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1 Introduction

1. Introduction

1.1. Shigellagenus

1.1.1. Microbiological features

The genus Shigella belongs to the class of Gammaproteobacteria in fiumily
Enterobacteriaceae. The bacterium was first idedti&s the causative agent of non-amoebic
dysentery by Dr. Kiyoshi Shiga, during an outbrgakiapan, in 1898 and namedBeillus
dysentery. After several revision of the nomenclature thaugewas termed &higella in the

3rd edition of Bergey's Manual of Determinative Bawlogy in 1930.Shigella has always
been considered as closely relatedBszherichia coli, traditionally the microbiological
differentiation based only on the non-maotility athe lack of lactose fermentation. However,
current genomic analysis revealed tBhitgella strains are forms dt. coli, and they do not
even form a subgroup (1). Therefore there are giteto reclassifyhigella as a pathotype of

E. coli species (2).

The genus is traditionally divided into 4 speci@sgysenteriae (group A),S. flexneri (group
B), S boydii (group C) andS. sonnel (group D). The groups can be further classifiet in
nearly 50 (sub)serotypes based on the structutbeofO-antigen of the lipopolysaccharide
(LPS) molecule.

The members of the genus are uncapsulated Granthreegan-motile, non-sporulating rod-
shaped facultative anaerobic bacteria, which dopmotiuce HS in triple-sugar-iron (TSI)
medium and are urease negati®.flexneri, S. dysenteriae and S. boydii strains do not

ferment lactose and except fardysenteriae they ferment mannitol.
1.1.2. Clinical manifestation

Shigella bacteria are highly human-adapted pathogens aausininvasive infection of the
colon termed shigellosis or bacillary dysenterye ymptoms range from a short watery
diarrhoea to the classical triad of dysentery wakier, tenesmus (intestinal cramps) and
mucopurulent, bloody diarrhoea (3). The acute carapbns are often life-threatening,
especially in children and in severe cases can leaddeath due to dehydration,
hypoglycaemia, intestinal perforation, toxic medang peritonitis and Gram-negative sepsis

(4). The chronic effect of the infection can be lpnged malnutrition and autoimmune
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1 Introduction

inflammatory bowel disease or irritable bowel symde, however the exact mechanism
leading to the long term symptoms is not fully édated (5).

A distinct clinical manifestation is the haemolyticemic syndrome (HUS) which occurs in
13% of infections due to the Shiga-toxin producBgdysenteriae type 1. The symptoms
cover the classical signs of haemolytic anaemiantbocytopenia and renal insufficiency.
With a case-fatality rate of over 35%, it is thestnsevere complication & dysenteriae type

1 infections (6).
1.2. Epidemiology of bacillary dysentery

Diarrhoea is a leading cause of death among childreler the age of five. According to the
WHO 8.8 million children under five died in 20081.5 million of them because of diarrheal
disease; more, than of TB and HIV/AIDS togetheg(HRia) (7;8). The mortality of children
younger than 5 years decreased to 7.6 million b02@nainly due to reduction of lethal
infections), however diarrheal diseases remained siacond leading cause of children’s
mortality (Fig. 1b) (9).
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Figure 1 Distribution of mortality causes in children under 5 in a) 2008 (8) and b) 2010 (9) according
the WHO. Graph adapted from Black et al. and Hope &al. (8;9)

In 1999,Shigella was estimated to be responsible for ~113 milliases and approximately 1
million deaths annually, mostly under the age eokf(10). Consequently roughly every

second lethal diarrheal episode was causeshigella pathogens in children.

The latest study about the aetiology of moderatsetcere diarrhoea (MSD) among children
younger than 5 years in sub-Saharan Africa andhsésia (where 80% of the mortality
occurs) was performed between 2007 and 2011 ctike&lobal Enteric Multicenter Study,
GEMS (11). The study enrolled close to 10,000 chiidwith moderate-to-severe diarrhoea

and revealed, that four pathogens are mainly as®saci with MSD; rotavirus,
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1 Introduction

Cryptosporidium, Shigella and stable toxin producing enterotoxigeliccoli (ST-ETEC),
with rotavirus causing the most cases in infantg honths) and toddlers (12-23 months),
and Shigella being the second and first attributable factor mgntoddlers and 2-5-year-old
children respectively. In this studhigella was not associated with higher risk of dying in
contrast to the results of previous studies in Kemmy2005-2007, where children, with lethal
diarrhoea were more likely to be infected withgella (12).

Although over 90% of shigellosis occurs in devetgpicountries,Shigella infections are
present in industrialized countries as well; cldldrin day-care centres, immigrants,
homosexual men and travellers to developing coemtare infected mostly (13). Furthermore,
due to the fact that minute inoculum is enoughé&ose diseasé&higella is considered as a
potential biological weapon.

The distribution ofShigella groups responsible for the majority of shigellash®ws different
pattern in developing and developed countries &)ig.

S. dysenteriae
0,2%

unknown
b) s. boydii—_4,3%

S. boydiiand S.
a ) dysenteriae

10%

S. dysenteriae _unknown

Figure 2 Distribution of serotypes amongShigella strains isolated in a) developed countries from chiren
under the age of five (14) b) developed countriesdm non-travel-associated cases (15) c) developed
countries from travel-associated cases (15)
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S flexneri is responsible for most endemic cases among ehildrs confirmed in the GEMS
study, whereS flexneri was identified in 66% of MSD due tghigella, while S sonnel in
24% andS. boydii andS. dysenteriae collectively in 10% (Fig. 2 a). Four serotypes@aated
for 65% of all dysenteric caseS flexneri 2a, 3a, 6 ands sonnel (14). In contrast in
industrialized countriess. sonnei is by far the most commonly isolated species fadd byS.
flexneri (Fig. 2 b) (10;11;16). Among travelle!S,sonnel was identified in 64% of the cases,
S flexneri accouting for 27.7% of the importeghigella infections in the United States in
2004-2009 (Fig. 2 c) (15). In this stu8kigella was identified in 13% of all travel-associated
enteric infections, as third major pathogen afBampylobacter (41.7%) andSalmonella
(36.7%).

Interestingly, althougl®. sonnei was responsible for 80% of non-travel associategefiosis

in the United States and is in general the leadiagsative agent of the disease In
industrialized countries, there is a shift towaisflexneri in case of infections among
homosexual men worldwide (17), wigh flexneri 3a responsible for an ongoing outbreak in
the UK (18).

The geographically different and changing distiidmutof the dominant serotypes, as well as
the lack of a single major O-type implies the nsitgsof a multivalent vaccine approach
tailored to the target population (traveller's vimecvs. vaccine for endemic regions) or
preferentially a cross-protection eliciting vaccipmtective against multiple serotypes and

groups.

1.3. Pathomechanism

Shigellae are strictly human-adapted bacteria. Although homan primates (NHP) can also
develop bacillary dysentery, the infectious dosguired for eliciting disease in NHP is
multiple logs higher than that for humans. Shiga#ids feco-orally transmitted, the bacteria
enter the host with contaminated water or food, dx@v there are case reports about rare
transmission routes, such as intrauterine infec(ip®). As little as 10-100 bacteria are
sufficient for the manifestation of the disease)(20aking dysentery an exceptionally

contagious disease.

The low infectious dose is mainly due to the sua/iof the bacterium at the acidic pH of the

stomach (21). There are three acid-resistance pgthwlescribed irthigella, the acid-

7



1 Introduction

resistance pathway 1 (AR1) is an acid—induced, cflegepressed oxidative pathway,
regulated by the RNA polymerase sigma factor Ri223. (The AP2 is a glutamate-dependent
pathway, induced by mild acid conditions. $ flexneri strain 2457T a third oxidative
mechanism was described recently, which is notessgad by the presence of glucose in the
medium (23). The gene expression profile underi@aadnditions revealed, that there are
several acid-resistance genes and outer membraire groteins upregulated (ie. RpoS and

OmpF) however most virulence genes are supresded @H (24).

By reaching the colofhigella is proposed to disrupt the mucus layer on the ahsurface
of the epithelium. Surface expressed serine preseptay an important role in this process
(25). The invasion of the epithelial cells occunsotigh their basolateral surface (26). To
cross the epithelial layeghigella can disrupt the tight-junctions (Fig. 3 route 2y) or
exploit the transcytotic property of the membranepghelial cells (M cells) (Fig. 3 route 2)

(28) as well as the inflammatory response provdkeégl 3 route 3) (29).

Beng

Do O D e B et b

antimicrobial

Translocation of
polymorphonuclear
cells

Pyroptosis of macrophages

Uitemeng of phagocytes

T lymphocytes
NK cells

Macrophage,
\\>IFN‘Y\;I fibroblast activation

Figure 3 Schematic steps of the pathogenesis. Numbeencircled show the routes viaShigella reaches the
subepithelium hence the basal membrane of the epithal cells. Detailed description of the steps ofgthogenesis can
be found in the text.
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M cells are able to transport antigens (as welhtact Shigella bacteria) from the intestinal
lumen into the intraepithelial pocket of the falllar associated epithelium (FAE) filled with
macrophages and lymphocytes. After being releadexl lacteria induce uptake by
macrophageshigella lyses the phagosome of the macrophages due tmgbdion of the
invasion plasmid antigen B (IpaB) into the membraaeuole (30). In the cytoplasm the
bacteria release several bacterial antigens calkttiogen-associated molecular patterns
(PAMPSs) and type 3 secretion system effectors,ihggith the caspase-1 dependent pyroptosis
of the macrophages and the production of fL-&nd IL-18 (31-33). IL-1 recruits
polymorphonuclear cells (PMN-s) to the sub-mucéssm where they migrate into the lumen
in order to eliminate the bacteria. During the srargration they disrupt the integrity of the
epithelium, opening a new route for the luminaltbaa to reach the basolateral membrane of
the epithelial cells (34). From the sub-mucosa, lilheteria adhere to the epithelial cells
probably through a number of receptors. &1 integrin can interact with invasion plasmid
antigens (Ipa-s) (35), while the IpaB protein camllto the CD44 receptor (36). The contact
between the epithelial cell and the bacterium #&iggthe type three secretion apparatus
(T3SS) encoded on the large virulence plasmi@wofella (37). The secreted hydrophobic
IpaC and IpaB proteins insert as a pore into thebmane of the host cell (38), and provide
the entry of effector molecules into the cytoplasiiese effector molecules and the
integrated IpaC protein interact with the cytost@teand lead to the internalisation of the
bacterium in a macropinocytic vacuole (39-41). &anly to the lysis of the phagosome this
vacuole is lysed by IpaB and the bacterium is sdddnto the cytosol, where it can replicate
and spread to the neighbouring epithelial cellse Wiovement of this non-motile bacterium
and the intercellular spread is achieved by thectieke polymerisation of actin at the old pole
of the bacterium (42). This step requires the esgpom and correct localisation of the outer
membrane protein IcsA (VirG) (43;44) the latterdgedependent on the structure of the LPS
(45). By reaching the lateral membrane of the rmighing cell, the bacterium is
endocytosed. The surrounding membranes are ralyiskg by the IpaB and IpaC proteins
(46). This strategy involving several sophisticatedilence traits allows the bacterium to

avoid being exposed to the extracellular envirorimen



1 Introduction

1.3.1. Virulence factors
1.3.1.1. The endotoxin
1.3.1.1.1.  Structure of the lipopolysaccharide

The lipopolysaccharide (LPS) is a major componéih® outer membrane of gram-negative
bacteria. The molecule consist of the hydrophaipid Icomponent (lipid A) embedded in the
outer leaflet of the outer membrane, while the patgharide part as a hydrophilic component
is located on the surface of the bacteria. Basestroctural diversity and genetic background
the polysaccharide part can be divided into twacstrral domains; the core region, which is
covalently linked to the lipid A, and the so call@epolysaccharide. The O-polysaccharide or
O-antigen is a polymer of repeating subunits of Q§ars and structural differences of the
subunit provide the basic of the O-serotyping af Bram-negative bacterial species. One
single bacterium cell typically expresses on itdase lipid A-core molecules capped with no
(rough form, R form), 1 (semi rough, SR form), 2uj to 50 (smooth, S forms) O-antigen
subunits (Fig. 4). Hence if purified LPS is sepadaglectrophoretically, it typically forms a
ladder like pattern, where the size difference a¢heladder steps equals to the molecular

weight of the O-antigen repeating unit.

—

—_—

O-antigen
subunit

Outer core Smooth

form

Semirough
—
form

Inner core
L Rough
form

Lipid A

Figure 4 Schematic structure of the lipopolisacchade
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1 Introduction

On a single Gram negative bacterium there are appately 16 lipid A molecules (47). The
chemical analysis of the lipid A part 8fflexneri 5a, X andS. sonnel revealed high similarity
of the lipid moiety to that oE. coli. The sugar backbone of the lipid A congigt— 6)-D-
glucosamine dissacharide carrying two phosphatapgr@n the nonreducing glucosaminyl
residues (48;49). The glucosamine disaccharides i@ generally substituted by six fatty
acids; lauric, myristic, 3-hydroxymyristicA2-tetradecenoic and palmitic acids (49), two
primary fatty acids (C14-OH) and two secondary di@$4 and C12) in ester linkage and two
primary C14-OH in amide linkage (50). The core ofigccharide is linked to the O-6 position
of the non-reducing glucosamine residue. Howevescemt studies revealed more
heterogeneity within lipid A ofS flexneri variant X, whose diglucosamine backbone was
shown to comprise non-stochiometric substitution different number of acetyl and
phosphoethanolamine groups. Moreover, variants afita-, penta- or tetra-acylated lipid A
in S flexneri strains were also described (51). Based on prewiaark of Kilar et al. at our
institute, similar heterogenicity of the sugar Hamke of lipid A was observed & sonnei
(50).

The structure of the core region in sevétabella strains was found to be identical with the
core types oE. coali, as described by Kontrohr et al. as well (52-54).

The fully conserved Lipid A- proximal portion (inneore) comprises of two 2-keto-3-deoxy-
D-mannooctulosonic acid (Kdo) and three L-glyceror@nno-heptose from which the first
heptose is phosphorylated. In the different vasiaat the inner core (glycoforms) the
phosphate group on the first heptose can be fudkeorated non-stochiometrically by 2-
aminoethylphosphate (PEtN), the second heptoséeahosphorylated or the heptose in the
third position can be glycosylated at the posifidfrig. 5) (55).

