	
  

Stx	
   in	
   response	
   to	
   T.	
   thermophilia	
   is	
   thought	
   to	
   be	
   triggered	
   by	
   bacterial	
   detection	
   of	
  

reactive	
   oxygen	
   species	
   released	
   by	
   the	
   predator.	
   This	
   activates	
   the	
   SOS	
   response,	
  

resulting	
   in	
   production	
   of	
   Stx	
   which	
   is	
   released	
   into	
   the	
   surrounding	
   environment	
  

following	
  bacterial	
  lysis	
  (Lainhart	
  et	
  al.,	
  2009).	
  

	
  

Stx	
   has	
   also	
   shown	
   antiviral	
   activity,	
   with	
   the	
   A	
   subunit	
   of	
   Stx1	
   found	
   to	
   reduce	
   the	
  

production	
   of	
   bovine	
   leukemia	
   virus	
   (BLV)	
   particles	
   in	
   vitro	
   (Ferens	
   et	
   al.,	
   2004).	
  

Furthermore,	
   rates	
   of	
   BLV	
   viraemia,	
   as	
   assessed	
   by	
   spontaneous	
   lymphocyte	
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proliferation,	
  was	
  significantly	
  lower	
  in	
  sheep	
  given	
  wild	
  type	
  O157:H7	
  than	
  those	
  treated	
  

with	
  an	
  Stx-­‐negative	
  mutant	
  (Ferens	
  et	
  al.,	
  2006).	
  This	
  has	
  been	
  further	
  corroborated	
  by	
  a	
  

year-­‐long	
   study	
   assessing	
   animal	
   health	
   and	
   the	
   prevalence	
   of	
   Stx-­‐producing	
   E.	
   coli	
   in	
  

BLV-­‐infected	
   sheep,	
   which	
   showed	
   a	
   convincing	
   correlation	
   between	
   animals	
   in	
   good	
  

health	
   and	
   high	
   levels	
   of	
   Stx-­‐producing	
   E.	
   coli.	
   In	
   contrast,	
   poor	
   health	
   and	
   tumour	
  

development	
  only	
  occurred	
  in	
  animals	
  with	
  low	
  levels	
  of	
  Stx-­‐producing	
  E.	
  coli	
  (Ferens	
  et	
  

al.,	
  2008).	
  

	
  

These	
   findings	
   may	
   explain	
   the	
   tolerance	
   of	
   EHEC	
   for	
   the	
   carriage	
   of	
   a	
   toxin	
   whose	
  

production	
   is	
   strongly	
   associated	
   with	
   cell	
   death,	
   especially	
   if	
   this	
   strategy	
   enables	
  

survival	
   of	
   a	
   bacterial	
   population	
   rather	
   than	
   that	
   of	
   individual	
   organisms.	
   If	
   lysis	
   of	
   a	
  

small	
   percentage	
   of	
   the	
   bacterial	
   population	
   results	
   in	
   the	
   release	
   of	
   sufficient	
   Stx	
   to	
  

ensure	
  the	
  survival	
  of	
  daughter	
  cells,	
  this	
  may	
  be	
  a	
  cost-­‐effective	
  defense	
  strategy	
  for	
  the	
  

population.	
  One	
  argument	
  against	
  this	
  altruism	
  hypothesis	
  (reviewed	
  in	
  further	
  detail	
  by	
  

Loś	
  et	
  al.,	
  2012)	
  is	
  that	
  a	
  spontaneous	
  induction	
  rate	
  (phages	
  produced	
  in	
  the	
  absence	
  of	
  

any	
  inducing	
  agents)	
  of	
  0.005%	
  cells	
  per	
  generation	
  for	
  Stx	
  prophages,	
  while	
  considered	
  

low,	
   is	
   significantly	
  more	
   frequent	
   than	
   any	
   other	
   lambdoid	
   phage	
   (Livny	
   &	
   Friedman,	
  

2004;	
   Shimizu	
   et	
   al.,	
   2009).	
   Similarly,	
   the	
   observation	
   that	
   Stx	
   production	
   and	
  

accompanying	
   bacterial	
   lysis	
   occurs	
   in	
   many	
   other	
   situations	
   where	
   the	
   toxin	
   has	
   no	
  

discernible	
  purpose,	
  such	
  as	
  induction	
  by	
  high	
  hydrostatic	
  pressure	
  and	
  UV	
  light,	
  rejects	
  

this	
  theory.	
  However,	
  current	
  research	
  supports	
  the	
  suggested	
  model	
  of	
  altruism	
  (Loś	
  et	
  

al.,	
  2012)	
  and	
  overall,	
  there	
  is	
  a	
  substantial	
  amount	
  of	
  evidence	
  that	
  the	
  Stx	
  toxin	
  has	
  a	
  

far	
  broader	
  function	
  than	
  merely	
  causing	
  human	
  disease.	
  

	
  

1.4	
  The	
  Type	
  3	
  Secretion	
  System	
  and	
  the	
  attaching/effacing	
  lesion	
  

	
  

E.	
  coli	
  contains	
  several	
  virulence	
  factors	
  that	
  facilitate	
  the	
  attachment	
  of	
  bacteria	
  to	
  host	
  

cells.	
  The	
  most	
  important	
  one	
  of	
  these,	
  the	
  function	
  of	
  which	
  is	
  central	
  to	
  pathogenesis	
  of	
  

EHEC	
   and	
   EPEC,	
   is	
   the	
   Type	
   3	
   Secretion	
   System,	
   encoded	
   by	
   the	
   locus	
   of	
   enterocyte	
  

effacement	
   (LEE)	
   pathogenicity	
   island.	
   In	
   EHEC,	
   the	
   LEE	
   consists	
   of	
   five	
  major	
   operons	
  

containing	
  a	
  total	
  of	
  41	
  genes	
  encoding	
  structural	
  proteins,	
  regulators,	
  effector	
  proteins,	
  

and	
  chaperone	
  proteins.	
  The	
  major	
  regulator	
  of	
  the	
  LEE	
  is	
  Ler,	
  a	
  transcriptional	
  activator	
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essential	
  for	
  the	
  expression	
  of	
  LEE-­‐encoded	
  genes	
  and	
  therefore	
  attaching/effacing	
  (A/E)	
  

lesion	
  formation	
  (Elliott	
  et	
  al.,	
  2000).	
  

	
  

The	
  T3SS	
  is	
  a	
  multi-­‐protein	
  complex	
  that	
  spans	
  the	
  inner	
  and	
  outer	
  bacterial	
  membrane	
  

of	
   Gram-­‐negative	
   organisms,	
   with	
   a	
   thin	
   needle-­‐like	
   structure	
   protruding	
   outside	
   the	
  

bacterium	
  where	
   it	
   can	
   interact	
   with	
   the	
   eukaryotic	
   cell	
  membrane.	
   Bacterial	
   proteins	
  

known	
  as	
  effectors	
  are	
  secreted	
  directly	
  by	
  the	
  T3SS	
  into	
  the	
  cytoplasm	
  of	
  eukaryotic	
  cells	
  

where	
  they	
  can	
  hijack	
  host	
  signalling	
  pathways,	
  and	
  aid	
  bacterial	
  survival	
  by	
  mechanisms	
  

such	
  as	
  promotion	
  of	
  attachment	
  and	
  invasion,	
   immune	
  system	
  subversion,	
  and	
  cellular	
  

trafficking	
  interference.	
  	
  

	
  

1.4.1	
  Structure	
  of	
  the	
  T3SS	
  

	
  

The	
  T3SS	
  is	
  composed	
  of	
  three	
  main	
  structures:	
  the	
  needle	
  complex,	
  the	
  translocon,	
  and	
  

the	
  basal	
  body	
   (Figure	
  1-­‐7).	
  The	
  needle	
  complex	
   is	
  a	
  cylindrical	
   structure,	
  similar	
   to	
   the	
  

flagellar	
  basal	
  body,	
  and	
  is	
  composed	
  of	
  the	
  protein	
  EscF	
  which	
  forms	
  a	
  helical	
  structure.	
  

The	
  needle	
  complex	
  extends	
  to	
  approximately	
  80	
  nm,	
  although	
  this	
  can	
  vary	
  substantially	
  

between	
  bacterial	
  species.	
  At	
  the	
  tip	
  of	
  the	
  needle	
  complex,	
  the	
  hydrophobic	
  membrane-­‐

spanning	
   proteins	
   EspB	
   and	
   EspD	
   form	
   the	
   translocon,	
   a	
   proteinaceous	
   pore	
   that	
   is	
  

inserted	
  directly	
   into	
  the	
  host	
  cellular	
  membrane.	
  Unique	
  to	
  the	
  EHEC	
  and	
  EPEC	
  T3SS	
   is	
  

the	
  tip	
  protein	
  EspA,	
  which	
  forms	
  a	
  highly	
  extended	
  filament	
  at	
  the	
  end	
  of	
  the	
  needle,	
  an	
  

adaption	
  thought	
  to	
  be	
  important	
  for	
  attachment	
  to	
  intestinal	
  cells	
  (Yip	
  et	
  al.,	
  2005).	
  The	
  

basal	
   body	
   of	
   the	
   T3SS	
   is	
  made	
   up	
   of	
   a	
   number	
   of	
   different	
   structural	
   proteins,	
  which	
  

form	
  ring	
  structures	
  in	
  both	
  bacterial	
  membranes.	
  The	
  inner	
  membrane	
  ring	
  of	
  the	
  basal	
  

body	
   is	
  composed	
  of	
   the	
  proteins	
  EscD,	
  EscQ,	
  EscR,	
  EscS,	
  EscT,	
  EscU	
  and	
  EscV,	
  with	
  the	
  

ATPase	
   EscN	
   facilitating	
   transport	
   of	
   proteins	
   through	
   the	
   complex,	
   while	
   the	
   outer	
  

membrane	
  ring	
   is	
  made	
  up	
  of	
  EscC	
  subunits.	
   In	
  the	
  periplasmic	
  space	
  of	
  the	
  membrane	
  

and	
  connecting	
  these	
  two	
  rings	
  is	
  EscJ,	
  a	
  protein	
  that	
  shares	
  sequence	
  similarity	
  with	
  the	
  

central	
   pore-­‐forming	
   flagellar	
   protein	
   FliF	
   and	
   is	
   one	
   of	
   the	
   first	
   structural	
   proteins	
  

involved	
  in	
  assembly	
  of	
  the	
  T3SS,	
  acting	
  as	
  a	
  platform	
  for	
  the	
  rest	
  of	
  the	
  basal	
  apparatus	
  

(Yip	
  &	
  Strynadka,	
  2006).	
  A	
  large	
  number	
  of	
  chaperone	
  proteins	
  are	
  also	
  involved	
  in	
  T3SS	
  

assembly,	
  and	
  have	
  roles	
  such	
  as	
  preventing	
  premature	
  oligomerisation	
  or	
  degradation	
  of	
  

the	
  structural	
  proteins.	
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Figure	
  1-­‐7:	
  Structure	
  of	
  the	
  T3SS	
  apparatus.	
  The	
  basal	
  body	
  of	
  the	
  T3SS	
  spans	
  the	
  bacterial	
  inner	
  and	
  outer	
  

membrane	
  and	
  forms	
  a	
  base	
  for	
  the	
  needle	
  filament	
  that	
  comes	
  into	
  contact	
  with	
  and	
  inserts	
  into	
  the	
  host	
  

cell	
  membrane.	
  