P lP---PEtN
4 4
—3)-a-Hep'-(1—>3)-a-Hep'-(1—>5)-a-Kdo-(2—
7 4
Ac T T
: I 2
a-GIeN-(1--->7)-a-Hep™ a-Kdo

Figure 5 Structure of the inner core showing non-stchiometric modification sites (dashed lines)(figue
adapted from Knirel et al. (55))
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1 Introduction

The outer core made up by the distal sugars shaveerate variability irE. coli resulting in

5 distinct outer core types; R1-R4 and K-12 (56), R3 and R4 core types were also
detected irthigella and their distribution among the differégiigella serotypes is shown in
Table 1.

Table 1 List of identified outer core types ofShigella serotypes

Strain Core type Reference
S. boydii 3 R1 (55)
S. boydii 10 R1 (55)
S. boydii 12 R4 (55)
S. boydii 15 R3 (55)
S. boydii 16 R3b* (55)
S. boydii 17 R3 (55)
S. dysenteriae 1 R4 (57)
S. dysenteriae 2 R3 (55)
S. dysenteriae 3 R1 (55)
S. dysenteriae 5 R1 (55)
S. dysenteriae 6 R1 (55)
S. dysenteriae 8 R1 (55)
S. dysenteriae 9 R1 (55)
S. dysenteriae 10 R4 (55)
S. dysenteriae 13 R1 (55)
S. flexneri 1 R3 (55)
S. flexneri 2a R3 (58)
S. flexneri 3 R3 (55)
S. flexneri 4 R3 (55)
S. flexneri 5b R3 (59)
S. flexneri 6 R1 (53)
S. flexneri X R3 (55)
S. flexneri Y R3 (55)
S. sonnel R1 (60) (52)

NOTE * new core type identified inS. boydii 16
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A fourth outer core was recently described&imoydii 16 (55), which shares the backbone of
the linear tetra-hexose of R3 (Fig. 6 a), but haddHep disaccharide extension on the same
glucose group which provides the attachment siteéhi® O-antigen polysaccharide (Fig. 6 b).
Unlike the O-polysaccharide, the core structure m@sbeen elucidated in all the different

Shigella serotypes, therefore new core types could be itbestcin the future.

a)  a-Gle-(1-2)-a-Gle-(1-2)-a-Gal-(1—3)-a-Gle-(1—
3

1
1

a-GleNAc
b)  g-Gle-(1-2)-a-Gle-(1-2)-a-Gal-(1->3)-a-Gle-(1—>
6

A

|
1
a-ppHep-(1—6)-a-ppDHep

Figure 6 Structure of the outer core of a) R3 coref S. flexneri 2a, b) newly described R3b core d. boydii
16 (structure adapted from Miller-Loennies et al. 61) and Knirel et al. (55))

The outermost portion of the LPS, the O-antigethésmost diverse surface moiety of Gram-
negative bacteria. Currently there are close tasb)serotypes described in tBeigella
genus; 16 fos flexneri, 18 forS. boydii, one forS. sonnel and 13 serotypes f& dysenteriae

(62), but the number of the (sub)serotypes aretaatig increasing.

With respect toS flexneri O-antigens, all serotypes except type 6 share ranmmm
tetrasaccharide backbone made of one N-acetyl-cbghmine and three I-rhamnose residues.
This basic subunit is recognized as type Y (Fig.THe immunological difference between
the certairS. flexneri serotypes originates from decoration of this backb O-acetylation or
a-D-glucopyranosyl attachment to the sugar backbameencoded by bacteriophages
(lysogenic conversion), while the newly describeddification by phosphoethanolamin
transferase that attaches PEtN group to one ahémanose residues & flexneri Xv, Yv and

4v (63) is plasmid encoded.
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S flexneri Y —2)-a-L-Rhap-(1—2)-a -L-Rhap-(1-3)- o -L-Rhap-(1-3)- B -D-GlcpNAc-(1-

PEIN
I
3
S flexneri Yv —2)-0-L-Rhap-(1—2)-a-L-Rhap-(1-3)-a-L-Rhap-(1-3)-B-D-GlcpNAc-(1-

65/25%Ac aD-Glcp ~60%AcC
| 1 |
3/4 4 6

S flexneri 2a —2)- a-L-Rhap-(1—2)- a -L-Rhap-(1—3)- « -L-Rhgp-(1—3)- B -D-GlcpNAc-(1—"

Ac

I
3

S flexneri 6 —2)- a -L-Rhap-(1—2)- a -L-Rhap-(1—4)- 3 -D-GalpA- (1—3)- 8 -D-GalpNAc-(1—

Figure 7 Structure of O-polysaccharide ofS. flexneri Y, Yv, 2a and 6. Structural part responsible for
serological cross-reaction is shown with boldface.

The repeating unit ob. flexneri serotype 6 is completely different with respectte sugar
composition. It is a tetrasaccharide of 2 rhamnosee galacturonic acid and one N-acetyl-
galactosamine substituted with a single O-acetglgron one rhamnose residue. The two
rhamnose residues may provide the basis of the wess-reactivity ofs. flexneri 6 with S
flexneri Y (Fig. 7).

S boydii andS dysenteriae are divided into 18 and 13 serotypes, respectivaiyg each of
them has a distinct structure. Several serotypew sioss-reactivity with other shigella8. (
boydii 10 and 6 oIS dysenteriae 2 andS boydii 15) or with E. coli (21 O-antigens are
identical or highly similar tde. coli O-antigens resulting in serological cross-reagtidime
structure of the O-antigens as well as the serckbgelationship is reviewed by Liu et al.
(62).

The species$. sonnei bears a single serotype. The O-polysaccharidessgjiig smooth form
is also designated as phase | or type | variangreds the O-antigen lacking rough form is the
phase Il or form Il variant. The O-antigen of phasis a unique structure, built by
disaccharide of N-acetyl-L-altrosaminuronic acid dam-amino-4-deoxy-N-acetyl-D-
fucosamine residues, neither of the two sugarsdonrany of the described O-antigenstof
coli, but identical to the O-antigen structurePbésiomonas shigelloides (Fig. 8).
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—-4)—a—L—AltpNAcA— (1 - 3) — 8 — D — FucpNAc4N — (1 -

Figure 8 Structure of O-subunit of S. sonnei

1.3.1.1.2.  Synthesis of lipopolysaccharide

The lipid A molecules substituted with Kdo are riegd for the growth oE. coli and most of
the Gram negative bacteria (47). The biosynthedtbway of lipid A is best described i

coli and as the enzymes are considered being highlgecoed (64), does not essentially
differs from the pathway ishigella. The constitutive enzymes required for the synghes
lipid A molecules are either in the cytoplasm atulsie (LpxA, LpxC and LpxD) or as
peripheral membrane proteins (LpxH and LpxB) ortlb@ inner membrane (LpxK, waaA,
LpxL and LpxM) (64). The complete lipid A-Kdo molde serves as the acceptor for the
sequencial transfer of sugar molecules by the ghle@mnsferases synthetizing the core
oligosaccharide. These membrane associated glycnssferases and the modification
enzymes are encoded in thaa (formerly known agfa) cluster on the chromosome. The
region consists of three operons between the geystsand pyrE. The first three genes
encode enzymes responsible for the synthesis andfér of L,D-heptose of the inner core.
The central operon contains the genes responsibléé synthesis of the outer core as well as
for the phosphorylation and for the attachmenthef side-branch heptose of the inner core.
The last gene in the clustevaaA attaches Kdo to the lipid A molecule. The assedhblare
capped lipid A molecule is flipped to the periplasmide by an ABC transporter protein
MsbA (64) where the attachment of the O-polysaddeaand further extra-cytoplasmic
modifications of the lipid A moiety occur. The exdipid A synthesis pathway is reviewed by
Raetz et al. (64), the assembly of the core regidh coli is summarized by Muller-Loennies
(56).

The genes involved in the synthesis of novel sagateotides, encoding glycosyltransferases
and enzymes required for the assembly and expdheoO-antigen irghigella (except inS,
sonnel) are encoded in thebb (also known asfb) cluster between gengalF andgnd. The
size of the cluster ranges from 90& ljoydii 14) to 17769 bpJ dysenteriae 5) (62). In
Shigella all the different rfb clusters have been sequemeetpublished by Liu et al. (62).
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The GC content of the genes within the clustereepkfor certain sugar synthesis genes — is
lower than that of the genom; 30% compared to amaae of 50% which suggests that these
genes originate from another species and were @thwvith lateral transfer during the
evolution of Shigella. The transport and polymerization of the O-antigeflows the
Wzx/Wzy dependent pathway (Fig. 9). The O-antigembusits are synthesized on an
undecaprenyl phosphate carrier (und-P) by speglficosyltransferases at the cytoplasmic
face of the inner membrane. higella this is initiated by the transfer of GalNAc-1-
phosphate or GIcNAc-1-phosphate onto und-P by trecAVprotein forming GalNAc or
GIcNAc und-PP (65). Subsequently individual sugassn their dinucleotide precursors are
sequentially transferred to this carrier by speafigar transferases. The assembled O-subunit
und-PP is flipped to the periplasmic face by thex¥RibX where it is polymerized by
Wzy/Rfc (66;67). This means the transfer of theceas O-subunit to the reducing end of
another O-subunit-und-PP molecule resulting in lgrper of the O-antigen on und-PP. The
length of the polymer is controlled by the chaing#éh determinator protein Wzz resulting in
the strain specific modal distribution of the Oigah lengths. The polymer is ligated to the
core-lipid A molecule by O-antigen ligase Waal. Wgyhighly specific for the certain O-
antigen serotype, whereas the presence of thefisp@éaal protein — encoded within the
waa/rfa operon - depends on the outer core structurecfattant site of the O-antigen).

Wzx
(Flippase)

NDPNMP
glycoses
(Polymerase)

NDP/NMPs

Figure 9 Wzy dependent synthesis of O-antigen. Thadividual O-antigen subunits are synthesized on an
und-PP carrier on the cytoplasmic leaflet of the iner membrane by specific glycosyltransferases (GTs)
These subunit-und-PP molecules are flipped to theepiplasmid face by the Wzx flippase protein where
polymerization occures. The Wzy polymerase transfarnascent O-subunits to the reducing end of another
subunit bound to the und-PP carrier. The lenght othe polymer is regulated by the Wzz. Figure adapted
from Greenfield et al. (68)
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The synthesis of LPS results in core-capped lipitdugh form), lipid A-core with one O-
antigen subunit (semi-rough form) and smooth LP® wiifferent length of O-polymers
located at the periplasmic site of the inner memérd he transfer of these molecules to the
outer membrane has been elucidated recently atetiad Lpt (LPS transport) pathway (69).
The process involves at least seven Lpt proteinrdA1G) and further four proteins with
unknown functions (YftN, YfgH, YceK and YhjD) (70T.hese proteins are proposed to form
a complex that reaches through the periplasm andieliver LPS to the outer membrane (71)
(Fig. 10).

Trans-envelope complex model

cell surface
h LPS
OM LptD molecules
periplasm LptA
LptC hm:}_lzgule
IM “

LptB LptB

cytoplasm )

ATP  ADP + Pi

Figure 10 Transport of synthesized LPS molecules dm the inner membrane to the outer membrane
through the Lpt pathway. Figure shows localizationof the seven Lpt proteins as well as the four
unannotated proteins involved in the delivery of LES molecules through the periplasm (figure adapted
from Chng et al. (71))

In S flexneri 1-5 the O-antigen comprises a common sugar baekfswe in 1.3.1.1.1). The
serological difference between the serotypes istduacetylation and glucosylation of the

backbone at different positions (Fig. 11).
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2a 1, 1,3 ) 1 é Glucosyl group
—| Rha H Rha H Rha
A O-acetyl group

la 1b
o 2 a

2a

1.

a ol3 al4
3a 3b
o3 2 2
4a 4b
a6 2 al6

Figure 11 O-antigen structure of the differentS. flexneri serotypes. The common O-antigen backbone is
shown in the top row comprising rhamnose (Rha)-rhamose (Rha)-rhamnose (Rha)-N-acetylglucosamine
(GIcNAC) tetrasaccharide. The serotypes differ in e modification of the tetrasaccharide backbone by
glucosylation or O-acetylation encoded by temperatbacteriophages.

These modifications are encoded by temperate bagterges (72). The phages are likely to
integrate to the same site in the chromosome in gielac region (73), where the
modification genes are immediately downstream efghageattP site. The glucosylation of
the O-antigen is encoded by three genes, the pradugtrA andgtrB is highly conserved
among the different serotypes (74-76), howevetird gene is unique to each serotype and
encodes the serotype specific glucosyl transfei@s® is proposed to catalyse the synthesis
of und-P-glucose in the cytoplasm, which is thepptd to the periplasmic face by the GtrA
protein. There the specific product of the thirchgencodes the transfer of the glucose to the

O-antigen subunit (72).

The second type of modification of the O-antigesutts in the highly immunodominant O-
acetyl group attachment to the tetrasaccharide Thé O-acetyltransferase protein, Oac most
likely acts at the cytoplasmic site of the innemnbeane, still during the synthesis of the O-
subunit (77).

S sonnel differes from the otheshigella serotypes, as thdb locus on the chromosome was
deleted, and the genes involved in the O-antigerthegis are encoded on the virulence
plasmid (78) showing high level of similarity toettfb genes oPlesiomonas shigelloides.
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The length of the O polymer & flexneri 2a is regulated by two proteins; the Wzencoded
on the chromosome is responsible for the shortl{@tepeating unit) LPS molecules (79),
whereas the product @fzzg_ located on a small plasmid, pHS-2 results in “veng” (up to
90-100 subunits) LPS (80) unique farflexneri 2a.

1.3.1.1.3. Role of O-antigen in pathogenesis

The observation, that lack of the O-antigen resmitan avirulent (in animal model) rough
mutant of Shigella triggered extensive studies to elucidate the wfleD-antigen in the
pathogenesis of shigellosis (81). Although the ¢ation of the O-antigen did not abolish the
invasiveness o8& flexneri (82), it was found to prevent intercellular sprek#ding to the
identification of O-antigen as a necessary faaborttie correct localisation of the IcsA/VirG
(45). Furthermore similarly to certala. coli strains (83), LPS, particularly O-antigen has
been shown to play a role in serum resistaBcéiexneri 2a strains expressing only shorter
LPS forms (VS) showed higher sensitivity to comp@tmediated killing, which was further
pronounced in rough mutants (82).

Recently, in vivo modification of the LPS moleculeave been identified. To allow direct
contact of the type Il secretion system (T3SShwite host cellS. flexneri can glucosylate
the O-antigen due to a phage conversion resulingonformational changes of the O-
polymer. Due to these changes, the LPS moleculéshvarten by half revealing the tip of the
T3SS (84). This modification improves invasion bé tbacterium, however makes it more
vulnerable for humoral factors, as complement. Harmhore it was shown, that low
magnesium level in the growth medium leads to Werexpression of MsbB2 i8. flexneri,
which acetylates lipid A, conferring increased stmice to antimicrobial peptides (85).
Therefore, O-antigen length is considered as a fdvemd shield”, which has to be strictly
regulated at various stages of the pathogenesis.

1.3.1.2. Exotoxins

Although the most typical clinical manifestation $figella infection is the bloody, mucous
diarrhoea, called dysentery, most patients infeetgld Shigella present in the first phase of
infection with watery diarrhoea, followed or not atl followed by dysentery. This

observation led to the identification of two entesons called enterotoxin-1 (ShET-1) and
enterotoxin-2 (ShET-2)(86;87).
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Enterotoxin-1 is a 55kD holotoxin, following thepigal structure of the enterotoxins with a
hypothesized configuration of 1:Ms. Subunit A, and B have a size of 20kD and 7kD,
respectively. The genes of the subun#tlA andset1B) are located on the chromosome,
separated by only 6bp (86). The toxin is expresseker iron-depleted conditions and leads to

fluid accumulation in isolated rabbit ileal loofB6(88).

ShET-2 was first described in enteroinvasiecoli (87). The 63,1kD protein was found in
Shigella isolates as well, including members of all foue@ps. It is encoded on the large
virulence plasmid by the gersen. The toxin is secreted by the type Il secretigntam
(T3SS), which explain the lack of the signal peptoh the Sen protein (89). Beside its
enterotoxic effect, ShET-2 plays a role in the fation of the inflammatory response against
Shigella as asen mutant provoked significantly less IL-8 productiom in vitro assays

compared to its wild-type parental strain (89).

The prevalence of the enterotoxins in clinicalases ofShigella revealed that ShET-1 is only
produced bys flexneri 2a and 2b strains, whereas ea gene is distributed equally among
the four different species. Studies involving isetafrom several geographical locations
identified theset gene in 100% o8. flexneri 2a and 2b isolates (90-92). The elucidation of the
real prevalence afen is hindered by the rapid loss of the virulencespial during the storage
and several subculturing of the clinical isolatks.studies involving older isolates, which
probably underwent numerous culturing steps, tlevglence ofsen ranges between 49.1-
56% (90;92;93), whereas in the study of Yavzorletlacking prolonged storage of clinical
isolates, all but som&. flexneri 1b strains carried the responsible sen gene. Jtoidy
suggests that probably most if not all clinicallades carry thesen gene encoding ShET-2,
and the low detection rate is only due to the tafsthe large virulence plasmid. Interestingly

the vaccine strain T32 Istrati (see later) was shtwlack thesen gene (91).

A few years after the identification &higella, as a causative agent of bacterial dysentery, the
presence of a “neurotoxin” in the autolysates fr@mdysenteriae was demonstrated by
Conradi et al.. Similar toxins were identified kaia E. coli strains causing haemorrhagic
colitis and haemolytic uremic syndrome and thertexvere referred to belong to the family
Shiga toxins. In shigellae the Shiga toxin is ptinearly exclusively b$. dysenteriae 1
(94). The toxin has the characteristic structure A&s, where the A subunit is the
enzymatically active moiety, and the B subunitsvmte the binding to the toxin receptor
glycosphingolipid Gp3 (95). After binding to itsceptor the toxin is endocytosed and
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transported retrogradely to the endoplasmic ratioylwhere the catalytically active cleaved
fragment of the A subunit is translocated to thssgl. The exact mechanism of the process
is summarized in the review of Bergan et al (9€)e Tactive moiety of the toxin inhibits
protein synthesis in the target cell by the ination of the 60S ribosomal subunit (97).
Additionally the toxin induces apoptosis in sevayales of cells (98). The toxins belonging to
the family typically are encoded by genes locatadambdoid bacteriophages, called Stx-
phages. InS. dysenteriae 1 the phage is defective, due to loss of essesiiiattural phage

genes (99).
1.3.1.3. Type Il secretion system

Beside LPS, the major virulence determinant of pgdmic Shigella bacteria is the ~200kb
large virulence plasmid or invasion plasmid. Thquancing of the plasmid from different
Shigella strains indicates the presence of roughly 100 gjesnad proves that one-third of the
plasmid is composed of IS elements (100-102). AIBsegment of the plasmid was shown to
be necessary and sufficient for the invasion ofepihelial cells (103), hence was termed the
“entry region”. The 34 genes of the region are orggd into 2 clusters (10 and 24 genes),
transcribed in opposite directions (Fig. 12) (100).
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e e e | e e == Exdimedes=)
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Figure 12 Genes of the ,entry region” of pWR100 aYyegion betweenicsB and virB, b) cluster between
ipgD and spa40. Numbers refer to the location of the genes regartb replicational origo. Figure adapted
from Buchrieser et al. (100)

The operons containing the 24 genes known asiitapa locus encode the type 3 secretion
system (T3SS), responsible for the secretion adcsfi proteins into host cells. The second
operon encodes effectors injected by the T3SSsltveator proteins regulating the secretion
of other effectors and chaperons stabilizing prsteiecreted by the T3SS in the cytoplasm of
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the bacteria. There are several further effectaro@ed outside of the entry region on the

virulence plasmid or - in case of the up to 7 Ipaleles - even on the chromosome (104).

These effectors mainly modulate the immune respgmegoked by the bacterium (105).

Most of the effector molecules are listed in Tablith their role in the pathogenesis.

Table 2 Role of T3SS effector proteins (106;107)

Effector Role

proteins

IpgA IcsB stabilization

IpgE IpgD chaperon

Spal5 chaperon of IpaA, IpgBl, IpgB2, OspC3, Osp(
Chaperons OspD1, OspC1

OspD1 MXIE anti-activator

IpgC IpaC, IpaB binding in cytoplasm

IpaD N-terminal domain is an intramolecular chaperon

IpaC pore formation, actin nucleation, ruffle fotma
Entry locus IpaB pore formation, CD44 interaction, invasion

IpaA actin disassembly in host cell

IcsB prevention of autophagy through Atg5 binding

IpgB1, IpgB2 manipulation of actin polymerisation in host cell

IpgD inhibition of chemokine induced T cell migration

OspF, OspC1 | modulation of MAPK pathway

OspB inhibition of inflammatory cytokine production
Secreted effectors| VirA microtubular reorganization in host cell

OspE epithelial detachment suppression

OspG, IpaH suppression of NEB pathway through alterin

ubiquitination (innate immune response)
OspZ inhibition of NFRB activation (innate immun

[(®]

@D

response)
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1.3.1.3.1. The assembly and structure of the T3SS fftkiespa locus)

For targeting host cell signalling, bacteria hawdrainsport effectors through 3 membranes;

the inner and outer membranes of Gram negativeebaand the membrane of the host cell.

The type 3 secretion system #figella provides a one-step translocation system for these
proteins by the needle-like structure of the complE3SS can be found in over 25 species,

with a closely related structure to the flagelle8SB (108). Among these pathogens the

secretion system digella shows high similarity to the T3SS ¥érsinia, enteropathogenic

E. coli andSalmonella (109).

The multiprotein system consist of the basal boxigreding through the inner-membrane,
periplasm and outer membrane of the bacteriump&ad~500A long needle with a central 2-
3nm diameter channel (Fig. 13) (110).

host cytoplasm

IpaB, IpaC,

membrane
IpaD

LPS —

outer

membrane !!!!!!!!!!!!!!!!!!!!”!!
periplasmic ww MxiM

space

inner
membrane

C ring

)

bacterial cytoplasm

Figure 13 Schematic structure of the T3SS throughhree membranes. Arrows show the direction of
effector transport. Detailed description of the sygem is found in the text.
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The inner membrane and periplasmic part of thelldasdy comprises the MxiG and MxiJ
proteins (111) connecting to the homopolymer rihd/l@iD (112) protein which is anchored
to the outer membrane by the lipoprotein MxiM (11B)e protruding needle is assembled of
polymerized MxiH subunits, while Mxil forms the ianrod in the basal body (114;115). The
energy for the transport is provided by the ATP&pa47 located in the cytoplasmic side of
the basal body (116). Several further proteinspanposed to be involved in the assembly of
the basal body (forming the so called C ring) (1br)required for the externalization of the
needle subunits (118).

1.3.1.3.2.  The function of the T3SS (role of effector molesutkiring the pathogenesis)

For a controlled secretion of the effector molesuiest of all the transport of “translocator
proteins” (IpaB, IpaC and IpaD) is necessary. Th@steins are stored in the cytoplasm of
the bacterium bound by chaperons preventing theagiiere association and degradation of
the components (37). In the absence of contact thighhost cell IpaD plugs the tip of the
T3SS and retains IpaB inside the channel (111)inguthe activation of the T3SS due to
conformational changes of IpaD the hydrophobic lgal8 IpaC can pass through the needle
and insert into the host membrane, where it formsoee (38) to allow translocation of

approximately 25 effector proteins (Table 2) (1@®)jch induce engulfment of the bacterium.

Invasion of epithelial cells requires the rearranget of the cytoskeleton around the
attachment site. Already the contact of bactengfage proteins with their receptors primes
the actin rearrangement. However the complete eptaguires the complex action of several
effector proteins. These proteins induce the diasoa of the cytoskeleton from the cytosol
membrane, massive actin polymerization with sirmdtaus depolymerisation, destabilization
of the microtubule network and ultimately leadhe pinocytosis of the bacterium.

T3SS and the expression of the Ipa proteins angirextjfor the escape &higella from the
phagosome of macrophages, for the lysis of thegyiotic vacuole and the double membrane

formed during the intercellular spread.
1.3.1.4. Other virulence factors

Autotransporters belong to the T5SS family.Smgella there are four main autotransporters
described; IcsA or VirG is expressed during theasign of the epithelial cells. The protein is
involved in the intra- and intercellular motilityf &higella (see 1.3). Pic acts as a serine

protease (25) during the disruption of the mucyeftacovering the colon epithelium, as well
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as it is an enterotoxin involved in the inductioh diarrhoea. Its gene is located on the
chromosome on thae pathogenicity island overlapping wiskat encoding ShET1 (119). The
virulence plasmid encoded SepA shows sequence lbgmaelith IgA1 proteases (120) and
shows enterotoxic activity in vitro (121), while gdi is involved in the cytoskeleton
reorganization in tissue culture (122) and contabuo the fluid accumulation in the rabbit
ileal loop model (123). Similarly to Pic, SigA is@ded on thahe pathogenicity island of
Shigella. The presence of the autotransporters in the epadegically most important
serotypes justifies the proposed importance ofethsteins in the pathogenesisShfgella.

Therefore several vaccine strategies rely on nanatof their genes.
1.4. Immune response against shigellosis

Shigellae evolved several mechanisms to evade tsf'shdefence during an infection.

Furthermore, these bacteria developed numerousodietto exploit the innate immune

response in order to facilitate the spread of thetdyia and prolong their persistence in the
mucosal epithelial cells. The inflammation in therlg stage of the infection promotes the
entrance of bacteria into the submucosa (as dieduss the 1.3 section), however it is

essential in the prevention of a systemic diseaseuitimately leads to the resolution of the
infection. The immune protection after an infectisnrestricted to the infective serotype
(homologous protection): the humoral immune respoagainst LPS is implied to be the

major, if not the sole, component of the protecimenunity (124). While there are several

data about the role of humoral immunity during peaed infection wittghigella, there is

little known about the cellular immune respons&imella.
1.4.1. Innate immunity

After translocation ofShigella into the subepithelial layer, the bacterium is iediately
engulfed by macrophages. Although macrophages w@iittating monocytes are unable to
kill the bacterium and the effector molecules @& WBSS ultimately lead to apoptosis of these
cells (see references in 1.3), the IL-18 and [(L-dytokines released by the apoptotic
macrophages play a significant role in the innatemune response agairitigella (Fig. 2).
IL-18 induces IFNy production in NK cells and T lymphocytes (125), ieth activates
macrophages and fibroblast cells to eradicate hactWithout the activation with IFN-both
cells would support the intracellular replicationdaintercellular spread diigella (126),

which suggest major contribution of IFNto the clearance of the bacterium.
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Epithelial cells invaded byhigella recognize peptidoglycan released from the bacteriu
(106) and LPS (127) and through the activation &6fdB and MAPK signalling pathways
secrete IL-8 and TNk-as well as antimicrobial peptides. The same sigaghways are
activated in the neighbouring non-infected epitidetiells, due to the transmission of the
alarm signal through the intercellular connexin gapctions (128). The released cytokines
together with IL-B from the apoptotic macrophages result in masseeuitment of PMNSs.
Although the neutrophil granulocytes migrating te tlumen disrupt the epithelial barrier
thereby forming an entry portal to the basolatstaface for the luminal bacteria, they play
major role in the restriction of the infection teetcolon mucosa and in the ultimate resolution
of the infection. On the one hartghigella in unable to escape from the phagosome of
neutrophils and is efficiently killed (129). Moresy additionally recruited neutrophils release
neutrophil extracellular traps (NETS), consistinggamtimicrobial peptides and neutrophil
elastase (130). These NETs entrapgella and degrade virulence associated proteins,

preferentially IpaB, IpaC and VirG (131).

Antimicrobial peptides-defensin and LL-37) are demonstrated to displgpiBtant anti-
infective properties in the control of enteric ictiens, and their role in the restriction of
shigellosis is suggested by the susceptibilityonir fto five-day-old mice to intestin&higella

infection, due to the lack of antimicrobial pepsdeefore the age of six days (132).