	
  

1.4.2	
  Protein	
  translocation	
  by	
  the	
  T3SS	
  

	
  

Activation	
   of	
   Type	
   3	
   secretion	
   is	
   strictly	
   regulated	
   by	
   several	
   influences	
   including	
  

environmental	
  factors,	
  global	
  regulators,	
  and	
  LEE-­‐encoded	
  regulators.	
  The	
  inner	
  diameter	
  

of	
   the	
   EspA	
   filament	
   has	
   been	
  measured	
   at	
   2.5	
   nm	
   (Daniell	
   et	
   al.,	
   2003),	
   too	
   small	
   to	
  

allow	
  passage	
  of	
  structurally	
  folded	
  proteins.	
  The	
  effector	
  proteins	
  often	
  have	
  dedicated	
  

associated	
   chaperone	
   proteins,	
   which	
   are	
   not	
   exported	
   with	
   the	
   effector.	
   It	
   has	
   been	
  

implied	
   that	
   these	
   proteins	
   help	
   target	
   the	
   export	
   of	
   effectors,	
   provide	
   storage	
   of	
  

proteins	
   in	
   an	
   appropriate	
   state	
   prior	
   to	
   export,	
   and	
   help	
   mask	
   cellular	
   localisation	
  

domains	
   (reviewed	
   by	
   Cornelis,	
   2006).	
   In	
   Salmonella	
   Typhimurium,	
   the	
   ATPase	
   EscN	
  

homologue	
   InvC	
   is	
   involved	
   in	
   the	
   unfolding	
   of	
   effector	
   proteins	
   prior	
   to	
   export	
   by	
  

removal	
  of	
  the	
  effector’s	
  chaperone	
  (Akeda	
  &	
  Galán,	
  2005).	
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1.4.3	
  T3SS-­‐mediated	
  formation	
  of	
  the	
  attaching/effacing	
  lesion	
  

	
  

All	
   genes	
   required	
   for	
   formation	
   of	
   attaching/effacing	
   lesions,	
   including	
   seven	
   effector	
  

proteins,	
  are	
  encoded	
  by	
  the	
  LEE.	
  The	
  first	
  protein	
  involved	
  in	
  T3SS-­‐mediated	
  attachment	
  

is	
  Tir	
  which,	
  when	
  injected	
  into	
  the	
  host	
  cytoplasm,	
  is	
  directed	
  toward	
  and	
  inserted	
  into	
  

the	
  membrane	
  so	
  that	
  its	
  central	
  domain	
  is	
  surface-­‐exposed.	
  This	
  domain	
  then	
  interacts	
  

with	
   the	
  bacterial	
   surface	
  protein	
   intimin,	
   forming	
  a	
   tight	
  attachment	
  between	
  the	
   two	
  

cells	
  (Kenny	
  et	
  al.,	
  1997).	
  The	
  intracellular	
  domain	
  of	
  Tir	
  contains	
  several	
  phosphorylation	
  

domains	
  that,	
  cooperatively	
  with	
  the	
  secreted	
  non-­‐LEE-­‐encoded	
  effector	
  EspFU,	
   interact	
  

with	
  host	
  proteins	
  in	
  the	
  cytosol	
  such	
  as	
  neuronal	
  Wiskott-­‐Aldrich	
  Syndrome	
  protein	
  (N-­‐

WASP).	
   N-­‐WASP	
   recruits	
   the	
   actin-­‐related	
   protein	
   2/3	
   (Arp2/3)	
   complex,	
   a	
   major	
  

regulator	
   of	
   the	
   actin	
   cytoskeleton,	
   which	
   nucleates	
   actin	
   filaments	
   and	
   results	
   in	
   the	
  

accumulation	
  of	
  filamentous	
  actin	
  beneath	
  the	
  attached	
  bacteria.	
  This	
  is	
  accompanied	
  by	
  

localised	
   destruction	
   of	
   the	
   intestinal	
   microvilli	
   and	
   the	
   formation	
   of	
   an	
   actin-­‐rich	
  

pedestal-­‐like	
  structure,	
  the	
  A/E	
  lesion,	
  which	
  promotes	
  bacterial	
  colonisation	
  (Figure	
  1-­‐8).	
  

Other	
  LEE-­‐encoded	
  effectors	
  such	
  as	
  EspB	
  and	
  EspF	
  are	
  involved	
  in	
  the	
  subversion	
  of	
  the	
  

host	
  cytoskeleton,	
  or	
  have	
  roles	
  such	
  as	
  disruption	
  of	
  mitochondrial	
  function	
  (Kodama	
  et	
  

al.,	
  2002;	
  Dean	
  et	
  al.,	
  2010).	
  

	
  

	
  
Figure	
   1-­‐8:	
   Basic	
   representation	
   of	
   T3SS-­‐mediated	
   formation	
   of	
   the	
   attaching/effacing	
   lesion.	
   The	
  

effectors	
  Tir	
  and	
  EspFU	
  are	
  translocated	
  across	
  the	
  bacterial	
  and	
  host	
  cell	
  membrane	
  by	
  the	
  T3SS	
  into	
  the	
  

cytosol	
  of	
  the	
  host	
  cell.	
  Tir	
  is	
  inserted	
  into	
  the	
  host	
  cell	
  membrane	
  where	
  it	
  can	
  bind	
  to	
  intimin	
  on	
  the	
  outer	
  

surface	
   of	
   the	
   bacteria.	
   EspFU	
   targets	
  N-­‐WASP,	
   resulting	
   in	
   recruitment	
   of	
   Arp2/3	
   and	
   polymerisation	
   of	
  

actin	
  beneath	
  the	
  bacterium.	
  This	
  creates	
  a	
  tight	
  attachment	
  of	
  bacteria	
  to	
  host	
  cells	
  on	
  a	
  pedestal	
  of	
  actin	
  

filaments.	
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Many	
  studies,	
  both	
  in	
  vitro	
  and	
  in	
  vivo,	
  have	
  implied	
  that	
  the	
  capacity	
  to	
  form	
  A/E	
  lesions	
  

is	
  associated	
  with	
  virulence,	
  with	
  bacteria	
   lacking	
   the	
  essential	
  proteins	
   such	
  as	
  Tir	
  and	
  

intimin	
   showing	
   a	
   reduced	
   capacity	
   for	
   epithelial	
   cell	
   attachment.	
   In	
   addition,	
   EHEC	
  

strains	
  unable	
  to	
  produce	
  crucial	
  components	
  of	
  T3SS-­‐mediated	
  attachment	
  demonstrate	
  

reduced	
  faecal	
  shedding	
  and	
  a	
  significant	
  decrease	
  in	
  colonisation	
  in	
  cattle	
  (Dziva,	
  2004;	
  

Naylor,	
  2005)	
  providing	
  further	
  evidence	
  that	
  the	
  T3SS	
  is	
  vital	
  for	
  successful	
  persistence	
  

within	
  its	
  natural	
  host.	
  

	
  

1.5	
  Animal	
  models	
  of	
  O157:H7	
  

	
  

Evaluation	
   of	
   the	
   effectiveness	
   of	
   anti-­‐virulence	
   strategies	
   requires	
   the	
   availability	
   of	
  

animal	
  models	
  that	
  can	
  recapitulate	
  pathogenesis.	
  Large	
  animal	
  models	
  of	
  EHEC	
  infection	
  

include	
   gnotobiotic	
   pigs,	
   cows,	
   sheep,	
   goats,	
   chickens,	
   macaques	
   and	
   baboons,	
   and	
  

replicate	
  many	
  features	
  of	
  colonisation	
  and	
  disease	
  (reviewed	
  by	
  Ritchie,	
  2014).	
  However,	
  

smaller	
  models	
  such	
  as	
  mice,	
  rats	
  and	
  rabbits	
  are	
  preferable	
  due	
  to	
  their	
  low	
  costs,	
  ease	
  

of	
   breeding,	
   handling,	
   maintenance,	
   and	
   availability	
   of	
   inbred	
   and	
   transgenic	
   strains.	
  

Although	
   mice	
   have	
   been	
   used	
   as	
   a	
   small	
   animal	
   model	
   for	
   EHEC,	
   E.	
   coli	
   does	
   not	
  

naturally	
   colonise	
   the	
   mouse	
   intestine.	
   Consequently,	
   different	
   treatments,	
   including	
  

those	
  that	
  modify	
  the	
  local	
  environment	
  within	
  the	
  gut,	
  have	
  been	
  tested	
  in	
  an	
  attempt	
  

to	
   provide	
   a	
   model	
   in	
   which	
   EHEC-­‐specific	
   colonisation	
   and	
   disease	
   symptoms	
   can	
   be	
  

observed.	
  

	
  

1.5.1	
  The	
  infant	
  rabbit	
  O157:H7	
  model	
  

	
  

The	
   O157:H7	
   infant	
   (3-­‐day-­‐old)	
   rabbit	
   model,	
   first	
   developed	
   in	
   1986,	
   produces	
  

diarrhoea,	
   histological	
   changes	
   in	
   the	
   colon,	
   and	
   bacterial	
   attachment	
   to	
   epithelial	
  

intestinal	
   cells.	
   No	
   additional	
   treatment	
   of	
   the	
   animal	
   is	
   required	
   as	
   EHEC	
   readily	
  

colonises	
   very	
   young	
   rabbits,	
   and	
   the	
   production	
   of	
   Shiga	
   toxin	
   is	
   important	
   for	
   the	
  

clinical	
   symptoms	
   of	
   disease	
   (Pai	
   et	
   al.,	
   1986).	
   A	
   study	
   by	
   Ritchie	
   et	
   al.	
   (2003)	
   using	
  

deletion	
   mutants	
   of	
   O157:H7	
   has	
   identified	
   the	
   roles	
   of	
   Stx2,	
   intimin,	
   and	
   Tir	
   in	
   this	
  

model.	
  In	
  particular,	
  Stx	
  increased	
  both	
  the	
  severity	
  and	
  duration	
  of	
  diarrhoea,	
  while	
  Tir	
  

and	
   intimin	
  were	
   essential	
   for	
   colonisation	
   and	
   disease	
   (Ritchie	
   et	
   al.,	
   2003).	
   Although	
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some	
  in	
  vitro	
  studies	
  have	
  implied	
  a	
  role	
  for	
  Stx	
  in	
  T3SS-­‐mediated	
  attachment,	
  Stx	
  had	
  no	
  

effect	
   on	
   intestinal	
   colonisation	
   or	
   inflammation	
   and,	
   contrary	
   to	
   other	
   studies	
   which	
  

used	
   this	
   model,	
   O157:H7	
   did	
   not	
   cause	
   death	
   in	
   any	
   of	
   the	
   animals.	
   Lack	
   of	
   HUS	
  

symptoms	
   in	
   this	
  model	
  most	
   likely	
   reflects	
   a	
   lack	
   of	
   Gb3	
   receptors	
   on	
   kidney	
   cells	
   of	
  

rabbits	
   (Zoja	
   et	
   al.,	
   1992).	
   However,	
   the	
   combination	
   of	
   bacterial	
   adhesion	
   and	
   Stx-­‐

induced	
  illness	
  make	
  this	
  model	
  particularly	
  valuable	
  for	
  studying	
  O157:H7	
  pathogen-­‐host	
  

interactions.	
  

	
  

1.5.2	
  O157:H7	
  mouse	
  models	
  

	
  

The	
  first	
  mouse	
  model	
  for	
  pathogenesis	
  of	
  O157:H7	
  was	
  developed	
  by	
  Wadolkowski	
  et	
  al.	
  

in	
  1990	
  and	
  was	
  based	
  on	
  previous	
  models	
  for	
  other	
  E.	
  coli	
  strains	
  (Myhal	
  et	
  al.,	
  1982).	
  

Within	
  this	
  model,	
  mice	
  were	
  treated	
  with	
  streptomycin	
   in	
  their	
  drinking	
  water	
  prior	
  to	
  

infection	
  to	
  reduce	
  the	
  normal	
  gut	
  flora	
  and	
  thus	
  competition	
  for	
  O157:H7	
  (Wadolkowski	
  

et	
   al.,	
   1990).	
   Streptomycin	
   was	
   determined	
   to	
   be	
   a	
   suitable	
   antibiotic	
   as	
   it	
   greatly	
  

reduced	
   the	
   number	
   of	
   facultative	
   anaerobic	
   bacteria	
   shed	
   faecally	
   by	
   the	
   mice,	
   and	
  

because	
  its	
  activity	
  was	
  directed	
  toward	
  protein	
  synthesis	
  and	
  not	
  cell	
  wall	
  biogenesis.	
  In	
  

this	
   respect,	
   any	
   resistance	
  would	
   be	
   less	
   likely	
   to	
   interfere	
  with	
   cell	
  wall	
   components	
  

involved	
  in	
  colonisation	
  (Myhal	
  et	
  al.,	
  1982).	
  In	
  the	
  O157:H7	
  model,	
  5-­‐	
  to	
  8-­‐week-­‐old	
  male	
  

outbred	
  ICR	
  mice	
  were	
  provided	
  with	
  5	
  g/L	
  streptomycin	
  in	
  their	
  drinking	
  water	
  for	
  one	
  

day,	
  followed	
  by	
  removal	
  of	
  food	
  and	
  water	
  for	
  24	
  hours	
  before	
  oral	
  infection	
  of	
  1010	
  CFU	
  

O157:H7.	
   Bacterial	
   colonisation	
   was	
   monitored	
   by	
   faecal	
   shedding,	
   revealing	
   that	
   the	
  

organism	
  was	
  shed	
  at	
   levels	
  of	
  approximately	
  107	
  CFU/g	
  faeces	
  for	
  a	
  period	
  of	
  25	
  days.	
  

Lack	
   of	
   symptoms	
   highlighted	
   that	
   this	
   was	
   a	
   strong	
   model	
   of	
   colonisation	
   but	
   not	
  

disease.	
  After	
  culling	
  of	
  the	
  animals,	
  O157:H7	
  was	
  recovered	
  from	
  epithelial	
  cells	
  of	
  the	
  

small	
   intestine,	
   caecum,	
   and	
   large	
   intestine,	
   indicating	
   that	
   these	
   are	
   the	
   sites	
   of	
  

colonisation	
  in	
  this	
  model	
  (Wadolkowski	
  et	
  al.,	
  1990).	
  

	
  

Other	
   O157:H7	
   mouse	
   models,	
   each	
   with	
   advantages	
   and	
   limitations,	
   have	
   been	
  

developed	
   in	
   order	
   to	
   replicate	
   aspects	
   of	
   infection	
   (reviewed	
   by	
  Mohawk	
   &	
   O’Brien,	
  

2011).	
   Diet	
   restriction,	
   as	
   used	
   in	
   the	
   protein-­‐calorie	
   malnutrition	
   model,	
   lowers	
   the	
  

infectious	
   dose	
   required	
   for	
   colonisation	
   and	
   disease.	
   This	
   is	
   pertinent	
   as	
   humans	
   are	
  

sensitive	
  to	
  low	
  doses	
  of	
  the	
  organism	
  (<100	
  CFU),	
  unlike	
  the	
  streptomycin-­‐treated	
  model	
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in	
   which	
   relatively	
   high	
   doses	
   are	
   required	
   for	
   effective	
  mouse	
   colonisation	
   (~109-­‐1010	
  

CFU).	
  In	
  this	
  model,	
  protein	
  in	
  the	
  diet	
  is	
  restricted	
  to	
  5%	
  (as	
  opposed	
  to	
  the	
  25%	
  protein	
  

control	
   diet)	
   for	
   two	
   weeks	
   prior	
   to	
   infection.	
   Subsequent	
   intragastric	
   inoculation	
   of	
  

2x106	
   CFU	
   O157:H7	
   resulted	
   in	
   colonisation	
   and,	
   five	
   days	
   post	
   infection,	
   induction	
   of	
  

neurological	
   symptoms,	
   which	
   are	
   considered	
   an	
   important	
   predictive	
   factor	
   for	
   HUS	
  

mortality	
  in	
  children.	
  Ten	
  days	
  after	
  infection,	
  75%	
  of	
  the	
  protein-­‐calorie	
  restricted	
  mice	
  

had	
  died	
  from	
  cerebral	
  haemorrhage	
  while	
  the	
  control	
  mice	
  remained	
  healthy,	
  although	
  

no	
  significant	
  kidney	
  pathology	
  in	
  infected	
  mice	
  was	
  observed	
  (Kurioka	
  et	
  al.,	
  1998).	
  	
  

Gnotobiotic	
  mice,	
  which	
  lack	
  competitive	
  intestinal	
  flora,	
  have	
  also	
  been	
  used	
  as	
  models.	
  

In	
  these	
  mice,	
   infectious	
  doses	
  similar	
   to	
  those	
  used	
   in	
  the	
  streptomycin-­‐treated	
  model	
  

have	
   been	
   shown	
   to	
   cause	
   disease	
   and	
   death	
   within	
   7	
   days	
   without	
   the	
   need	
   for	
  

streptomycin	
   treatment.	
   Studies	
   by	
   Isogai	
  et	
   al.	
   (1998)	
   showed	
   that	
   a	
   lower	
   infectious	
  

dose	
  (2x103	
  CFU)	
  in	
  the	
  gnotobiotic	
  model	
  could	
  result	
  in	
  colonisation	
  in	
  the	
  absence	
  of	
  

disease	
  symptoms.	
  However,	
  when	
  mice	
  were	
  pretreated	
  with	
  TNF-­‐α,	
  a	
  cytokine	
  induced	
  

by	
  Stx	
  with	
  renal-­‐damaging	
  properties	
  (Harel	
  et	
  al.,	
  1993),	
  the	
  animals	
  developed	
  severe	
  

neurotoxic	
   symptoms	
   and	
   kidney	
   pathology.	
   The	
   mice	
   showed	
   evidence	
   of	
   a	
   strong	
  

contribution	
  by	
   cytokines	
   to	
   initiation	
  of	
   damage	
   in	
   the	
  brain	
   and	
   kidney	
   (Isogai	
  et	
   al.,	
  

1998).	
  	
  

	
  

Models	
  of	
  HUS	
  using	
  C57BL/6	
  mice	
  have	
  also	
  been	
  developed.	
  The	
  coadministration	
  of	
  

LPS	
  and	
  Stx2	
  has	
  shown	
  reproduction	
  of	
  major	
  HUS	
  symptoms	
  such	
  as	
  thrombocytopenia,	
  

haemolytic	
   anemia,	
   and	
   renal	
   failure	
   (Keepers	
   et	
   al.,	
   2006),	
   while	
   outer	
   membrane	
  

vesicles	
   of	
   O157:H7	
   containing	
   LPS	
   and	
   Stx2	
   produced	
   HUS-­‐like	
   symptoms	
   (Kim	
   et	
   al.,	
  

2011).	
   A	
   mouse	
   model	
   that	
   does	
   not	
   require	
   the	
   presence	
   of	
   LPS	
   has	
   also	
   been	
  

established,	
   whereby	
   multiple	
   sublethal	
   doses	
   of	
   endotoxin-­‐free	
   Stx2	
   injected	
  

intraperitoneally	
   over	
   7-­‐8	
   days	
   produce	
   symptoms	
   similar	
   to	
   that	
   of	
   HUS	
   in	
   humans:	
  

increased	
   blood	
   urea	
   nitrogen	
   and	
   serum	
   creatinine	
   levels,	
   proteinuria,	
   glomular	
  

endothelial	
  damage,	
  haemolysis,	
  leukocytopenia,	
  and	
  neutrophilia	
  (Sauter	
  et	
  al.,	
  2008).	
  