Shigella is armed with a number of T3SS effector molectdesrcumvent the innate immune
system. These effectors modulate the pro-inflamrgatignal pathways in the epithelial cells
by dephosphorylation (OspF (105) or ubiquitinat{@spG (133), OspZ (134) and IpaH9.8
(135)) of certain host factors.

1.4.2. Cellular response

Mainly due to the lack of natural intestinal murimedel, there is little data available on the
effect of the cellular immunity on shigellosis.thre widely used mouse lung model (136), the
critical role of T and NK cells was demonstrate7TL T cell activation in patients
undergoingshigella infection (138), as well as the increased susi#ipgi of AIDS patients

to shigellosis (139) confirms that cellular immuyniespecially T cells can be important in the
protective immune response agaifsigella. Recent data show the involvement of Th17 cells
in the clearance of the bacterium (140).

1.4.3. Humoral response
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Natural Shigella infection provides an average of ~75% protectigaimst an illness caused
by a homologous strain (expressing the same Oemjtigl41). Both serum (IgG, IgM) and
mucosal antibodies (slgA) specific to the O-antigéthe LPS seem to play major role in this
protection (142). slgA can coat the surface of hehbBhigella, inhibiting the interaction of
the bacterium with the mucosa (143). Furthermogd finchored to the mucus lining of the
epithelial cells can shield the cells and resuitsrimune exclusion of the bacteria (144). The
role of LPS specific IgA in the prevention of aindection with the same serotype Sfigella
has been demonstrated in several clinical studiéS;{46). However the protection of IgA-
deficient vaccinated mice against homologous chg#esuggests that IgG and IgM antibodies
can also provide protection in the mouse lung m@t#r). In humans although there are IgG
and IgM antibodies specific t8higella detected in patients with a history of shigellosis
(124;148;149), failed vaccine trials demonstratat thhe parenteral stimulation of serum Ig

alone does not guarantee protection against sbgiel{23;150).

Although there is a marked antibody response ag#ieshighly conserved invasion plasmid
antigens Ipa-s (151), the lack of natural crosgqmtton implies that these antibodies are not

protective.
1.5. Preventive and therapeutic options

Similarly to other infectious diseases, the mos$eéative method to control shigellosis is
prevention. Due to the lack of a licenced vacchoegate this relies on hygienic measures
(simple hand washing with soap, safe drinking watesper disposal of waste, control of flies
and avoiding contamination of food with faeces) amtouraging of breastfeeding (WHO,
Guidelines for the control of shigellosis, inclugiapidemics due t6. dysenteriae type 1).

In case of a diagnose8higella infection, based on current guidelines, besidep@ro
rehydration, antibiotic treatment is urged to bd#iated, as it reduces the duration of the
symptoms, the period dihigella excretion as well as highly decrease the risk eMese

complications (152).
1.5.1. Antibiotic treatment and resistance

Over the past decades, increasing resistan@higélla to several classes of antibiotics has
been recorded. Due to worldwide high resistanceetit@cycline, sulphonamides, ampicillin,
TMP-SMX and nalidixic acid (13;153;154), currentidglines do not recommend the use of
these antibiotics for the treatment of shigellogis. first line antibiotic, ciprofloxacin is
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recommended irrespectively of the age of the patié&ithough fluoroquinolons can
potentially cause cartilage damage, the effect prased to be minimal in several studies
(155). However increased use of this relativelyesahd cheap drug resulted in increasing
resistance, especially in Asian-African countri@$e resistance ofhigella isolates to
ciprofloxacin increased from 0.6% among isolatesnfr1998-2000 to 29.1% among strains
from 2007-2009 (156). In comparison the ciproflaracesistance in European-American
isolates remained very low (0.6% by 2007-2009)China, the resistance reached 57.1% in
2008 among althigella isolates (153). The resistance to quinolones raigis mainly from
mutations in the quinolone resistance determinggjons ofgyrA (QRDR mutation) (157).
The emergence of multi-drug resistant and fluoroglain resistanghigella strains, especially
in endemic countries leads to higher resistancengnmavel-associated shigellosis isolates as
well (154;157).

If empirical treatment with ciprofloxacin does natprove the symptoms within 48 hours,
switching to a second line antibiotic is recommehdéhese antibiotics can be pivmecillinam,
ceftriaxone and - in adults - azithromycin, howetler use of these antibiotics is limited due
to higher cost, rapid emergence of resistance (@odimam) or due to the necessity of
parenteral injection (ceftriaxone). Furthermore, spread of extended spectrfifactamases
(ESBL) in Enterobacteriaceae affec&igella as well; third-generation cephalosporin
resistant strains were reported from Asia, espgciedm India with a frequency of 16.8%
amongs. flexneri isolates (158-160).

Importantly in all studies reviewes flexneri was reported to show higher resistance to most
classes of antibiotics and more frequent among M@RIates than S sonne
(153;154;156;158).

1.5.2. Vaccine candidates

The huge medical need due to the high incidenaceefisas due to the emerging resistance of
shigellae against the first as well as tA&3" choice antibiotics underlines the necessity of an
effective vaccine against shigellosis. Since thegirbeng of the 28 century numerous
vaccine candidates have been developed agaimgélla. Despite the number of vaccine
studies and trials conferring protection experiraéiyt there is no licenced vaccine available
against shigellosis mainly due to the lack of crossection between the several serotypes.
The development of a successful vaccine is furthiedered by the incomplete knowledge

about the immune response required for the pratectas well as the unavailability of
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intestinal rodent models. Even in non-human prisiatee challenge dose required for the
development of symptomatic dysentery exceeds thhtimans by multiple logs, implying a
(partly) different pathomechanism. Furthermore, thage differences in basal immunity
against shigellosis in developing vs. developednties pose a great challenge for the

clinical testing of vaccine candidates.
1.5.2.1. Killed whole cell vaccines

Killed vaccines provide a relatively safe form dadceination. Nevertheless, in the 1960s,
experiments showed that unlike a live attenuatextina strain, the oral administration of an
acetone-killedShigella inoculum was unable to prevent subsequent chal@mgnon-human
primates (161). Therefore the main approach in imaccdevelopment had been the live
attenuated vaccine strategy with the constant probbdf higher reactogenicity and side-
effects. However, recently formalin-inactivat8agella strains were found to be protective in
a murine model (162). A formalin-kille®. sonnel strain (SSWC) was proven to be
immunogenic and well-tolerated at a 2XAGFU dose in a phase | study (163). In spite of the
initial success of this killed vaccine up to ddtere are no data available about the protective

efficacy of this candidate in humans.

1.5.2.2. Live attenuatedhigella vaccines

152.21. Non-invasive live vaccines

Non-invasive and hence avirulent mutantsSaiigella provide a possible solution against the
high rate of side effects with live vaccines. Eathals with spontaneous non-invasive
mutants, however, faced with the problem of rewersf the vaccine strain to its wild-type

virulent form and with the marginal protection piced (164).

The most successful vaccine trials with non-invasiwtants were carried out between 1976
and 1980 using the spontaneous avirugfiiexneri 2a strain Istrati 3, (165). The strain was
isolated by Istrati in 1961 and proven to be aenyl stable and effective in the guinea pig
keratoconjunctivitis Serény test (166). The “Vadizgaccine was administered in Rumania
to 32044 children and 4734 adults orally at 50-1@CFU dose 5 times at 3-day intervals.
It provided 78.91-87.9% protection against both blmgous and heterologous (i.e. against
different serotypes oghigella species) infection with no major side effects rded (low
number of nausea, soft stool). The post-vaccingtratection lasted 6 months and prolonged

protection required re-vaccination twice a yeare Naccination was tested with similar
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results in over 5000 individuals in China (167).né&c analysis revealed that the vaccine
strain carried a deleted form of the large virukEeptasmid and lost at least three loci of the
plasmid resulting in the non-invasive avirulent pbiype (168). These loci cover the genes
ipaBCD, invA and icsANirG. Although these early studies did not fulfil theegent
requirements of a double-blind placebo controlldohical trial and the heterologous
protection observed was controversial with any jonev and later results, the efficacy elicited
is exceptional among the anti-dysentery vacciradstri

1.5.2.2.2. Invasive live vaccines

To mimic the pathogenesis of a natushigella infection, increasing number of invasive
attenuated strains have been developed. Thesasstdher harbour deletions in virulence
genes involved in the intra- or intercellular sgreaf Shigella or in metabolic genes
preventing its replication in the host. The majbaltenge for these vaccine candidates has
been to find an optimal balance between immunoggnand safety. There are two main
trends; one part of the invasive vaccines is bagethe auxotrophic mutar® flexneri 2a
AguaBA (169), the others carry a mutation in thgA/virG gene required for the intracellular
spread ofShigella (170). These basic mutants are further attenuatédthe elimination of
other virulence genes (Table 3) (171-175).

Table 3 Minimum phase | stage invasive live attenuad vaccine candidates

Vaccine Parental strain  Mutation Route Clinical Reference
candidate phase

CVD 1204 S flexneri 2a AguaBA oral Phase | (169)
CvVD 1208S S flexneri 2a AguaBA; Aset; Asen oral Phase I (A71)
WRSs1 S sonnei AicsAirG oral Phase | (170)
SC602 S flexneri 2a AicsANIrG; Aiuc oral Phase |-l (173)
WRSd1 S dysenteriae 1 AicsANIrG; AStXAB oral Phase | (175)

Some of these candidates provided protection mceli trials and propose a possible future
vaccine against shigellosis; however, these stralose could not elicit broad protection
against multiple serotypes.
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The obtain protection against most of the predontishigella serotypes, multiple-serotype
vaccines have been developed. Based on antigearaatkristic of the LPS O-antigen, with
the combination of an attenuat&l flexneri 2a and 3a Noriega et al. could elicit cross
protection in the guinea pig keratoconjunctiviti®del againss. flexneri 1b, 2b, 5b and Y
(176). Alternatively different O-antigens can bepessed by one single strain; with the
insertion of the serotype-conversion gene clusteracteriophages responsible for the
different S. flexneri O-types, serotype-specific immune response coalgrovoked against
two distinctS. flexneri serotypes in the mouse lung model (150). Subcataadministration
of a hybrid T32 vaccine strain carrying a plasmidaingS. sonnel O-antigen was reported
to elicit 100% protection against intraperitoneadléenge of botls. flexneri 2a andS. sonnel
(177).

1.5.2.3. Subunit vaccines

Similarly to the killed-whole cell vaccines, subumaccines provide a safe alternative of live
attenuated mutants with low reactivity even in thacreasing population of

immunocompromised patients. However the high cadtsthe manufacturing and the
discrepancy between the immune response elicitethdyatural mucosal infection and the
intramuscular administration of the subunit vacsinmpose major challenges for these

vaccines.
1.5.2.3.1.  Serotype-targeted subunit vaccines

The most advanced vaccine trial is performed iadbkwith a conjugate vaccine candidate.
The O-polysaccharide of flexneri 2a or S. sonnei is covalently conjugated to the
recombinant exoprotein A d?seudomonas (rEPA). In a phase 3 study involving 2799 1-4
year children the conjugate was given intramustulkavice in 6 weeks interval (178). The
vaccine had minimal adverse effects (5% local pd®#, fever) and elicited age-related rise
against O-antigens. In correlation to the antiboegponse there was an age-related efficacy
of the S. sonnel vaccine with 3.8% efficacy in the 1-2 years oldugy and 71.1% in the 3-4
years old group. Unfortunately, there were not ghocases for the statistical analysis of the
S flexneri 2a immunized group. These results may suggestttigatonjugate effectively
boosted the children old enough to have been prim#da possible previous infection, but it
was unable to elicit protection in naive populatdrthe 1-2 year old children.

The conjugation of O-polysaccharide to tetanus itbyoovides an alternative method of the

serotype targeting subunit vaccin&sflexneri 2a O-antigen linked to tetanus toxoid induced
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antibody response agairtflexneri 2a, and these antibodies when introduced simuitzsig

with the wild-type parent strain protected naiveen(179).
1.5.2.3.2.  Conserved antigen vaccines

An alternative of a multivalent vaccine combinirgysral serotypes, conserved antigens can
be used for immunization. In theory, epitopes stare all serotypes could confer full cross-
protection againstShigella. This highly attractive strategy encouraged sdvemccine
developments.

The most advanced among these candidates rely ordifferent strategies. Invaplex, the
candidate of the Walter Reed Army Institute corgdiacterial extract containing invasion
plasmid antigens (Ipa-s) and LPS. It was expedatgaravide broad protection (based on the
immune response against the Ipa-s), however duth@éoLPS contamination protection
restricted to the same serotype was experiencaghimals (180). Nevertheless, the vaccine
administered intranasal was proven to be saferantunogenic in human adults (181).

The second strategy involves genetically enginearettr membrane particles (GMMA
Generalized Modules of Membrane Antigens) with puteembrane proteins dbhigella
without the contamination of LPS (182). In the mmusodel, this immunogen provided

significant protection and seems to be a promisargdidate against shigellosis.
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2. Aims

Based on the unique cross-protection observed tiéHive-attenuated vaccine Istrat, e
hypothesized that loss of a major surface antigemptex (i.e. the Ipa-s) and/or the
consequent non-invasive character of the straindcbave enhanced immune reactivity
against conserved surface antigens. As the immumi@mt antigens show high diversity, the
protection elicited by a natural infection is reged to the same serotype, however we
hypothesized that the immunologically more silenicures could have remained conserved
within the genus (or even within other membershef tamily) proposing the possibility of
cross-protection. We speculated that these “miaatigens cannot play a significant role in
the formation of the immune response in the presesfcother “major” immunodominant
surface structures (Ipa-s, LPS O-antigens), howenthrthe removal of these major antigens
from the surface of the bacterium, the immune respawill be driven by the naturally more
silent minor antigens.