	
  

1.5.3	
  Citrobacter	
  rodentium	
  as	
  an	
  O157:H7	
  surrogate	
  model	
  of	
  infection	
  

	
  

As	
   O157:H7	
   and	
   other	
   EHEC	
   are	
   poorly	
   pathogenic	
   in	
   mice,	
   models	
   often	
   require	
  

alteration	
  of	
  the	
  ‘natural’	
  niche,	
  including	
  disruption	
  of	
  the	
  host	
  microbiota.	
  To	
  avoid	
  such	
  



1.	
  INTRODUCTION	
  

	
   31	
  

complications,	
   an	
   alternative	
   approach	
   makes	
   use	
   of	
   the	
   natural	
   murine	
   pathogen	
  

Citrobacter	
   rodentium,	
   which	
   readily	
   colonises	
   the	
   large	
   intestine	
   of	
   the	
   mouse.	
   C.	
  

rodentium	
  is	
  related	
  to	
  EHEC	
  and	
  EPEC	
  (Figure	
  1-­‐9)	
  and,	
  like	
  these	
  pathogens,	
  produces	
  a	
  

T3SS	
  that	
  is	
  required	
  for	
  the	
  formation	
  of	
  A/E	
  lesions.	
  Oral	
  challenge	
  of	
  mice	
  with	
  108-­‐109	
  

CFU	
  allows	
  initial	
  colonisation	
  of	
  the	
  lymphoid	
  tissue	
  surface	
  in	
  the	
  caecum	
  (caecal	
  patch)	
  

followed	
  by	
   colonisation	
   of	
   the	
   distal	
   colon	
   a	
   few	
  days	
   later,	
  with	
   the	
   bacteria	
   cleared	
  

from	
  the	
  host	
  after	
  3-­‐4	
  weeks	
  (Wiles	
  et	
  al.,	
  2004).	
  Infection	
  of	
  mice	
  with	
  C.	
  rodentium	
  can	
  

result	
   in	
  colonic	
  hyperplasia,	
  a	
  thickening	
  of	
  the	
  colonic	
  tissue,	
  although	
   in	
  most	
  mouse	
  

strains	
  this	
  does	
  not	
  result	
  in	
  mortality.	
  

	
  

	
  
Figure	
   1-­‐9:	
   Phylogenetic	
   tree	
   showing	
   the	
   relationship	
   of	
   C.	
   rodentium	
   to	
   E.	
   coli	
   and	
   other	
   enteric	
  

bacteria.	
   Phylogenetic	
   relationships	
   were	
   determined	
   from	
   the	
   nucleotide	
   sequences	
   of	
   seven	
  

housekeeping	
  genes	
  (Petty	
  et	
  al.,	
  2010).	
  

	
  

The	
  C.	
  rodentium	
  LEE	
  is	
  closely	
  related	
  to	
  the	
  LEE	
  of	
  EHEC	
  and	
  EPEC	
  (Deng	
  et	
  al.,	
  2001).	
  

Genome	
  sequencing	
  has	
  revealed	
  that	
  C.	
  rodentium	
  contains	
  a	
  LEE	
  pathogenicity	
   island,	
  

along	
  with	
  genes	
  encoding	
  29	
  T3SS	
  effectors,	
  22	
  of	
  which	
  encode	
  all	
  the	
  core	
  effectors	
  of	
  

the	
  EPEC	
  E2348/69	
  strain.	
  EHEC	
  and	
  C.	
  rodentium	
  also	
  share	
  many	
  other	
  virulence	
  factor	
  

genes,	
   such	
   as	
   those	
   for	
   fimbriae	
   and	
   adhesins,	
  many	
   of	
   which	
   are	
   located	
   on	
  mobile	
  

genetic	
  elements	
  (Petty	
  et	
  al.,	
  2010).	
  The	
  C.	
  rodentium	
  T3SS	
  and	
  the	
  effectors	
  involved	
  in	
  

A/E	
  lesion	
  formation	
  are	
  required	
  for	
  colonisation,	
  with	
  strains	
  in	
  which	
  genes	
  encoding	
  

intimin	
  or	
   EspB	
  have	
  been	
  mutated	
   showing	
  no	
   virulence	
   in	
  mice	
   as	
   a	
   consequence	
  of	
  

colonisation	
   failure	
   (Schauer	
   &	
   Falkow,	
   1993;	
   Newman	
   et	
   al.,	
   1999).	
  While	
   this	
  makes	
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Citrobacter	
   rodentium	
   an	
   excellent	
   model	
   for	
   studying	
   colonisation	
   and	
   A/E	
   lesions	
   in	
  

vivo,	
  it	
  lacks	
  many	
  other	
  O157:H7	
  genes,	
  including	
  those	
  encoding	
  Stx,	
  and	
  therefore	
  does	
  

not	
  produce	
  symptoms	
  associated	
  with	
  EHEC	
  disease.	
  

	
  

A	
   novel	
   C.	
   rodentium	
   strain	
   has	
   recently	
   been	
   developed	
   to	
   address	
   the	
   issue	
   of	
   Stx	
  

production.	
  Mallick	
  et	
  al.	
   (2012)	
  constructed	
  a	
  C.	
  rodentium	
  strain	
  capable	
  of	
  producing	
  

Stx	
   by	
   inserting	
   the	
   Stx2dact	
   phage	
   genome	
   into	
   the	
   C.	
   rodentium	
   chromosome.	
   The	
  

resultant	
  strain	
  λstx2dact	
  expresses	
  the	
  Stx2dact	
  toxin	
  and	
  lyses	
  bacteria	
  at	
  levels	
  similar	
  to	
  

that	
  of	
  O157:H7.	
  When	
  this	
  strain	
  was	
  tested	
  in	
   inbred	
  C57BL/6	
  mice	
  it	
  produced	
  lethal	
  

infection,	
  with	
  all	
  mice	
  succumbing	
  to	
  death	
  after	
  4-­‐9	
  days.	
  Citrobacter	
  (λstx2dact)-­‐infected	
  

animals	
  displayed	
  significant	
  weight	
  loss	
  (10-­‐20%	
  of	
  starting	
  weight)	
  and	
  increasing	
  faecal	
  

water	
  content.	
  While	
  the	
  overall	
  level	
  of	
  colonisation	
  was	
  similar	
  to	
  that	
  of	
  the	
  wild	
  type,	
  

the	
   Stx	
   strain	
   produced	
   some	
   pathological	
   changes	
   associated	
   with	
   human	
   EHEC	
  

infection.	
  These	
  included	
  increased	
  levels	
  of	
  renal	
  cytokines	
  and	
  Stx-­‐mediated	
  damage	
  as	
  

determined	
   by	
   histopathogical	
   evaluation	
   of	
   tissue.	
  While	
   the	
   kidneys	
   did	
   not	
   show	
   a	
  

strong	
   inflammatory	
   response,	
   there	
   was	
   evidence	
   of	
   proximal	
   tubule	
   injury	
   such	
   as	
  

flattened	
  epithelium,	
  loss	
  of	
  luminal	
  brush	
  border,	
  and	
  sloughing	
  of	
  dead	
  cells	
  (Mallick	
  et	
  

al.,	
  2012).	
  Although	
  this	
  model	
  may	
  not	
  display	
  all	
  features	
  associated	
  with	
  EHEC	
  disease	
  

and	
  HUS,	
   the	
  production	
  of	
  both	
  A/E	
   lesion	
   formation	
  and	
  Stx-­‐mediated	
   tissue	
  damage	
  

greatly	
  increases	
  the	
  functionality	
  of	
  C.	
  rodentium	
  as	
  an	
  EHEC	
  alternative.	
  

	
  

1.6	
  Development	
  of	
  a	
  human	
  vaccine	
  to	
  prevent	
  O157:H7	
  infections	
  

	
  

The	
  mortality	
  rate	
  of	
  EHEC	
  infections,	
  the	
  risk	
  of	
  severe	
  and	
  long-­‐term	
  HUS	
  sequelae,	
  the	
  

limited	
   treatment	
  options	
   available,	
   and	
   the	
  high	
   cost	
   of	
   EHEC	
  outbreaks	
   –	
   not	
  merely	
  

that	
  of	
   health	
   care	
  but	
   also	
   the	
   substantial	
   financial	
   impact	
  on	
   the	
   agriculture	
   industry	
  

during	
  and	
  after	
  human	
  outbreaks	
  –	
   implies	
  a	
  need	
  for	
  effective	
  vaccines	
  against	
  EHEC.	
  

However,	
   given	
   the	
   relatively	
   low	
   incidence	
   of	
   EHEC	
   infection	
   compared	
   to	
   other	
  

infectious	
  bacterial	
  species,	
  the	
  high	
  cost	
  of	
  general	
  immunisation	
  may	
  be	
  discouraging	
  to	
  

health	
   care	
   providers.	
   Selective	
   immunisation	
   of	
   individuals	
   or	
   groups	
   at	
   high	
   risk	
   of	
  

infection	
  is	
  also	
  hindered	
  by	
  the	
  sporadic,	
  unpredictable	
  nature	
  of	
  human	
  EHEC	
  outbreaks	
  

and	
   the	
   fact	
   that	
   the	
   vast	
   majority	
   of	
   infections	
   arise	
   from	
   unknowingly	
   ingesting	
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contamined	
   food	
   rather	
   than	
   	
   by	
   human-­‐human	
   or	
   animal-­‐human	
   contact.	
   A	
   broad-­‐

spectrum	
  vaccine	
  against	
  multiple	
  pathotypes	
  of	
  E.	
  coli	
  may	
  therefore	
  be	
  a	
  more	
  viable	
  

and	
  cost-­‐effective	
  approach	
  to	
  preventing	
  EHEC	
  outbreaks.	
  

	
  

1.6.1	
  The	
  case	
  for	
  a	
  broad-­‐spectrum	
  E.	
  coli	
  vaccine	
  

	
  

Antibiotic	
  resistance	
  is	
  a	
  growing	
  problem	
  for	
  treatment	
  of	
  bacterial	
  pathogens,	
  including	
  

that	
  of	
  E.	
  coli.	
  Diarrhoeal	
  infections	
  caused	
  by	
  E.	
  coli	
  are	
  often	
  self-­‐limiting	
  and	
  managed	
  

by	
  rehydration	
  therapies,	
  but	
  persistent	
  infections	
  by	
  some	
  pathotypes	
  are	
  often	
  treated	
  

by	
  antimicrobials.	
  Resistance	
  of	
  E.	
  coli	
  has	
  been	
  observed	
  for	
  penicillins,	
  cephalosporins,	
  

aminoglycosides	
  and	
  fluoroquinalones,	
  while	
  emerging	
  multi-­‐drug	
  resistance	
  phenotypes,	
  

involving	
   coresistance	
   to	
   four	
   or	
   more	
   unrelated	
   families	
   of	
   antibiotics	
   has	
   also	
   been	
  

reported	
  (reviewed	
  by	
  Croxen	
  et	
  al.,	
  2013).	
  Recently,	
  a	
  UPEC	
  isolate	
  from	
  a	
  patient	
  in	
  the	
  

USA	
   was	
   found	
   to	
   carry	
   a	
   plasmid	
   conferring	
   resistance	
   against	
   colistin,	
   a	
   last-­‐resort	
  

antibiotic.	
   This	
   particular	
   phenotype	
   had	
   previously	
   only	
   been	
   reported	
   in	
   China	
   and	
  

Europe,	
  and	
  while	
  the	
  strain	
  was	
  still	
  susceptible	
  to	
  other	
  antibiotics	
  there	
  is	
  the	
  concern	
  

that	
   this	
  plasmid	
  and	
   the	
   resistance	
   it	
  provides	
  could	
  be	
   transferred	
   to	
  other	
   strains	
  of	
  

multi-­‐drug	
  resistant	
  bacteria	
  (McGann	
  et	
  al.,	
  2016).	
  

	
  

Prophylactics	
   for	
  management	
  of	
  pathogenic	
  E.	
  coli	
  are	
  therefore	
  of	
  significant	
   interest,	
  

and	
  vaccines	
  against	
  all	
  pathotypes	
  are	
  currently	
  being	
  developed	
  and	
  evaluated.	
  While	
  

an	
   EHEC-­‐specific	
   vaccine	
   may	
   not	
   provide	
   enough	
   economic	
   incentive	
   in	
   order	
   to	
   be	
  

widely	
  adopted,	
  a	
  vaccine	
  that	
  protects	
  against	
  major	
  EHEC	
  strains	
  as	
  well	
  as	
  other	
  E.	
  coli	
  

pathotypes	
  with	
   high	
   clinical	
   importance	
  would	
   be	
   greatly	
   desirable	
   and	
   have	
   a	
  major	
  

impact	
  on	
  global	
  human	
  health.	
  This	
  approach	
  has	
  recently	
  been	
  explored	
  in	
  a	
  study	
  that	
  

tested	
  in	
  vivo	
  a	
  vaccine	
  consisting	
  of	
  a	
  killed	
  whole-­‐cell	
  mixture	
  of	
  EAEC,	
  EPEC,	
  EIEC,	
  EHEC	
  

and	
   ETEC	
  pathotypes.	
  When	
  mice	
  were	
   subcutaneously	
   immunised	
  with	
   this	
   combined	
  

vaccine	
  candidate,	
  a	
  significant	
  increase	
  in	
  survival	
  compared	
  to	
  non-­‐immunised	
  controls	
  

after	
  challenge	
  with	
  a	
   living	
  combination	
  of	
  the	
  five	
  E.	
  coli	
  pathotypes	
  was	
  observed,	
  as	
  

was	
  a	
  significant	
  increase	
  in	
  immunological	
  responses	
  (Gohar	
  et	
  al.,	
  2016).	
  The	
  authors	
  of	
  

this	
   study	
  suggest	
   that	
   this	
  combined	
  vaccine	
   is	
  a	
  cost-­‐effective	
  approach	
  with	
  promise	
  

for	
   further	
   testing	
   in	
   humans.	
   Another	
   possible	
   tactic	
  may	
   be	
   development	
   of	
   a	
  multi-­‐

subunit	
  vaccine,	
  which	
  presents	
  several	
  bacterial	
  antigens	
  to	
  the	
  immune	
  system.	
  If	
  these	
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selected	
   antigens	
   are	
   highly	
   conserved	
   across	
   E.	
   coli	
   strains	
   and	
   pathotypes,	
   this	
   may	
  

provide	
  the	
  vaccine	
  with	
  broader	
  coverage	
  across	
  different	
  pathotypes.	
  

	
  

1.6.2	
  EHEC	
  vaccine	
  development:	
  Stx	
  vaccines	
  

	
  

Several	
  approaches	
  towards	
  the	
  development	
  of	
  a	
  protective	
  vaccine	
  against	
  EHEC	
  have	
  

been	
  undertaken.	
  As	
  Stx1	
  and	
  Stx2	
  play	
  a	
  crucial	
  role	
  human	
  disease	
  and	
  risk	
  of	
  HUS,	
  the	
  

ability	
   to	
   induce	
   neutralizing	
   antibodies	
   to	
   Stx	
   is	
   attractive.	
   Additionally,	
   targeting	
   this	
  

antigen	
   offers	
   the	
   potential	
   to	
   provide	
   an	
   effective	
   vaccine	
   against	
   other	
   non-­‐O157:H7	
  

EHEC	
  strains,	
  an	
  important	
  consideration	
  given	
  that	
  other	
  EHEC	
  strains	
  are	
  responsible	
  for	
  

a	
  large	
  number	
  of	
  outbreaks	
  and	
  cases	
  of	
  HUS.	
  

	
  

Vaccination	
  with	
  inactive	
  Stx	
  derivatives	
  effectively	
  induces	
  the	
  production	
  of	
  neutralising	
  

antibodies	
   and	
   protects	
   against	
   toxaemia	
   in	
   mouse	
   models	
   (Ishikawa	
   et	
   al.,	
   2003;	
  

Marcato	
  et	
  al.,	
  2005).	
  A	
  live	
  attenuated	
  O157:H7	
  vaccine	
  constructed	
  by	
  Liu	
  et	
  al.	
  (2009)	
  

has	
   also	
   shown	
   promise	
   in	
   mouse	
   models.	
   This	
   attenuated	
   vaccine	
   consisted	
   of	
   an	
  

O157:H7	
   ler	
   stx	
   deletion	
  mutant	
   transformed	
   with	
   a	
   plasmid	
   containing	
   stx1	
   and	
   stx2	
  

(under	
   the	
   control	
   of	
   their	
   own	
   promoters)	
   with	
   mutations	
   in	
   the	
   active	
   center	
   and	
  

membrane-­‐spanning	
   region	
   of	
   the	
   toxin	
   A	
   subunit.	
   This	
   strain	
   significantly	
   reduced	
  

toxicity	
  in	
  comparison	
  with	
  wild	
  type	
  O157:H7	
  with	
  no	
  clinical	
  signs	
  of	
  disease	
  displayed	
  

by	
   infected	
  mice.	
   Importantly,	
  mice	
   immunised	
  with	
   this	
   vaccine	
   strain	
  were	
  protected	
  

against	
  subsequent	
  challenge	
  with	
  wild	
  type	
  O157:H7	
  and,	
  when	
  pregnant	
  females	
  were	
  

immunised,	
   this	
   protection	
   was	
   shown	
   to	
   be	
   horizontally	
   transmitted	
   to	
   suckling	
  

newborns	
  (Liu	
  et	
  al.,	
  2009).	
  	
  

	
  

A	
  DNA	
  vaccine	
  based	
  on	
  a	
  non-­‐toxic	
  Stx2	
  gene	
  consisting	
  of	
  the	
  last	
  32	
  amino	
  acids	
  of	
  the	
  

A2	
  subunit	
   sequence	
  and	
   the	
  complete	
  B	
   subunit	
  also	
  generates	
  a	
   systemic	
  Stx-­‐specific	
  

antibody	
   response	
   that	
   targets	
   both	
   subunits	
   of	
   native	
   Stx2.	
   Antibodies	
   against	
   Stx2	
  

raised	
   by	
  mice	
   immunised	
  with	
   this	
   vaccine	
   had	
   toxin-­‐neutralising	
   activity	
   in	
   vitro	
   and	
  

conferred	
  partial	
  protection	
  against	
  Stx2	
  challenge	
  in	
  vivo	
  (Bentancor	
  et	
  al.,	
  2009).	
  Other	
  

Stx-­‐based	
  vaccine	
  approaches	
  such	
  as	
  protein-­‐conjugated	
  polysaccharides	
  (Konadu	
  et	
  al.,	
  

1999),	
   purified	
   B	
   subunit	
   (Zhu	
  et	
   al.,	
   2008),	
   and	
   synthetic	
   peptides	
   derived	
   from	
   the	
  B	
  

subunit	
   (Harari	
  &	
  Arnon,	
   1990)	
   have	
   exhibited	
   varying	
   degrees	
   of	
   protection	
   and	
   toxin	
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neutralisation.	
  However,	
  these	
  candidate	
  vaccines	
  have	
  not	
  yet	
  proceeded	
  beyond	
  animal	
  

tests,	
  partly	
  due	
  to	
  the	
  inherent	
  difficulty	
  of	
  organising	
  human	
  trials,	
  as	
  EHEC	
  outbreaks	
  

are	
  sporadic	
  and	
  unpredictable.	
  