To provide a less expensive broad protective vatian strategy, than the conserved antigen
based subunit vaccines, we generated and testedtlienuated vaccine candidate strains. The
safety and cross-protective capacity of mutantS. difexneri 2a andS. sonnei lacking major
surface antigens were tested in the mouse lung Imdteproved that highly attenuated non-
invasive mutants, especially those lacking thetgpeodetermining O-antigen are capable of
triggering a protective immune response againbalahfections with heterologous serotypes
in animal model. The identification of potentialoss-protective proteins could help to

improve our understanding about the efficacy oeogubunit vaccine strategies as well.
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3. Materials and Methods

3.1. Bacterial strains and culture conditions

Prototype sequencesl flexneri 2a strain 2457T (183) was used as a parentahdtvatreate
isogenic attenuate@higella mutants. Inactivation of tharoC results in an auxotrophic
mutant unable to synthesize aromatic compound wkefedentracellular multiplication (184).
Deletion of rfbF leads to a rough LPS phenotype, as the enzyme Rflifvolved in the
synthesis of the O-antigen (82). Serotype 2dléxneri 544) and 6 % flexneri 542) andS
sonnel 598 challenge strains were clinical isolates friwait (kindly provided by Prof
Tibor Pal).

Bacteria were routinely grown at 37°C in Luria Bait(LB) broth or tryptic soy agar (TSA)
plates supplemented with 0.01% Congo Red dye (Sijldidch) used for the detection of an
intact invasion plasmid expressing the Ipa protéit85). Where appropriate, media were
supplemented with ampicillin (100g/ml), kanamycin (10Qg/ml) or chloramphenicol (25

ug/ml).

3.2. Plasmids and primers

Plasmids used for the generation of the mutantisteel in Table 4.

Table 4 List of plasmids used for mutagenesis withmain characteristics and reference

Plasmid Characteristics Reference

Helper plasmid encoding arabinose inducible
pKD46 186)

Red recombinase s bri, ApT

template plasmid for the amplification of
pKD3 , (186)
chloramphenicol cassetteaf)

template plasmid for the amplification of
pKD4 . (186)
kanamycin cassetté&gn)

The sequence of oligonucleotides used for the géinarand genotypic confirmation of the

mutations are provided in Table 5.
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Table 5 List of primers used for mutagenesis and getypic confirmation, underlined sequence part show
the region aligning with the antibiotic cassette

Oligonucleotide Function Oligonucleotide sequence

aroCpKD-F

aroCpKD-R

rfoFpKD1

rfoFpKD2

aro-kol

aro-ko?2

rfbF-ko1l

rfbF-ko2

rep-1

rep-2

Amplification of PCR 5" CGC ACG GGC TGG CGC TCG GCT
product used for the allelic GCT GCA TCG TCG ATG GTG TTC GT
exchange oéroC GTAGGC TGGAGCTGCTTIC 3

o 5" TAT CAG TCT TCA CAT CGG CAT
Amplification of PCR
~ TTT GCG CCC GCT GCC GTABATAT
product used for the allelic
GAATAT CCTCCTTAG TTCCTATTAA

31

exchange oéroC

Amplification of PCR 5 GAA TAG TAATAT TTA CGC TGT
product used for the allelic CAT TGT GAC ATA TAATCC CG5 TGT
exchange offbF AGG CTGGAGCTGCTTC 3

Amplification of PCR 5 GCATTA TAA CGA CCG CCC CCA
product used for the allelic GTA ATT CCT CTT ATT CCCATATGA
exchange offbF ATATCCTCCTTAGITCCTAATCC 3

Confirmation of allelic 5" GAG CCG TGA TGG CTG GAA ACA
exchange withiraroC C3

Confirmation of allelic 5 AGC GCAATCGCGGTITTTGTTCA
exchange withiraroC 3

Confirmation of allelic 5 GGG TTA CTG GGT GCC GCA ATA
exchange withimfbF TCC 3

Confirmation of allelic 5 CCT CAATCC AGC ATT CGC CAT

exchange withimfbF TAT ACG 3

Detection ofrepA on 5" GTG GCG TAG CAT GCT AGATTA
virulence plasmid CTG 3

Detection ofrepA on 5" CAG TGC AGA TGT GAA CGT GAT

virulence plasmid ATC 3
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Wy Detection ofvirF on 5 GGG CTT GAT ATT CCG ATAAGT C
VirF-
virulence plasmid 3
E Detection ofvirF on 5" GCAAAT ACT TAGCTT GTT GTT
VirF-
virulence plasmid GCACAGAG 3

3.3. Generation of isogenighigella vaccine candidates

Inactivation of thearoC andrfbF genes was performed by the Red recombinase teahniq
(186). As a first step a helper plasmid (pKD46) aghiog the induciblé. Red recombinase
was transformed int&. flexneri 2a CRP. Overnight culture of bacteria were washétd w
decreasing volume of sterile 0.9% physiologicaingatwice, and then washed with 5 ml 10%
sterile glycerol. The pellet was resuspended inO~tD 10% glycerol and transformed
immediately with purified plasmid. All centrifugat steps were carried out with 4,400 rpm

for 10 min at 4C, the culture was kept during the whole procedtnietly on ice.

For electroporation a Gene Pulser Xcell (Bio Radswsed. 5QI electrocompetent bacteria

were mixed with pKD46, transferred into electropimma cuvette (2 mm gap, Bio Rad) and
electroporated with 2.5 kV. After pulse was proddmcteria were resuspended in 10 ml LB,
incubated at 3@ for 1.5 h. Transformed bacteria were plated opieifiin TSA plates and

incubated overnight at 30.
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antibiotic resistancy
gene

pKD3/pKD4

PCR
amplification target gene
A
H1 antibiotic resistanc H2 k015 [ H1 H2\ ko2
Homologous

recombination

ko2

kol g antibiotic resistanc H2 g

Figure 14 Schematic steps of the mutagenesis. Ddégai description of the method is in the text.

An antibiotic cassette encoding resistance to kawsam(kan) or chloramphenicol (cat)
flanked by 30-50 bp region homologous to #neC or to therfbF genes (H1 and H2) was
generated with proof reading KlenTaq® LA polymer&sen a helper plasmid pKD3 (cat) or
pKD4 (kan). The amplified product was extractedrrd.5% agarose gel with Gel Extraction
Kit (Qiagen) according to the manufacturer’s instiens. The eluted purified cassette was
precipitated with 2.5-times volume of denaturedaatii and 0.1-times volume of 3 M
sodium-acetate (pH 5.2), and kept at -20°C ovetnighe precipitate was centrifuged with
13.000 rpm in a table top microcentrifuge (Eppefjdior 20 minutes at 4°C. The pellet was
washed twice with ice-cold 70% ethanol and cergefiias previously. DNA was rehydrated
in 5 ul nuclease-free distilled water (FermentBsfferent volumes of concentrated antibiotic
cassette were electroporated into electrocomp&dlexneri 2a 2457T CRP strain containing
pKD46 helper plasmid grown in the presence of 40/mMD-arabinose. In the presence of
arabinose thé. Red recombinase is induced, and the targeted gemeplaced by the

antibiotic cassette based on homologous recombmatbetween H1 and H2.
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Electrocompetent cells were generated accordintheéoprotocol described. Transformants
were incubated at 3€ for 2hours followed by 3 hours at room tempematirelleted bacteria
were plated on TSA plates with the correspondingbentics and incubated overnight at
37°C. Antibiotic resistant clones were subjected toajgpic confirmation with PCR.
Amplification with control primers listed in Table was performed with MasterMixx®
(Fermentas) with the following program: initial degaration at 98C for 2 min, denaturation
at 95C for 30 sec, at 58 annealing for 30 sec and @elongation for 90 sec and with 30
cycles. The mutants were detected based on therditf size of the product in wild-type

strains compared to clones with cassette inserted.

2457T AaroC::kan and 2457TArfbF::cat mutants were subsequently cultured on TSA plates
supplemented with Congo red (CR TSA) to select ©amgl positive (CRP) and Congo red
negative (CRN) colonies. The loss of the invasitasmid in CRN isolates was confirmed
with the PCR based detection of plasmid encodaderice determinants VirF and lal (187)
and of the RepA protein with the program used lierdetection of mutants. PCR product was
run on 1.5% agarose gel in 1% Tris-acetate-EDTAKY Auffer and stained with ethidium
bromide.

Similarly phase | and phase Il (i.e. non-invasived aough) variants of. sonnei were

differentiated on CR TSA plates and tested forgitesence of the virulence plasmid.

3.4. Adhesion-invasion assay

Int407 and Hela cell lines from the collection betDepartment of Medical Microbiology
and Immunology, University of Pécs were used to ttes adhesion and invasion as well as
the in vitro survival/multiplication ofShigella strains. Confluent cells (2x1@ells in a 24-
well plate) were incubated in 10% FCS RPMI solutigithout antibiotics at 37°C in the
presence of 5% COGiven CFU of bacteria were added to the cells &slea MOI of 10. For
the determination of the adhesion and invasiorgraft hour incubation at 37°C in the
presence of 5% CQrells were washed with 1ml sterile PBS twice ars@d with 1% Triton-
X-100 (cell associated bacterial count) or incuddte an additional 30 minutes with 1 ml of
40 pg/ml gentamycin (Sanofi-Aventis) in RPMI folled by washing and lysis of the cells
(intracellular/invasive bacterial count). The baeiecount was determined with plating of

duplicates of dilutions.
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For the testing of thi vitro intracellular survival/multiplication, following hour incubation

with the bacteria, cells were washed with PBS amibated for 24 hours with 40 pg/ml
gentamycin (Sanofi-Aventis) in RPMI at 37°C 5% £@n the following day cells were
washed and lysed as described previously. The fgct®unt determined equalled to the

intracellular survived bacterial count.

The cells were controlled with microscope beforeheaxperiment as well as after 24 hours
incubation with the intracellular bacteria. Athigella strains tested were sensitive to 40

png/ml gentamycin and resistant to 1% Triton-X-1B®periments were run in duplicates.

3.5. Serum resistance &higella mutants

To test the survival of the vaccine strains in serof healthy human donors, 1CFU
bacteria were incubated at 37°C in 2060% human serum diluted with sterile PBS (active
serum) for 30-60-120 minutes or 24 hours. As cansame amount of bacteria was incubated
the same way in 50% heat inactivated serum (congiénmactivated at 56°C for 30
minutes). Bacterial count (CFU) was determined thaseplating different dilutions after the
incubation and compared to the bacterial counthat deginning of the experiment. This

starting cell count was determined for each expeminmdividually.

3.6. Animal experiments

In vivo studies were performed in the mouse lungleh@136). All assays were conducted
according to the principles set forth in the guniethe care and use of laboratory animals in a
laboratory as authorized by Hungarian decree (n§VIK 1998) and by the subsequent
regulation (government order no. 243/199X to eight-week-old female specific pathogen
free (SPF) BALB/c mice were anesthetised intrapeatlly with a mixture of 5 mg/ml
ketamine (Calipsol, Richter Gedeon, Hungary) ar&drg/ml xilazine (Primasine, Alfasan).
Immunizations and challenges were performed ingalhawith 50ul of inoculum (diluted in

physiological saline) containing the required CHUacteria.
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3.6.1. Invivo survival ofShigella vaccine candidates

Mice were infected with TOCFU or 16 CFU bacteria intranasally. On day 1, 2, 3 and 4-pos
infection 2 mice from each group were euthanizeth wervical dislocation and their lungs
were removed, homogenised with a T25basic (IKA Itedmhinik) homogeniser in 10 ml 0.1%
TritonX-100 in PBS. Serial dilutions of the suspenswere plated on TSA plates with
chloramphenicol & flexneri 2a 2457TArfboF CRP and CRN) or kanamycis. (flexneri 2a
2457T AaroC CRP and CRN). The bacterial count recovered waspaoed to the dose used
for the infection.

3.6.2. Determination of the 50% lethal dose @#gP

Fifty per cent lethal doses (sPvalues) were calculated from results of infectiaih doses
of 0.5 log-serial dilutions ranging between® #ihd 18 CFU/mouse. Groups of 5 mice were
infected with the given doses, their survival wagnitored for 14 days post-infection. The

LDsg value was calculated with statistical methods.

3.6.3. Homologous challenge

Group of 5 anesthetised mice were immunized ingalhawith sublethal dose @& flexneri
2a 2457TAaroC CRP (16 CFU), CRN (18 CFU) andArfbF CRP (16 CFU), CRN (18
CFU) twice with 2-week intervals. Control mice rexas sterile physiological saline. Two
weeks after the booster immunization mice werelehgéd intranasally with lethal dose of
clinical isolateS. flexneri 2a 544. Survival and weight was monitored dailyXé days post-

infection.

3.6.4. Heterologous challenge

Group of 5 mice were immunized with flexneri 2a 2457TAaroC CRP (18 CFU), CRN
(10° CFU) or withArfboF CRP (16 CFU) or CRN (18 CFU) twice with two-week intervals.
Control group received sterile physiological salinevo weeks following the booster
immunization, mice were infected with lethal dodeheterologous clinical isolate d
flexneri 6 strain 542 ofS. sonnei strain 598. Survival and weight of the mice wasitared

daily for 14 days.
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Alternatively group of 5 mice were immunized wigh sonnei 598 phase | (F CFU) or
phase Il (16° CFU) strains twice with two-weeks intervals. Twoeks after the booster
immunization, mice were challenged with lethal do§eitherS flexneri 2a orS. flexneri 6.
Survival and weight was measured every day for B4sd Control group received

physiological saline.

3.6.5. Immunization with heat-killed bacteria

Group of 15 mice were immunized intranasally witR @FU heat-killedS. flexneri 2a 2457T
AaroC CRP, CRN andArfbF CRP or CRN twice with 2-week interval. For the thea
inactivation washed bacteria were concentratetiéaéquired CFU and incubated at 100 °C
for 1 hour. One week after the booster blood whkertdrom the tail vein of each mice, let to
clot at room temperature, and centrifuged with @,@0for 10 minutes to gain serum. The

samples were stored at -20 °C till use

3.6.6. Collection of blood and bronchoalveolar lavage fionmunized mice

One week after the booster immunization ~50 pl dhlsamples were taken from the tail vein
of immunized mice. The blood was let to clot atmotemperature, centrifuged at 4,000 g 10
minutes to gain serum. Alternatively, mice immuuizevere euthanized with cervical
dislocation two weeks after the booster and th@ichiea was prepared, cannulised with a
blunt end needle and 200 pl saline was injectedl tinéir bronchi. Bronchoalveolar lavage
fluid was retracted subsequently.