	
  

1.6.3	
  EHEC	
  vaccine	
  development:	
  reverse	
  vaccinology	
  

	
  

Other	
   conventional	
   approaches	
   to	
   E.	
   coli	
   vaccines	
   have	
   relied	
   on	
   surface-­‐expressed	
  

proteins,	
  such	
  as	
  the	
  adhesin	
  P	
  fimbriae	
  (Roberts	
  et	
  al.,	
  2004)	
  and	
  type	
  1	
  pilus	
  subunits	
  

(Langermann	
  et	
  al.,	
  1997).	
  These	
  conferred	
  protection	
  in	
  cynomolgus	
  monkey	
  and	
  mouse	
  

models	
   respectively,	
   but	
   failed	
   to	
   show	
   sufficient	
   efficacy	
   in	
   phase	
   II	
   clinical	
   trials	
  

(Brumbaugh	
   &	
   Mobley,	
   2012).	
   However,	
   the	
   availability	
   of	
   genomic	
   sequences	
   from	
  

multiple	
  isolates	
  of	
  particular	
  pathogens	
  is	
  providing	
  a	
  rich	
  resource	
  for	
  vaccine	
  candidate	
  

identification.	
   Subtractive	
   reverse	
   vaccinology,	
  which	
   employs	
   bioinformatic	
   analysis	
   of	
  

genomes	
  to	
  identify	
  potential	
  antigens,	
  was	
  first	
  used	
  in	
  the	
  development	
  of	
  the	
  recently	
  

licensed	
   vaccine	
   against	
   Neisseria	
   meningitidis	
   Serogroup	
   B	
   (Pizza	
   et	
   al.,	
   2000).	
   This	
  

approach	
  has	
  subsequently	
  been	
  applied	
  to	
  other	
  bacterial	
  pathogens	
  including	
  S.	
  aureus	
  

and	
   Streptococcus	
   pneumoniae.	
   Reverse	
   vaccinology	
   offers	
   more	
   rapid	
   progress	
   than	
  

conventional	
   vaccinology,	
   and	
   has	
   the	
   advantage	
   of	
   identifying	
   virtually	
   every	
   single	
  

antigen	
   in	
   a	
   pathogen	
   (with	
   the	
   exception	
   of	
   non-­‐protein	
   antigens	
   such	
   as	
  

polysaccharides	
   and	
   glycolipids),	
   including	
   those	
   that	
   are	
   not	
   intrinsically	
   immunogenic	
  

and	
  those	
  whose	
  expression	
  is	
  transient	
  or	
  limited	
  under	
  conditions	
  of	
  in	
  vitro	
  cultivation	
  

(Rappuoli,	
  2000).	
  	
  

	
  

Reverse	
  vaccinology	
  was	
  recently	
  employed	
  to	
  identify	
  antigen	
  candidates	
  for	
  inclusion	
  in	
  

a	
   vaccine	
   against	
   extraintestinal	
   pathogenic	
   E.	
   coli	
   (ExPEC)	
   (Moriel	
   et	
   al.,	
   2012).	
   This	
  

approach	
  aimed	
  to	
  determine	
  potential	
  targets	
  by	
  comparison	
  of	
  the	
  sequenced	
  genome	
  

of	
   the	
   K1	
   ExPEC	
   strain	
   IHE3034	
   with	
   other	
   ExPEC	
   and	
   non-­‐pathogenic	
   strains.	
   The	
   K1	
  

strain	
   contained	
   19	
   genomic	
   islands	
   that	
   were	
   not	
   present	
   in	
   non-­‐pathogenic	
   strains,	
  

accounting	
  for	
  approximately	
  20%	
  of	
  the	
  total	
  K1	
  genome.	
  These	
  islands	
  contained	
  genes	
  

for	
   230	
  unique	
   surface-­‐associated	
  or	
   secreted	
  proteins,	
   220	
  of	
  which	
  were	
   successfully	
  

purified	
  using	
  His-­‐tag	
   technology.	
   The	
  protective	
  efficacy	
  of	
   these	
  proteins	
   in	
  mice	
  was	
  

determined	
   by	
   subcutaneous	
   injection	
   followed	
   by	
   infection	
   with	
   pathogenic	
   E.	
   coli	
  

strains.	
  Nine	
  of	
  these	
  proteins	
   induced	
  a	
  significant	
   level	
  of	
  protection	
  compared	
  to	
  the	
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control	
  group,	
  with	
  a	
  protective	
  efficacy	
  ranging	
  from	
  13-­‐82%.	
  These	
  antigens	
  were	
  not	
  

only	
  present	
   in	
  ExPEC	
  strains,	
  but	
  conserved	
   in	
  many	
  other	
  pathogenic	
  E.	
  coli,	
   including	
  

EHEC	
  strains,	
  raising	
  the	
  possibility	
  of	
  their	
  use	
  in	
  a	
  broadly	
  cross-­‐reactive	
  E.	
  coli	
  vaccine	
  

(Moriel	
  et	
  al.,	
  2010).	
  

	
  

1.6.4	
  Animal	
  vaccines	
  against	
  O157:H7	
  

	
  

Prophylactic	
  treatments	
  against	
  O157:H7	
  are	
  not	
  limited	
  just	
  to	
  humans;	
  animal	
  vaccines	
  

that	
   target	
  O157:H7	
   in	
   its	
   reservoir	
  host	
  are	
  also	
  of	
   interest,	
  as	
   reduction	
  of	
  carriage	
   in	
  

cattle	
  may	
  lower	
  the	
  risk	
  of	
  foodborne	
  outbreaks.	
  Two	
  cattle	
  subunit	
  vaccines	
  have	
  been	
  

approved	
  for	
  use	
  in	
  Canada	
  and	
  the	
  US:	
  Econiche,	
  which	
  raises	
  antibodies	
  against	
  Type	
  3-­‐

secreted	
   proteins	
   (Potter	
   et	
   al.,	
   2004),	
   and	
   Epitopix	
   SRP,	
   which	
   targets	
   O157:H7	
  

siderophore	
  receptor	
  and	
  porins	
  (Fox	
  et	
  al.,	
  2009).	
  Although	
  their	
  use	
  has	
  been	
  predicted	
  

to	
  result	
  in	
  an	
  85%	
  reduction	
  in	
  human	
  cases	
  (Matthews	
  et	
  al.,	
  2013),	
  uptake	
  by	
  farmers	
  

has	
  been	
   low.	
  This	
   is	
   largely	
  because	
  the	
  conditional	
   license	
  restrictions	
  of	
  Epitopix	
  SRP	
  

limits	
   purchase	
   to	
   licenced	
   veterinarians,	
   and	
   the	
   production	
   of	
   Econiche	
   has	
   been	
  

recently	
  discontinued.	
  

	
  

1.7	
  Development	
  of	
  a	
  therapeutic	
  treatments	
  for	
  O157:H7	
  infections	
  

	
  

The	
   use	
   of	
   antibiotics	
   to	
   treat	
   infections	
   caused	
   by	
   Stx-­‐expressing	
   bacteria	
   is	
   largely	
  

avoided	
  to	
  prevent	
  the	
  increase	
  in	
  Stx	
  expression	
  and	
  release	
  caused	
  by	
  the	
  bacterial	
  lysis	
  

they	
   stimulate,	
   and	
   the	
   subsequent	
   increased	
   risk	
   of	
   HUS	
   development.	
   Wong	
   et	
   al.	
  

(2000)	
  assessed	
  the	
  risk	
  of	
  HUS	
  in	
  71	
  antibiotic-­‐treated	
  children	
  with	
  O157:H7	
  infections,	
  

finding	
   the	
   relative	
   risk	
   of	
   HUS	
   development	
   to	
   be	
   17.7	
   for	
   those	
   administered	
   the	
  

antibiotic	
  trimethoprim-­‐sulfamethoxazole,	
  and	
  13.4	
  for	
  those	
  administered	
  beta-­‐lactams.	
  

In	
   vitro	
   studies	
   by	
   McGannon	
   et	
   al.	
   (2010)	
   have	
   suggested	
   that	
   the	
   increase	
   of	
   Stx	
  

production	
   depends	
   on	
   the	
   class	
   of	
   antibiotic	
   used.	
   Addition	
   of	
   sub-­‐inhibitory	
  

concentrations	
   of	
   the	
   DNA	
   synthesis-­‐targeting	
   antibiotics	
   ampicillin,	
   trimethoprim-­‐

sulfamethoxazole	
   and	
   ciprofloxacin	
   increased	
   Stx	
   production,	
   while	
   the	
   cell	
   wall,	
  

ribosome,	
   or	
   RNA	
   polymerase-­‐targeting	
   antibiotics	
   azithromycin,	
   doxycycline,	
  

phosphomycin	
  and	
  gentamycin	
  showed	
  little	
  ability	
  to	
  induce	
  Stx	
  production,	
  with	
  some	
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resulting	
   in	
   decreased	
   Stx	
   production	
   when	
   compared	
   to	
   untreated	
   O157:H7.	
  

Additionally,	
   when	
   bacteria	
   were	
   exposed	
   to	
   much	
   higher	
   growth-­‐inhibiting	
   levels	
   of	
  

ciprofloxacin,	
  levels	
  of	
  Stx	
  were	
  still	
  very	
  high	
  even	
  when	
  bacterial	
  growth	
  was	
  completely	
  

suppressed	
  (McGannon	
  et	
  al.,	
  2010).	
  Other	
  forms	
  of	
  treatment	
  are	
  also	
  discouraged,	
  with	
  

anti-­‐motility	
   agents	
   and	
   narcotics	
   associated	
  with	
   increased	
  HUS	
   risk	
   and	
  HUS-­‐induced	
  

neurological	
  effects.	
  Non-­‐steroidal	
  anti-­‐inflammatory	
  agents	
  should	
  also	
  be	
  avoided	
  due	
  

to	
  their	
  impact	
  on	
  renal	
  blood	
  flow	
  (Tarr	
  et	
  al.,	
  2005).	
  There	
  is	
  therefore	
  a	
  urgent	
  need	
  for	
  

alternative	
   therapeutic	
   options	
   that	
   restrict	
   EHEC	
   colonisation	
   or	
   toxin	
   expression,	
  

release	
  or	
  binding,	
  without	
  initiating	
  additional	
  Stx	
  production.	
  

	
  

Bacterial	
  virulence	
  factors	
  are	
  a	
  promising	
  target	
  for	
  novel	
  inhibitors,	
  as	
  interference	
  with	
  

mechanisms	
   essential	
   for	
   bacterial	
   colonisation	
   and	
   disease	
   symptoms,	
   such	
   as	
  

adherence	
   to	
   and	
   invasion	
   of	
   host	
   cells,	
   production	
   of	
   toxins,	
   and	
   avoidance	
   of	
   host	
  

immune	
   responses,	
   provide	
   an	
   opportunity	
   to	
   prevent	
   disease	
   without	
   modifying	
   the	
  

prevalence	
  of	
  these	
  strains.	
  Without	
  the	
  capacity	
  to	
  colonise	
  and	
  cause	
  harm	
  to	
  the	
  host,	
  

the	
   bacteria	
   can	
   be	
   rapidly	
   cleared	
   by	
   both	
   the	
   host	
   immune	
   response	
   and	
   by	
  

competition	
  from	
  commensal	
  bacteria.	
  Unlike	
  traditional	
  antibiotics	
  which	
  work	
  to	
  either	
  

kill	
   or	
   inhibit	
   growth,	
   this	
   strategy	
   is	
   attractive	
   as	
   by	
   inhibiting	
  bacterial	
   functions	
  non-­‐

essential	
   for	
  survival,	
  there	
   is	
  potentially	
   less	
  selection	
  pressure	
  to	
  drive	
  the	
  emergence	
  

of	
  drug-­‐resistant	
  mutants,	
  which	
  may	
  decrease	
  the	
  rate	
  at	
  which	
  resistance	
  occurs	
  (Allen	
  

et	
   al.,	
   2014).	
   Specific	
   targeting	
   of	
   virulence	
   determinants	
   also	
   has	
   the	
   advantage	
   of	
  

avoiding	
   alteration	
   of	
   the	
   host	
   microbiota,	
   which	
   could	
   prevent	
   the	
   development	
   of	
  

diseases	
  associated	
  with	
  disruption	
  of	
  the	
  gut	
  flora,	
  such	
  Clostridium	
  difficile	
  infections.	
  	
  

	
  

1.7.1	
  Inhibition	
  of	
  Stx	
  expression	
  and	
  binding	
  to	
  host	
  receptors	
  

	
  

Bacterial	
   toxins	
   such	
   as	
   Stx	
   are	
   an	
   obvious	
   target	
   for	
   anti-­‐virulence-­‐based	
   approaches,	
  

given	
  their	
  crucial	
  role	
  in	
  disease	
  symptoms.	
  One	
  strategy	
  that	
  targets	
  Stx	
  currently	
  under	
  

investigation	
   is	
   inhibition	
   of	
   quorum	
   sensing,	
   a	
   mechanism	
   used	
   by	
   bacteria	
   in	
   the	
  

regulation	
  of	
  gene	
  expression	
  in	
  response	
  to	
  changes	
  in	
  the	
  bacterial	
  population	
  density.	
  

This	
   involves	
  the	
  secretion	
  and	
  detection	
  of	
  signalling	
  molecules	
  known	
  as	
  autoinducers	
  

by	
  growing	
  bacteria,	
  which	
  regulate	
  many	
  bacterial	
  physiological	
  activities	
  including	
  that	
  

of	
  toxin	
  release	
  (Zhu	
  et	
  al.,	
  2002)	
  and	
  other	
  virulence	
  factors	
  such	
  as	
  the	
  T3SS	
  and	
  flagella	
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(Kanamaru	
  et	
  al.,	
  2000;	
  Sperandio	
  et	
  al.,	
  2002).	
  An	
  O157:H7	
  strain	
  with	
  a	
  mutation	
  in	
  the	
  

luxS	
   gene,	
   whose	
   product	
   is	
   involved	
   in	
   synthesis	
   of	
   the	
   autoinducers	
   AI-­‐2	
   and	
   AI-­‐3,	
  

produced	
   less	
   Stx2	
   when	
   compared	
   to	
   the	
   wild	
   type	
   strain	
   (Sperandio	
   et	
   al.,	
   2001),	
  

suggesting	
   that	
   inhibition	
  of	
  essential	
   stages	
  of	
  quorum	
  sensing	
  may	
   reduce	
  or	
  prevent	
  

production	
  of	
  Shiga	
  toxin.	
  

	
  

Virulence	
  gene	
  expression	
  can	
  also	
  be	
  modulated	
  by	
  chemical	
  signals	
  within	
  the	
  host.	
  The	
  

adrenergic	
   receptor	
   QseC	
   acts	
   as	
   a	
   receptor	
   for	
   the	
   mammalian	
   stress	
   response	
  

hormones	
   epinephrine	
   and	
   norepinephrine,	
   and	
   in	
   EHEC	
   has	
   been	
   shown	
   to	
   activate	
  

expression	
  of	
  metabolic,	
   virulence	
  and	
   stress	
   response	
  genes,	
   including	
   that	
  of	
   stx2	
   via	
  

recA	
   (Hughes	
   et	
   al.,	
   2009).	
   When	
   a	
   rabbit	
   model	
   was	
   infected	
   with	
   EHEC	
   strains	
  

containing	
   a	
   qseC	
   deletion,	
   these	
   strains	
   were	
   attenuated	
   for	
   virulence	
   (Clarke	
   et	
   al.,	
  

2006).	
   These	
   findings	
   led	
   to	
   high-­‐throughput	
   screening	
   by	
   Rasko	
   et	
   al.	
   (2008)	
   to	
   find	
  

inhibitors	
  for	
  QseC,	
  which	
  identified	
  the	
  small	
  molecule	
  LED209.	
  LED209	
  is	
  highly	
  selective	
  

for	
   QseC	
   and	
   prevents	
   its	
   autophosphorylation	
   by	
   allosteric	
   modification	
   of	
   lysines,	
  

consequently	
  limiting	
  activation	
  of	
  virulence	
  gene	
  expression	
  (Rasko	
  et	
  al.,	
  2008;	
  Curtis	
  et	
  

al.,	
  2014).	
  Importantly,	
  LED209	
  showed	
  no	
  overt	
  toxicity	
  to	
  mammalian	
  or	
  bacterial	
  cells,	
  

and	
  did	
  not	
   inhibit	
  bacterial	
   growth.	
   In	
  addition,	
   secretion	
  of	
   the	
   LEE-­‐encoded	
  proteins	
  

EspA	
  and	
  EspB	
  was	
   inhibited	
  by	
   LED209	
   in	
   vitro,	
   reducing	
   formation	
  of	
  A/E	
   lesions	
  and	
  

activation	
   of	
   the	
   bacterial	
   SOS	
   response,	
   thus	
   preventing	
   Stx	
   production.	
   However,	
  

treatment	
  of	
  EHEC-­‐infected	
  rabbits	
  with	
  LED209	
  did	
  not	
  produce	
  a	
  statistically	
  significant	
  

decrease	
   in	
  colonisation,	
  which	
  may	
  be	
  a	
   reflection	
  of	
   the	
   rapid	
  absorption	
  of	
   the	
  drug	
  

from	
   the	
   gastrointestinal	
   tract	
   that	
   may	
   be	
   overcome	
   by	
   the	
   development	
   of	
   a	
   non-­‐

absorbable	
   formulation	
   of	
   the	
   drug	
   (Rasko	
   et	
   al.,	
   2008).	
   Furthermore,	
   in	
   several	
   other	
  

plant	
   and	
   animal	
   pathogens	
   such	
   as	
   S.	
   Typhimurium	
   and	
   Francisella	
   tularensis,	
   QseC	
  

expression	
   is	
   inhibited	
   by	
   LED209	
   (Curtis	
   et	
   al.,	
   2014),	
   raising	
   the	
   possibility	
   of	
   its	
  

development	
  as	
  a	
  broad-­‐spectrum	
  antimicrobial	
  treatment.	
  

	
  

Other	
   attempts	
   to	
   develop	
   therapies	
   based	
   largely	
   on	
   preventing	
   Stx	
   binding	
   to	
   Gb3	
  

receptors	
   have	
  met	
  with	
   limited	
   success.	
   In	
   clinical	
   trials	
   in	
  which	
   children	
  with	
   EHEC-­‐

associated	
  HUS	
  were	
   treated	
  with	
   the	
   drug	
   SYNSORB	
   Pk,	
   designed	
   to	
   bind	
   to	
  Gb3	
   and	
  

thus	
   limit	
  Stx	
  binding,	
  no	
   reduction	
  of	
  disease	
  severity	
  was	
  observed	
   (Trachtman	
  et	
  al.,	
  

2003).	
  Compounds	
  that	
  mimic	
  Gb3	
  in	
  order	
  to	
  bind	
  Stx	
  and	
  prevent	
   it	
   from	
  reaching	
   its	
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target	
   have	
   also	
   been	
   developed,	
   showing	
   efficacy	
   both	
   in	
   vitro	
   and	
   in	
   vivo,	
   although	
  

successful	
  clinical	
  trials	
  have	
  remained	
  elusive	
  (Nishikawa	
  et	
  al.,	
  2005;	
  Kitov	
  et	
  al.,	
  2000).	
  

	
  

Given	
   the	
   importance	
  of	
   the	
  T3SS	
   in	
  establishment	
  of	
   infection	
  by	
  a	
  broad	
  spectrum	
  of	
  

Gram-­‐negative	
   pathogenic	
   bacteria,	
   many	
   studies	
   have	
   investigated	
   its	
   inhibition	
   as	
   a	
  

therapeutic	
  anti-­‐virulence	
  strategy,	
  and	
  a	
  number	
  of	
  inhibitors	
  effective	
  against	
  the	
  T3SS	
  

of	
   Yersinia,	
   Chlamydia,	
   Salmonella	
   and	
   E.	
   coli	
   species	
   have	
   been	
   identified.	
   One	
  

particularly	
  well-­‐characterised	
  group	
  of	
  T3SS	
  inhibitors	
  are	
  the	
  salicylidene	
  acylhydrazides	
  

(SAs),	
   identified	
  by	
  high-­‐throughput	
   screening	
   in	
  Yersinia	
   pseudotuberculosis	
   (Kauppi	
  et	
  

al.,	
   2003).	
   These	
   compounds	
   are	
   effective	
   against	
   a	
   number	
   of	
   pathogenic	
   species	
  

including	
  Shigella	
   flexneri,	
  S.	
  Typhimurium	
  and	
  EHEC,	
  without	
  showing	
  any	
  antibacterial	
  

activity	
   (Veenendaal	
  et	
   al.,	
   2009;	
   Hudson	
  et	
   al.,	
   2007;	
   Tree	
  et	
   al.,	
   2009).	
   Although	
   the	
  

mode	
   of	
   action	
   of	
   the	
   SAs	
   is	
   yet	
   to	
   be	
   elucidated,	
   their	
   targets	
   in	
  O157:H7	
   have	
   been	
  

identified	
  as	
  WrbA,	
  Tpx	
  and	
  FolX,	
  proteins	
  conserved	
  across	
  many	
  Gram-­‐negative	
  species	
  

and	
   involved	
   in	
   regulation	
   of	
   T3SS	
   gene	
   expression.	
   This	
   has	
   lead	
   to	
   the	
   working	
  

hypothesis	
   that	
   the	
  SAs	
  affect	
  expression	
  of	
   the	
  T3SS	
  via	
  a	
   synergistic	
  effect	
   caused	
  by	
  

perturbation	
  of	
  several	
  regulatory	
  proteins	
  (Wang	
  et	
  al.,	
  2011).	
  