Blood and BAL samples of mice belonging to the sammunization group were pooled and
stored at -20 °C.

3.7. ELISA

The immune response of the vaccinated animals weassumned in whole cell ELISA on
parallel 96-well plates (Sigma 3D) sensitized weither the smooth, invasive strain or with
its rough, non-invasive counterpart. Wells weretedavernight at 4°C with 90 pl bacterial
suspension (5 x 2@FU/mI in freshly prepared pH 9.5 carbonate buffém the following
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day plates were washed three-times with gD@BS containing 0.05% Tween 20 (washing
buffer). Blocking of the wells was performed witb@ul/well 2% BSA (Sigma-Aldrich) in
PBS for one hour at room temperature. BAL and sesamples were serially diluted in 300
PBS containing 0.1% BSA and 0.05% Tween 20 andbiaiad with the antigen-coated plates
for 1h at 37°C. After 3 washes, plates were proléd 100 ul 1:2,000 diluted anti-mouse
IgG (serum samples) or anti-mouse IgA (for BAL s&spimmunoglobulin conjugated with
horseradish-peroxidase (HRP) (Sigma-Aldrich). Téedwine the ratio of IgG2a and IgG1
isotypes, HRP conjugated anti-mouse IgG2a and IE&jma-Aldrich) were used. Following
1 h incubation at 37°C with the secondary antibedmates were washed three times with
washing solution. The ELISA substrate was o-phemdéamine (Sigma-Aldrich) dissolved
in citric acid buffer containing ¥, (0.56% citric-acid-1-hidrate, 2.24% pH#PO, x 12H0

in distilled water, 0.0334% orto-phenylenediamia®16 V/V% 30% hydrogen peroxid). The
reaction was stopped with 2 N sulphuric acid. The ®as measured at 492 nm with
FLUOstar OPTIMA (BMG Labtech) ELISA reader. The imne response following
immunization with the different vaccine strains wagressed in relation to the one elicited
by theAaroC CRP (smooth, invasive strain) BAL or serum sangblthe same dilution (1:10
for BAL samples, 1:400 for serum IgG). Means andMSkere calculated from at least 4

independent assay with samples from different imzation studies.

3.8. Protein identification by mass spectrometry

For the sonication overnight culture of bacteriaraveentrifuged and washed 3-times in
physiological saline and resuspended in sonicdtufter (pH 7.4) in the presence of protease
inhibitor (cOmplete Mini tablet, Roche, 1 tablet/af)). Suspension was sonicated with 30%
amplitude 0.5 sec bursts for 2 minutes repeatecketen ice, then centrifuged with 6,000 rpm
for 10 min at 4C. The supernatant (whole cell lysate) was stote@@®C. 10-15ul of pools
(sera of 5 mice) of hyperimmune sera collected frmmce immunized twice either with
2457T ArfbF CRN (rough, non-invasive) or belonging to contgsbup (received sterile
physiological saline) were reacted with 1i0aliquots of sonicated whole cell lysatesSf
flexneri 2a 2457TArfoF CRN o/n at 4C with constant rotation. Immune complexes were
captured with 2Qul protein G beads (Sigma-Aldrich). Following 4 washwith 500ul PBS,
proteins were eluted with Laemmli buffer and run8% polyacrylamide gels with constant
120 V with a PROTEAN® Il xi Cell system (Bio-Radproteins were visualized with
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SyproRubi (Invitrogen) on UV-transilluminator. Peot bands detectable by serum obtained
with the double mutant but not with the control mewsera were excised and stored in ultra-
pure water at €. Identification of the proteins was done in dotieation with Eva Hunyadi-
Gulyas in the Proteomics Research Group at theoBichl Research Centre, Hungarian
Academy of Sciences, Szeged. Following reductiomT()Dand alkylation (IAM) they were
in-gel digested with trypsin (porcine Trypsin, Pega) and subjected to mass spectrometry
analysis. RP-LC-MSMS experiments have been caraed on an ion-trap (LCQ-Fleet,
Thermo) mass spectrometer on-line coupled with ao#4PLC system (nano-Acquity,
Waters). MSMS peak lists were generated by masistillBr (ver. 2.2.1.0) and submitted for
database search on Mascot search engine againdtGB&.00220 protein database. Two
searches were run, the first without species spatibn (10448260 sequences) and the

second restricted to ‘Bacteria’ (82322302 sequences

3.9. Statistical analysis

The 50% lethality dose was calculated with thestteal method of Reed and Muench (188).
The statistical analysis of the survival curves wadormed with the LogRank (Mantel-Cox)
test, ELISA titres of BAL and sera as well as sersemsitivity and adhesion-invasion
capacity were compared with the Mann-Whitney norapeetric analysis using GraphPad
Prism version 5.00 for Windows. The p value wassatered significant if lower than 0.05.
Graphs show mean with standard error of the mearioorthe presentation of ratios

geometrical means with the corresponding standaod. e
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4. Results

4.1. Construction of vaccine candidates and their charaation

Isogenic attenuated mutants of the protot§pdlexneri 2a strain 2457T were constructed
(Table 6). Deletion oéroC resulted in a mutant auxotrophic for aromatic aranids, PABA
and dehydroxybenzoic acid (184). The inactivatibnfloF resulted in a rough LPS phenotype
(82). With the selection of Congo red negative (§Rafiants of both mutants, double mutant
clones devoid of invasive potential encoded ondhge virulence plasmid were constructed.
Phase Il form ofS sonnei 598 designates a mutant lacking the large vir@dgrlasmid. InS.
sonnel this plasmid carries thdb operon responsible for the synthesis of the Oganti(see
before), hences. sonnel phase Il variant is both non-invasive and expesseough LPS

(189). The phenotype and genotype of the mutants e@nfirmed with multiple methods.

Table 6 Characteristics of vaccine strains tested

Phenotype

Strain O-antigen Ipa’
S. flexneri 2a 2457T (wild + +
type)

2457T AaroC CRP + +
2457T AaroC CRN + -
2457T ArfbF CRP - I
2457T ArfbF CRN - -

S. sonnel 598 phase | + +

S. sonnei 598 phase Il - -

#Invasion plasmid antigen
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4.1.1. Confirmation of the loss of the virulence plasmid

The lack of Congo red binding (CRN phenotype) dussnecessary originate from the loss of
the whole virulence plasmid, but could theoreticathme from smaller deletions or mutations
within the invasion genes. In order to confirm ttie tested CRN mutants carry no remnants
of the plasmid we tested the presence of threesgEmated on the plasmid by PCR. The
amplification of virF (encoding a conserved regulator protein of IcsAB/(190) andial
(invasion associated loci) is used for the detectbShigella species from clinical samples
(187), whereas the lack of the replication pro@aterminantepA confirms the loss of the
whole plasmid (Nagy et al. unpublished). For subseat|experiments CRP isolates carrying
all, as well as CRN strains devoid of all threeegewere selected (Fig. 16).

M: 1kb DNA ladder (Fermentas)
1: S flexneri 2a 2457TAaroC CRP
2: S flexneri 2a 2457T AaroC CRN
3: S flexneri 2a 2457TArfbF CRP
4: S flexneri 2a 2457TArfobF CRN

M12 34123 412 3 4M

M: 1kb DNA ladder (Fermentas)
1:repA

2:VirF

3:ia

M123 123

Figure 15 Visualization of PCR product controlling virulence genes encoded on the virulence plasmid.
Products were run on 1.5% agarose gel with 6x Loadg Dye (Fermentas). Gels were stained with
ethidium bromide.

The lack of amplicon with primers annealing to tllegene in the tested sonnel 598 phase |
clone (Fig. 16) suggested the partial deletionheflarge virulence plasmid. Aal is among
the most likely deleted genes of the plasmid,, thés not completely unexpected (187).

45



4 Results

Subsequently, a phase | clone®fsonnei that was positive for all three genes tested was

selected (not shown), which was used for all expenis.

4.1.2. Testing of adhesion and invasion potentials

Based on the literature, the entry region of thrgdavirulence plasmid is necessary and
sufficient for the invasiveness &higella. In order to confirm the invasive phenotype of the
CRP mutants o®. flexneri 2a 2457T invasion assay was performed on HelLa.cell

a) b)
°] T 150+
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Qo 34 S
5 5l <& 75
2 Qo 100{ 0
o 11 = 5% -
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E3 S. flexneri 2a 2457T CRP
. S. flexneri 2a 2457T CRP
E= S. flexneri 2a 2457T
AaroC CRP E S. flexneri 2a 2457T
El S. flexneri 2a 2457T AaroC CRP
ArfbF CRP BEl S. flexneri 2a 2457T
[0 S. sonnei 598 phase | ArfbF CRP

@D S. sonnei 598 phase |

Figure 16 Invasiveness (a) and 24h intracellular survival (b)of CRP strains on Hela cells in on
representative experiment. Invasiveness shown as pentage of intracellular bacterial count compared @
the number of cell associated bacteria. Intracell@r survival shows percentage of intracellular bactea
after 24h incubation relative to the invasive bacteéal count.

Figure 17 shows the intracellular bacterial celirmoin relation to the number of adherent
bacteria on Hela cells after 30 minutes (Fig. J7ared 24 hours (Fig. 17. b). Invasiveness
and intracellular survival (although at differergilee) was shown for all test8dflexneri 2a
2457T CRP mutants. In contrast, all CRN strainsewepeatedly unable to invade eukaryotic
cells (data not shown). Interestingly, although tbegh strain & flexneri 2a 2457TArfbF
CRP) showed an increased invasiveness, its inludexesurvival after 24 hours was found to
be compromised. To confirm that unlike the higherasiveness of the rough strain, there is
no significant difference in the number of cell atnt bacteria in case of thefbF mutant,

adhesion assay was performed.
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Figure 17 Ratio of adherent bacteria compared to th inoculum size in percentag®n a) Int407 and b
HelLa cells. Graphs show mean of 3 and 4 experimentsspectively with the SEM.

Adherence of CRP and CRN mutants of &néexneri 2a 2457T wild type an8. flexneri 2a
2457T ArfbF strains to Int407 and Hela cells was tested. Eidi shows the percentage of
adherent bacteria compared to the bacterial couttiteoinoculum given onto the cells. We
detected that both the loss of the virulence pldsas well as the rough LPS phenotype
resulted in higher, however statistically not diéfet (p=0.25 or p=0.20 respectively) adhesion
of S flexneri 2a 2457T to Int407 cells (Fig. 18. a). This difiece was not observed in case of
the HelLa cell line (Fig. 18. b). Therefore, thereased number of intracellular bacteria
observed for the rough strain at early time poddscribed above cannot be attributed to a

higher number of bacteria associated with the cells

4.1.3. Serum resistance of vaccine candidates

Survival and multiplication of pathogenic bactanaserum (serum/complement-resistance) is

an important characteristic of virulent strains. tést the effect of the lack of the virulence
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plasmid and/or rough phenotype of the bacteria enurs resistance, the mutants were
incubated in active and heat-inactivated (i.e. dement inactivated) human serum and the
surviving proportion was determined at various tipoats (Fig. 19).

a) -e- S. sonnei 598 phase |
active serum
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Figure 18 Survival of Shigella strains in 50% human serum. CFU count after 30, 60120 minutes and 2
hours incubation in active or heat inactivated serum of healthy donors relatived the bacterial count o
the inoculum. Graphs show geometrical mean of 5 (a&nd 3 (b) experiments. Statistical comparison

each time point was performed with Mann-Whitney tet Significant difference was found only betwee
the CFU of S. sonnei phase |, S. flexneri 2a and S. flexneri 6 in active and in heatinactivated serumr
(p<0.05) and between bacterial count recovered fromactive serum with strainsS. sonnei phase | anc
phase Il (p=0.02).

UnfortunatelyS. flexneri 2a 2457T CRP wild-type strain was found to be isersto 50%
complement: no bacteria could be detected in ac@ram after 60 minutes, unlike in heat-
inactivated serum). Since both thibF andAaroC mutants showed the same characteristic,
no difference could be detected, when incubatddamresence of 50% human serum. On the
other hand, wild-typeS. sonne 598 phase | showed survival and multiplication Sn
independent experiment performed with fresh seramptes obtained from 5 individuals,
whereas the phase Il form of the same strain cooldbe recovered from active serum
samples after 30 minutes incubation (statisticallynificant difference at each time-point

examined) (Fig. 19. a). Although the bacterial doninphase IIS. sonnei in heat-inactivated
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serum after 24 hours was lower than that of ph&adnnei, the difference was found not to
be statistically significant (p=0.2286%. flexneri 2a 544 andb. flexneri 6 542 used for the
challenge experiments were tested in the samengettith serum of 3 donors (Fig. 19. b).
Like the other 2a serotype strafh flexneri 2a 544 was rapidly killed in active serum after 60
minutes.S. flexneri 6 542 could be detected in low cell count for h2iButes, however after
24 h, no survival was found. The difference betw#en survival ofS flexneri 2a andS
flexneri 6 in active serum was not found to be statistycailfjnificant with the nonparametric
statistical test.

4.1.4. Invivo survival ofShigella mutants in the mouse lung model

To exclude the possibility that during the immumi@a prolonged survival of the mutant
bacteria enhances the immune response provoketesiexl then vivo survival of sublethal

amount of 2457T mutants.
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Figure 19 Bacterial count recovered from lung of ifiected mice after 1-4 days posiafection. Graph show:
result as mean CFU from 4 mice per data point. Pah® shows results focused onaroC CRN, ArfbF CRP
and CRN in order to show subtle differences betweethe survival of these three strains.

Figure 20 shows the number of surviving bacteridghim lung in relation to the total CFU
instilled. The invasive auxotrophic mutant (245&&roC CRP) showed the best survival.
Although the number of live bacteria was rapidlgmrasing, viable bacteria could be found
even 4-days post-infection. The CRN form of the sanutant showed lower survival; in case
the same bacterial cell number was used for treiioin, no live bacteria were detected after
48 hours, however at a 100-fold higher infectionse] live bacteria were found even after 4
days in the lung of one mouse. In comparison, &tCFlJ/mouse infectious dose both the
invasive and the non-invasive rough mutar8sflexneri 2a 2457TArfbF CRP and CRN)

were cleared from the lung already after 24 honrgpeated experiments. At higher dose, the
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ArfbF CRN mutant was able to survive 48 hours, but waspdetely cleared by day 3. The
low level ofin vivo survival of theS flexneri 2a 2457TArfbF CRP confirms the results of the
in vitro assay with HeLa cells, where the invasive rougairstshowed impaired intracellular

survival after 24 hours.
4.1.5. Virulence in the mouse lung model

To assess the level of attenuation as well asnib thhe optimal dose for immunization and
challenge, 50% lethal doses (4Jpwere calculated from results of infections witiffedtent
doses of bacteria in the mouse lung model (Tahl&1@ virulence of CRP auxotrophic and
rough mutants of flexneri 2a 2457T was comparable; the df S flexneri 2a 2457T
AaroC andAfbF CRP was 8 and 7-times higher, respectively, thah daf their parent strain.
However, loss of the virulence plasmid decreasadence to an undetectable level in case of
both the smooth and rough backgrounds. Even thieebigdoses tested fLCFU or 10°
CFU/mouse) elicited no lethality, therefore an éxdas, value could not be established. This
high level of attenuation of the CRN and phase tthiss combined with the shorter
persistence of the non-invasive bacténigivo allowed a 100-fold higher immunization dose.

Table 7 50% lethal dose (LI3y) of strains used in this study and degree of attemtion relative to the wild-
type strain

Attenuation
LDso (CFU) [jéaetive to wild-

S. flexneri 2a 2457T CRP (wild-type) 2.19 x 16 -
S. flexneri 2a 2457T CRN >10° >45.66
2457T AaroC CRP 1.78 x 10 8.13
2457T AaroC CRN >10° >45.66
2457T ArfbF CRP 1.54 x 10 7.03
2457T ArfbF CRN >10° >45.66
S. sonnei 598 phase | 1.69 x 16 -
S. sonnei 598 phase |I >10"° >18
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4.2. Protective capacity d flexneri 2aArfbF against homologous challenge in the mouse

lung model

Series of attenuate®. flexneri 2a mutants lacking either O-antigensrfoF CRP), the
invasion plasmid AaroC CRN), both ArfbF CRN) or none AaroC CRP) of these antigens
were used to immunize mice intranasally at subletloses. Subsequently groups of mice
were challenged with lethal doses of a clinicalas® S. flexneri 2a 544), belonging to the

same serogroup (homologous challenge) and theivalirvas monitored (Fig. 21).

immunization: S. flexneri 2a
challenge: S. flexneri 2a

1
_ 00 ribF CRN
S aroC CRN
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Figure 20 Protective capacity ofS. flexneri 2a mutants. Groups of 6-8 weeks old BALB/c mice we
immunized intranasally with CRP (1¢° CFU) or CRN (10° CFU) mutants twice with two-weeks interval.
Control group received physiological saline. Challege was performed two weeks following booster with
10° CFU of wild-type S. flexneri 2a 544 the same route. Survival was monitored fdr4 days. Figure shows
combined result of two experiments with 5 mice/grop/experiment. Statistical analysis was performed
with Log-rank (Mantel-Cox) test, significant p values are indicated with asterixes (*p<0.05, **p<0.01)

Naturally immunization with sublethal dose of thédatype strain resulted in full protection
against a homologous challenge (data not showm)h&unore, as expected both the invasive
and non-invasive vaccine strains expressing O-ansigharoC CRP and CRN) elicited
partial, but statistically significant protectioresulting in approximately 40% survival.
However surprisingly the invasive rough mutantfpF CRP) in spite of the lower in vivo
survival and comparable level of attenuation intidaby the similar L, values provided

even higher protection, than the smooth vacciramnst8 out of 10 mice survived challenge
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with 100% lethal dose of homologous clinical iseld¥loreover the protection elicited by the
rough strain was found to be irrespective of thegiveness of the strain, immunization with

ArfbF CRN (rough, non-invasive) mutant resulted in thms level of protection.

4.3. Cross protective capacity 8higella mutants

4.3.1. Protection against heterologous challenge Bitihexneri 6 orS. sonnel

In order to assess the spectrum of protective dgpafcrough, non-invasivéhigella mutants,
challenge of immunized mice was performed withicahisolates expressing heterologous O-
antigens. In the first set of experiments mice wenaunized with CRP and CRN mutants of
smooth and rougls. flexneri 2a strains and subsequently infected with a letlogle ofS
flexneri 6 542 (Fig. 22. a).
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Figure 21 Cross-protection capacity of. flexneri 2a mutants. Group of 5 6-8 weeks old BALB/c mice ave

immunized with CRP (16 CFU) or CRN (10° CFU) variants of S. flexneri 2a mutants twice in two-weeks
interval. Two weeks after the booster, mice were efilenged with a) 16 CFU of S. flexneri 6 542 or b) 16°

CFU of S. sonnei. Survival was monitored for 14 days. Figures showvdata from a) two or b) three

experiments with 5-5 mice in each grou. Statisticahnalysis was performed with the Log-rank (Mantel-
Cox) survival test. In case of significant differene compared to the mock-vaccinated mice, it is inclited

as follows: *p<0.05, **p<0.01, **p<0.001

Based on previous data from the literature, no orvimal cross-protection provided by the
smooth strains was expected. When mice were vaednaith a AaroC CRP (smooth
invasive) mutant, no protection was registered regjahe heterologous challenge. The non-
invasive counterpart of the straimaroC CRN) elicited partial, but statistically non-
significant, 50% protection. However, similarlyttee homologous challenge experiment, the
rough vaccine strains provided a nearly complet¢egtion against & flexneri 6 challenge
(8/10 mouse survived), which was again independgtite presence of the invasion plasmid.
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In the second set of immunizations, mice vaccinatethe same mutants were infected with a
lethal dose of invasiv&. sonnei 598 strain (Fig. 22. b). Immunization with the gbunon-
invasive mutant ArfoF CRN) resulted in an almost 100% protection agam$& sonnei
challenge, 14 out of 15 immunized mice survivedhiéierologous infection compared to 1/15
of the mock group. Interestingly the rough invassteain ArfoF CRP), highly effective
against a heterologossflexneri 6 542 challenge, did not protect agai@sonnei, just as did
not the smooth invasive mutamtafoC CRP). The protection provided by the smooth non-
invasive strain AaroC CRN) was similar to that again& flexneri 6, but in this set of
experiments was found to be also statistically ifigant compared to the mock
immunization. However importantly the survival dietAaroC CRN immunized mice
remained significantly lower than the nearly comglsurvival of the rough non-invasive
mutant immunized group\¢(foF CRN).

4.3.2. Cross protection provided & sonnel phase Il immunization againStflexneri 6 and

S flexneri 2a challenge

To corroborate the cross-protection elicited by tlea-invasive rough mutant & flexneri

2a, a partially reversed experiment was perforniide were immunized with either the
smooth, invasive phase | form & sonnei 598 or with the rough, non-invasive phase Il
variant. Subsequent challenge with a heterologftlexneri 6 isolate confirmed the previous
results; vaccination with the wild-type strain dhdt elicit heterologous protection, while the
rough, non-invasive strain (phase Il form) lackibgth the O-antigen and the virulence

plasmid elicited high, in this case, full protectieproducibly (Fig. 23).
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immunization: S. sonnei
challenge: S. flexneri 6
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Figure 22 Protection provided byS. sonnei phase Il variant against lethal dose of. flexneri 6 542. Mice
immunized twice intranasally with 10> CFU of phase | or 13> CFU of phase Il varians ofS. sonnei 598
were challenged with 16 CFU of S. flexneri 6 542. Survival was monitored for 14 days. Survilacurve
shows result of two independent experiments with Bnice/group/experiment. Statistical analysis was
performed with Log-rank (Mantel-Cox) test. Significant difference between immunized and mock mice is
indicated with asterix. ***p<0.001

In a parallel experiment, mice immunized with tBesonnei vaccine strains were infected
with a S flexneri 2a clinical isolate. Although this challenge diat mesult in lethal infection,
the infected mice showed signs of systemic infectfds an alternative read-out, weight was
measured daily for 14 days post-infection (Fig.24)
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Challenge with S. flexneri 2a 544
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Figure 23 Cross-protection provided by phase | andghase Il of S. sonnei. Groups of 5 mice wer
immunized intranasally twice with two weeks intervd with sublethal doses (phase | ¥ CFU, phase |
10" °CFU) of S. sonnei 598. Control group received salineTwo week following the last immunization mic:
were challenged with 16 CFU of wild-type S. flexneri 2a 544 via the same route. Weight of mice w
monitored daily for 15 days at the same period offte day. Graph shows average of two independe
experiments with 10 mice/group in total. Weights wes compared with Mann-Whitney test each day. |
values are the following: weights followingS. sonnei phase Il immunization compared to mock wer
significantly different on days 3-5 (p<0.0001), dag (p=0.0005), day {p=0.0029), day 8 (p=0.0376), day
(p=0,0115); following S. sonnei phase | compared to mock immunization on day 4 (p=0279), day
(p=0.022), day 6 (p=0.0279); while those @. sonnei phase Il vs phase | on day 3 (p30062), day
(p=0.0057) and day 5 (p=0.0041)

The weight loss following a heterologous challemjemice immunized with phase B.
sonnel (lacking O-antigen and invasive potential) wagistiaally significantly less between
days 3-9 compared to the weight loss of mock vateoh mice. Similarly, weight loss of the
two groups immunized either with the wild-type pddsS. sonnel or with sterile saline
(mock) differed significantly from each other onyda4-6 post-infection suggesting some
degree of protection elicited against the hetemlsgchallenge. However, comparison of
weights of phase | and phase Il immunized miceakksignificant difference on days 3-5;
the groups immunized with the rough non-invasivaist(phase Il) showed weight loss only
until day 2 p.i. and started gaining weight alreatyday 3, whereas mice immunized with
sublethal dose of phaseSl sonnel lost more weight (average of 4.5 g on day 3), tred
recovery started only on day 4 post-infection. Tésults suggest that in comparison to the
smooth invasive counterpart, the phase Il forrs.@bnnei elicited higher protection against a
heterologous flexneri 2a challenge.
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4.4. Humoral immune response against the vaccine strains

The humoral immune response provoked by the vaatmaes was measured by detection of

specific antibody levels by ELISA.
4.4.1. Shigella-specific antibodies raised upon immunizations

The serum IgG response as well as the specific salidgA response from broncho-alveolar
lavage fluid was determined by ELISA. The immunctedy was measured to the invasive
smooth (2457T wild type or 2457AaroC CRP) and to non-invasive rough (245&TtbF
CRN) whole bacteria of serial dilutions of both sd@s recovered from mice vaccinated with
various live attenuatel flexneri 2a strains. In order to compare several ELISA grpnts,
as well as to compare results on different targattdria exhibiting different coating
characteristic, we calculated ratios of OD valuasmed with the different immune sera. The
reactivity of sera of mice immunized with flexneri 2a ArfbF CRN was divided by the

corresponding reactivity of sera from mice immudizéth S. flexneri 2aAaroC CRP.

OD(ArfbF CRN immune sera)
OD(AaroC CRPimmune sera)

Therefore, values lower than 1 suggest higher inggcof the AaroC CRP immune sera and

vice versa.
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Figure 24 Reactivity to whole bacteria of mucosal IgA and semm IgG obtained from mice vaccinated witl
live attenuated S. flexneri 2a strains. BAL or serun samples were collected in pools following tv
immunizations with the smooth invasive f4aroC CRP) or with the double mutant ArfbF CRN). Immune
reactivity was determined on different target cells expressing both O-antigen and Ipas or non of thes
major antigens. Reactivity was expressed as ratiogactivity of the ArfbF CRN divided by the reactivity of
the AaroC CRP sample) at thesame dilution (BAL1:10, serum 1:400). Graphs show pans with SEM of a
least four experiments performed with sample obtaiad from independent vaccinations. Reactivity ratic
were compared with non parametric Mann-Whitney test P values are indicated on the graph.



4 Results

As expected, both serum and BAL specimens obtafred mice vaccinated with th&.
flexneri 2a 2457TAaroC CRP (expressing both major antigen complexes) wene reactive

to the invasive smooth homologous target verifythgt the O and Ipa antigens, indeed,
dominate the immune response (Fig.25). On the dihad, loss of both immunodominant
antigens on the vaccine strain (245XiffbF CRN) resulted in an improved reactivity to the
homologous target strain devoid of these antigéhgese results corroborate that there is a
higher titre of antibodies against minor antigesiffving vaccination with strains expressing
neither of the major antigenic complexes. Impohatitis phenomenon was apparent in case

of both serum IgG and mucosal IgA.

4.4.2. Detection of IgG isotypes from the serum of immudiznice

The relative amount of IgG2a and IgG1l antibodiescHdj to the corresponding vaccine

strain were also measured in ELISA coated with wioallls.

Live Killed Vaccine strain
1.54
Hl aroC CRP

] p=0.0037 p=0.026 | (3 rfbF CRN
o)
- T
S
S 1.0 .
I=)

Ratio of specific serum antibodies

Figure 25 Ratio of IgG2a and IgG1 antibody levels etected in serum of mice immunized either with live
S. flexneri 2a mutants or with the same amount (I{TCFU) of heat-killed lysate of these strains. Ratiof the
reactivity of specific isotypes against the wholeetl of corresponding vaccine strain in 1:400 dilutin is
shown on the graph. Statistical difference was caltated with the Mann-Whitney test. P values are
indicated on the figure.
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As shown on Figure 26 the 1gG2a/lgG1 ratios difflesggnificantly depending on the nature
of the vaccine strains. In case of immunizatiorhvifte non-invasive rough strai8. flexneri

2a 2457TArfbF CRN) an increased specific serum IgG2a/lgG1 natie observed (compared

to that of the auxotrophic invasive mutant) imptyim Thl dominance of the immune
response. In order to show that this differencginated from the different antigen repertoire
on the bacterial surface rather than from diffeesnin invasiveness, sera obtained from
vaccination using both strains at the same CFleat-killed form were also investigated. The
difference between the 1gG2a/lgGl ratios remaingtissically significant upon heat-

inactivation of the vaccine strains.

4.5.