	
  

1.7.2	
  Modified	
  bacteriocins	
  	
  

	
  

Another	
  potential	
  bacterial	
  treatment	
  is	
  the	
  use	
  of	
  bacteriocins,	
  toxic	
  proteins	
  produced	
  

by	
  bacteria	
  that	
  target	
  other	
  bacterial	
  strains,	
  including	
  those	
  of	
  the	
  same	
  species	
  as	
  the	
  

bacteriocin-­‐producing	
  strain.	
  Colicins	
  are	
  bacteriocins	
  synthesised	
  exclusively	
  by	
  E.	
  coli	
  for	
  

use	
   against	
   other	
   closely	
   related	
   E.	
   coli	
   strains,	
   and	
   display	
   varying	
   modes	
   of	
   action	
  

depending	
  on	
  the	
  colicin	
  type.	
  These	
  include	
  inhibition	
  of	
  macromolecular	
  synthesis,	
  DNA	
  

breakdown,	
   and	
   inhibition	
   of	
   protein	
   synthesis	
   (Nomura,	
   1963).	
   Unfortunately,	
   the	
  

reported	
   enhancement	
   of	
   Stx	
   production	
   by	
   O157:H7	
   upon	
   treatment	
   with	
   DNase	
  

colicins,	
   caused	
  by	
   induction	
  of	
   the	
   SOS	
   response	
   in	
   response	
   to	
   colicin-­‐produced	
  DNA	
  

damage,	
  limits	
  their	
  potential	
  as	
  treatments	
  against	
  Stx-­‐producing	
  pathogens	
  (Toshima	
  et	
  

al.,	
  2007).	
  	
  

	
  

However,	
  pyocins	
  produced	
  by	
  Pseudomonas	
  aeruginosa	
  strains	
  that	
  have	
  been	
  adapted	
  

to	
  target	
  E.	
  coli	
   instead	
  of	
  P.	
  aeruginosa	
  have	
  shown	
  promise.	
  Of	
  particular	
   interest	
  are	
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the	
   R-­‐type	
   pyocins,	
   which	
   form	
   structures	
   that	
   resemble	
   tails	
   of	
   bacteriophages	
   and	
  

insert	
   themselves	
   into	
   the	
   bacterial	
   cell	
   membrane	
   upon	
   contact	
   with	
   specific	
   cell	
  

receptors.	
   Once	
   in	
   the	
   membrane	
   these	
   pyocins	
   form	
   a	
   pore,	
   resulting	
   in	
   membrane	
  

depolarisation	
  and	
  death	
  of	
  the	
  bacterium	
  (reviewed	
  by	
  Michel-­‐Briand	
  &	
  Baysse,	
  2002).	
  

Recent	
   studies	
   using	
   modified	
   pyocins	
   have	
   shown	
   potential	
   as	
   a	
   treatment	
   of	
   EHEC	
  

infections.	
  A	
  novel	
  pyocin	
   that	
   targets	
  O157:H7	
  by	
   recognising	
  and	
  degrading	
   the	
  O157	
  

lipopolysaccharide,	
   AVR2-­‐V10,	
  was	
   constructed	
   by	
   fusion	
   of	
   the	
   tail	
   spike	
   protein	
   from	
  

O157-­‐specific	
  phage	
  φV0	
  to	
  an	
  R-­‐type	
  pyocin	
   tail	
   fiber.	
  Killing	
  of	
  O157:H7	
  by	
  AVR2-­‐V10	
  

was	
  highly	
  efficient	
  and	
  specific,	
  and	
  did	
  not	
  induce	
  Stx	
  production	
  (Scholl	
  et	
  al.,	
  2009).	
  In	
  

vivo	
  testing	
  of	
  the	
  variant	
  AVR2-­‐V10.3	
  in	
  an	
  infant	
  O157:H7	
  rabbit	
  model	
  showed	
  that	
  the	
  

pyocin	
  reduced	
  diarrhoea,	
  intestinal	
  inflammation,	
  bacterial	
  carriage	
  and	
  faecal	
  shedding,	
  

and	
   was	
   equally	
   effective	
   if	
   the	
   pyocin	
   was	
   administered	
   prophylactically	
   or	
  

therapeutically	
   (Ritchie	
   et	
   al.,	
   2011).	
   This	
   work	
   clearly	
   demonstrates	
   the	
   potential	
   of	
  

pyocins	
   in	
   treatment	
   of	
  O157:H7,	
   although	
   further	
   optimisation	
   of	
   delivery	
   and	
   clinical	
  

trials	
   are	
   required.	
   The	
  potent	
   bactericidal	
   activity	
   of	
   pyocins,	
   combined	
  with	
   the	
   their	
  

ability	
   to	
   specifically	
   target	
   certain	
   bacterial	
   species,	
   make	
   them	
   an	
   attractive	
   new	
  

development.	
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  1.7	
  Project	
  aims	
  

	
  

The	
   intent	
   of	
   this	
   project	
   is	
   to	
   further	
   the	
   understanding	
   and	
   development	
   of	
   new	
  

prophylactic	
  and	
  therapeutic	
  treatments	
  for	
  O157:H7	
  and	
  other	
  E.	
  coli.	
  We	
  aimed	
  to	
  test	
  

the	
  hypotheses	
  that	
  a)	
  the	
  T3SS	
  contributes	
  towards	
  colonisation	
  of	
  mice	
  by	
  EHEC,	
  b)	
  the	
  

potential	
  vaccine	
  candidate	
  proteins	
  EaeH	
  and	
  YghJ	
  are	
  expressed	
  by	
  EHEC	
  O157:H7	
  and	
  

EAEC	
  LF82,	
  and	
  c)	
  Shiga	
  toxin	
  expression	
  by	
  O157:H7	
  is	
  inhibited	
  by	
  a	
  recently-­‐identified	
  

small	
  molecule.	
  

	
  

The	
  main	
  objectives	
  of	
  this	
  project	
  are:	
  

	
  

1. Establishment	
   of	
   a	
   mouse	
   model	
   suitable	
   for	
   in	
   vivo	
   assessment	
   of	
   novel	
  

EHEC	
  anti-­‐virulence	
  compounds.	
  

	
  

Animal	
   models	
   are	
   an	
   essential	
   step	
   in	
   the	
   development	
   of	
   new	
   anti-­‐virulence	
   drugs,	
  

revealing	
  whether	
  compounds	
  that	
  have	
  proven	
  activity	
  in	
  vitro	
  are	
  able	
  to	
  work	
  in	
  vivo,	
  

identifying	
   possible	
   side-­‐effects,	
   and	
   determining	
  whether	
   they	
   can	
   proceed	
   to	
   human	
  

clinical	
   trials.	
   They	
   also	
   allow	
   the	
   issue	
   of	
   drug	
   delivery	
   to	
   the	
   site	
   of	
   infection	
   to	
   be	
  

addressed;	
   for	
   example,	
   a	
   drug	
   taken	
   orally	
   that	
   targets	
   an	
   intestinal	
   infection	
   has	
   to	
  

avoid	
  being	
  degraded	
  by	
  the	
  stomach	
  and	
  intestine	
  in	
  order	
  to	
  reach	
  the	
  site	
  of	
  bacterial	
  

colonisation.	
  We	
  are	
  interested	
  in	
  testing	
  a	
  number	
  of	
  different	
  compounds	
  that	
  aim	
  to	
  

prevent	
  colonisation	
  or	
  toxin	
  production	
  in	
  mice,	
  and	
  therefore	
  require	
  a	
  model	
  that	
  can	
  

consistently	
  replicate	
  these	
  features.	
  

	
  

2. Investigation	
  of	
   two	
  novel	
  E.	
  coli	
  proteins	
   identified	
  by	
  reverse	
  vaccinology	
  

as	
  protective	
  antigens	
  for	
  ExPEC	
   infection.	
  This	
   focuses	
  on	
  the	
  suitability	
  of	
  

these	
  antigens	
  as	
  candidates	
  for	
  a	
  general,	
  broad-­‐spectrum	
  E.	
  coli	
  vaccine.	
  

	
  

Reverse	
   vaccinology	
   has	
   identified	
   a	
   number	
   of	
   novel	
   antigens	
   that	
   provide	
   protection	
  

against	
  ExPEC	
  infection	
  using	
  a	
  mouse	
  transurethral	
  challenge	
  model	
  (Moriel	
  et	
  al.,	
  2010).	
  

Many	
  of	
  these	
  antigens	
  are	
  conserved	
  across	
  a	
  large	
  number	
  of	
  pathogenic	
  E.	
  coli,	
  raising	
  

the	
  possibility	
  of	
  their	
  use	
   in	
  a	
  broad-­‐spectrum	
  E.	
  coli	
  vaccine.	
  We	
  intend	
  to	
   investigate	
  

the	
   expression	
   and	
   role	
   in	
   pathogenesis	
   of	
   two	
   of	
   these	
   antigens,	
   EaeH	
   and	
   YghJ,	
   in	
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O157:H7	
  (EHEC)	
  and	
  LF82	
  (EAEC)	
  backgrounds,	
  to	
  evaluate	
  their	
  potential	
  as	
  candidates	
  

for	
  a	
  vaccine	
  against	
  these	
  strains.	
  

	
  

3. Characterisation	
   of	
   a	
   novel	
   compound	
   identified	
   by	
   high-­‐throughput	
  

screening	
   as	
   a	
   potential	
   inhibitor	
   of	
   Stx	
   expression,	
   with	
   the	
   aim	
   of	
  

uncovering	
  its	
  mode	
  of	
  action.	
  

	
  

A	
   small	
   compound	
   has	
   recently	
   been	
   identified	
   by	
   high-­‐throughput	
   screening	
   by	
   the	
  

group	
  of	
  Prof.	
  David	
  Gally	
  at	
  the	
  University	
  of	
  Edinburgh	
  as	
  a	
  potential	
  inhibitor	
  of	
  Shiga	
  

toxin	
   production.	
   We	
   intend	
   to	
   assess	
   the	
   Stx-­‐inhibiting	
   effect	
   of	
   this	
   compound	
   and	
  

several	
  other	
  modified	
  versions,	
  and	
  to	
   identify	
   the	
  mechanism	
  by	
  which	
  this	
   inhibition	
  

occurs.	
  This	
  may	
  eventually	
  determine	
  whether	
  these	
  compounds	
  have	
  potential	
  for	
  use	
  

as	
  therapeutic	
  agents	
  in	
  humans.	
  