In order to identify antigens responsible for tHeserved protection provided by the rough

Identification of potential cross-protective antige

non-invasive strain, immune sera obtained uponimaton with S. flexneri 2a 2457TArfbF
CRN was mixed with aliquots of bacterial lysatetlod same strain and the resulting immune
complexes were purified by protein G beads. Foltgveluation, proteins were separated
electrophoretically and visualized. Proteins tharevcaptured by antibodies against the
double mutant but not (or significantly less) byasef mock mice were excised and subjected
to mass spectrometry based protein identificafit@.experiments were done in collaboration
with the Proteomics Research Group at the BioldgRasearch Center of Hungarian
Academy of Sciences in Szeged.

Table 8 List of identified proteins by mass spectnmetry

NCBI Protein name Species MW Exp #1 Exp #2 Exp #3
accession Peptide Sequence Peptide Sequence Peptide Sequence
number number coverage number coverage number coverage

preprotein Shigella flexneri
24111543 translocase 9 102217 3 5%
subunit SecA 2astr. 301
pyruvate Shigella flexneri
A dehydrogenase 2 99948 8 10% 16 22%
subunit E1 2astr. 301
i i i Shigella flexneri 0
24111559 dihydrolipoamide 9 65878 15 33% 17 34% 10%
acetyltransferase 25 str. 301
formate Shigella flexneri
24112311 85554 3 5%
acetyltransferase 1 2a str. 301
bifunctional
24112636 acetaldehyde- Shigella flexneri 4%
96638 23 40% 7 12%
CoA/alcohol 2a str. 301
dehydrogenase
putative outer Shigella flexneri
24113309 membrane g 39628 3 11%
2a str. 301

porin protein C
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precursor

outer membrane Shigella flexneri 0
24113600 porin 9 41377 13 47% 11 27% 6 21%

protein C 2a str. 301

phosphate Shigella flexneri
24113669 77466 3 6%

acetyltransferase  2a str. 301

outer membrane

protein Shigella flexneri
24113841 assembly complex 9 41858 3 9%

subunit 2a str. 301

YfgL

lycine Shigella flexneri 9

24114156 9 g 105041 9 13% 9 14% 4 6%

dehydrogenase 2a str. 301

elongation factor Shigella flexneri 8%
24115265 43427 2 7% 3

Tu 2astr. 301

outer membrane Shigella flexneri o
CELULLE protein A 2 35347 5 16%

precursor 2a str. 301

IpaC, secreted by
56404015 the Mxi- Shigella flexneri

i 38838 21 69%

Spa secretion 2a str. 301

machinery

glyceraldehyde-3-  ghigella flexneri
56479896 1 osphate g 35681 2 16% 3 15%

dehydrogenase 2a str. 301

translation Shigella flexneri
24114459 initiation factor 9 96520 8 16%

2astr. 301

IF-2

The sole antigen identified in all three indeperidexperiments with at least 10% protein
coverage was outer membrane protein C (OmpC, NC8&tssion number 24113600). Other
proteins also identified in all 3 independent expents were: bifunctional acetaldehyde-
CaAlalcohol (24112636), glycine delgghase (24114156)
dihydrolipoamide acetyltransferase (24111559). IAlist of identified proteins is provided in

dehydrogenase and

Table 8. Besides these hits, mouse immunoglobuioh @otein G were also identified as

contaminants.
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5. Discussion

Current vaccine approaches (in general, as weibraSnigella in particular) usually rely on
major antigens of the pathogens (191;192). In otd@vade the immune response, however,
evolutionary pressure has selected multiple immagiodlly distinct variants of these
antigens, which form the basis of classifying pgtms into serotypes. Utilization of
serotype-determining major antigens might theretmefer only partial protection against a
pathogen, unless all serotypes can be includedéanvaccine (e.g. in case of poliovirus
vaccines). Combination of the most prevalent s@egycan give a relatively broad protection
(176), however, this could be transient due to tgpe replacement, i.e. less common
serotypes emerge by filling the gap opened by thdieation of the vaccine serotypes. This
necessitates vaccine optimization from time to fiffee example by including additional
serotypes in the multivalent vaccines (as expeeénecently in case of pneumococcal
vaccines) (193). Due to phenomena as antigenic ebngm and interference, as well as to
financial considerations, however, the maximum nembf serotypes possibly covered

remains limited.

On the other hand, the various serotypes of a ii@rpathogen share a considerable number
of conserved antigens. The fact that they coul&hamained conserved implies that they are
either not accessible for antibodies (i.e. arepnotective antigens) and/or their function is so
indispensable for pathogenesis that allows no nuadibn in their antigenic structure. This is
exemplified by theShigella Ipa proteins, which are highly conserved (due beirt
sophisticated function in invasion) and very immgeaic. However, they still cannot elicit
cross-protection, probably because they are onpressed upon contact to the target cell
(194).

It has been shown earlier that the majority ofl@dies generated upon an invas8negella
infection are against the O-antigen and subsequefibon repeated infection) against
invasion antigens (195;196). Given that Ipa-s ateconsidered protective and O-antigens are
highly variable with as many as 50 different stanat variants, the immunity elicited is
usually restricted against the same O-serotype @hagous protection). Having evolved this
high number of different O-typeshigella pathogens can efficiently evade the immune
response. Due to the role of O-antigen specifitbadtes in the protective immune response,
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current vaccine approaches in clinical phase (iaddpnt of the nature of the vaccine) rely on
the presence of O-antigen and in order to elictitgution against the most important
serotypes numerous serotypes would need to be el 76).

We have proposed, that immunodominant antigens asi¢pa and O-antigens may hijack the
immune response in a way that allows less antilsottiebe raised against minor antigens,

preventing the production of cross-protective ardibs during a natural infection (Fig. 27).

S. flexneri o _ S. sonnei
specific immunoglobulin

levels raised )
O-antigens P& O-antigens Ipa
(T3SS) (T3SS)

Conserved antigens Conserved antigens

O-antigen Y Y Y Y

and Ipa:
Phase |

Minor antigens: Y

rough Conserved antigens rough Conserved antigens

s /N PRV

and Ipa: none :p t Phase Il
oSt
Minor antigens: Y Y Y Y Y

Figure 26 Schematic representation of antigens expssed by the various mutants used as well as propdsantibody
response against these mutants. Green color repreged-antigen as well as antibodies specific to iAnalogously red
shows Ipa-s with the corresponding antibody respoms . Mutants expressing both major antigens (O-argien and Ipa-
s) trigger an antibody response mainly against thesepitopes. ,Minor” conserved antigens are indicate with blue.
Strains lacking both O-antigen and Ipa-s induce higer antibody response against the minor shared empes. Ip
invasion plasmid, chr.: chromosome, T3SS: type thregecretion system

To corroborate our hypothesis, we generated afssbgenic mutants ob. flexneri 2a strain
2457T lacking the invasion plasmid - hence Ipa{2z\aroC CRN), the O-antigenAffbF
CRP), both ArfboF CRN) or none of these antigensaoC CRP). The rough as well as the
non-invasive characteristic of the mutants wasicmeaid both genetically and phenotypically.
All CRN mutants tested were unable to invade bathddand Int407 cell lines in contrast to
their CRP counterparts. Furthermore, thevivo survival of the tested strains in the mouse
lung model revealed that the lack of O-antigenltesa rapid clearance of the rough strains.
When administered at §@CFU dose, both invasive and non-invasiviébF mutants were
cleared within 24 hours. Comparison of the virukemt the mouse lung model showed, that
while the lack of the O-antiger\(fbF CRP) results in a moderate, 7-fold highersp,Doss of
the invasion plasmid (2457T CRNaroC CRN, ArfoF CRN) renders the bacteria essentially
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avirulent, with no lethality and no visible sign$ iafection even at f0CFU dose. We
confirmed our findings with an isogen® sonnel phase | (smooth and invasive) and a rough
non-invasiveS sonnel phase Il strain pair. The lack of the invasiorspiad and the O-antigen
rendered the phase Il variant non-invasive on huemihelial cells, resulted in sensitivity to
50% human serum, as well as increased the letts® mhothe mouse model used at least 18-
fold. Our results suggested that non-invasive ntatdaspecially those expressing no O-
antigen) ofS flexneri 2a as well asS sonnel are highly attenutated and may fulfill the
requirements for vaccine candidates with respesatety.

For the detection of the mutants’ vaccine potentval used the mouse lung model. As
Shigellae are human pathogens, there are only fewad-models considered predictive for
the detection of virulence as well as protectiveacity of vaccine candidates.

The gold standard for the detection of virulencehis guinea pig keratoconjunctivitis test
(Serény test) (166). The Serény test can be us$efybrotection studies as well; avirulent
vaccine candidates applied intragastrically, irdsmlly can prevent keratoconjunctivitis
caused by a virulent strain (197). Another recarihga pig model applies virulent strains
intrarectally to elicit dysentery (198). All theseodels with guinea pigs however are not
routinely used for vaccine candidate testing duethdcal considerations.

lleal-ligated loop model in rabbits has been esthbl as well for studying shigellosis,
however the applicability of the model is very land the model may be too artificial to
assess protective efficacy of vaccine candidates.

Non-human primates (macaques, chimpanzees and fgbaoe naturally susceptible to
intestinal infection with Shigella, their symptoms, immunological reaction as well as
histological changes due to the bacterium resemitean infections. Therefore non-human
primate protection studies are considered as highédictive for vaccine studies (199).
However in contrast to the low inoculum necessancfinical symptoms in human, 110
CFU (applied intragastrically with bicarbonate laujfis needed to elicit shigellosis in non-
human primates, suggesting a partially differenhpaechanism (200).

Mice are naturally resistant to intestirgiigella infections, although intragastric instillation
of high doseshigella till the age of 4-5 days results in intestinalanimation (201). However
this model cannot be used for protection studiestduhe short period of susceptibility.

A simplified but easily accessible model for studyivaccine capacity diigella strains is
the mouse lung model. The mucosal similaritiestbetium, lymphoid follicles) between the

lung and the intestine allowed numerous studieshef pathogenesis and immunology of
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shigellosis (136). If given intranasalfnigella invades the bronchiolar and alveolar epitelium
resulting in bronchitis and pneumonia. The infatti@mains localized to the lung (202).
Although the lack of microbiota in the lung propsskee advantage, that no previous exposure
to bacteria alters the immune response, however‘dtezile” environment - besides the
obviously different target organ - is one of theatdivantages of the mouse lung model.
Despite these differences, up to date the mousg toodel has been the most widely used
animal model for shigellosis (including early testiof vaccine candidates currently in
clinical phase), therefore this model was usedumexperiments as well.

We showed that deletion of major antigens (Ipa &rdntigens) not only rendered the
mutants (2457TarfoF CRN andS. sonnel 598 phase Il) avirulent in the animal model, but
immunization with the 2457TRrfbF CRN mutant resulted in significant protection agai
lethal challenge with the homologous,flexneri 2a strain. Furthermore the absence of the
immunodominant antigens highly improved cross-mtbte potential of live vaccine strains.
Significant protection was provided against a l#tgous S. flexneri 6 and S sonnel
challenge by the non-invasive rough mutant 248@bF CRN. Similarly, immunization with

S sonnel 598 phase Il form protected 10/10 mice againsd% $ethal dose oS8. flexneri 6
and resulted significantly lower weight loss of inmmzed mice during a sublethal infection
with S flexneri 2a, than immunization with the wild-typ& sonnei phase | strain.
Furthermore, it was also shown that relative imngemicity of putative shared conserved
antigens (both in serum and bronchoalveolar lavhgd)been increased in the absence of the
major antigens on the vaccine strain. Earlier, \@myilar conclusions has been reached for
related bacteria, i.e. extraintestinal pathogdnicoli (203) andS. enterica (204). In both
bacterial species the loss of O-antigens in theiwacstrains was shown to trigger a higher
antibody response to shared (i.e., serotype inabpe#h minor antigens. This phenomenon
(reviewed by Nagy et al (191)) is not restrictedetderobacterial pathogens as for instance
immunization with capsule-less pneumococci was a$down to trigger a serotype

independent protection (205).

Furthermore, we observed that immunization with tien-invasive rough mutant (vs.
isogenic smooth, invasive strain) triggered a raspowith an isotype pattern of specific
serum antibodies typical for a Thl-directed immuesponse (i.e, IgG2a dominance). This
observation was especially surprising given thatumizations were performed in Balb/C

mice, which is considered to be a Th2-prone motragng206). Moreover, opposite direction
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in Th1/Th2 balance was reported by others when \ige deadSalmonella typhimurium
strains were used for immunization in the same ma@tsRin (207;208). The authors of these
studies concluded that the invasive phenotype essonsible for the Thl dominance, which
was inverted to Th2 response upon heat inactivdiien loss of invasiveness). In our case,
however, immunization with the noninvasive rougtigella strain retained the capacity to
generate higher IgG2a levels even when both vastimaes were applied at the same CFU in
heat-killed form. This observation argues thatah&genic composition of the vaccine strains
might also be crucial factor in determining the Ig@bclasses in this case. In fact mouse 1gG1
is thought to correspond to human 1gG4, which tgpacal subclass of antibodies generated
against carbohydrate antigens. On the other hawdsenlgG2a is similar to human IgG1,
characteristic for anti-protein antibodies. Therefahe presence or lack of the bulk of O-
antigens in the vaccine strains might be respoaditd the dominant 1gG isotypes in the
immune sera, suggesting again the higher potenfiakising specific antibodies against
conserved protein antigens in the rough backgro@idce mouse IgG2a antibodies can
activate complement, whereas IgG1 cannot, it ispterg to speculate that not only the
qualitative, but also the quantitative antibodyeampire induced by the rough non-invasive
mutant contributes to the superior protection by tfaccine strain. Certainly, the importance
of isotype dominance induced by whole cell vaccwasrants further investigations in order

to optimize specific protection against bacterahogens.

Attempts were made to identify the nature of thensemved antigens whose higher
immunogenicity might be responsible for the impmw@oss-protection upon vaccination.
Besides OmpC, we repeatedly identified three cgmpic enzymes: bifunctional
acetaldehyde-CoA/alcohol dehydrogenase, glycineydtelgenase and dihydrolipoamide
acetyltransferase. Higher immune response to thesgmes (as to any other shared proteins
irrespective of cellular localization) is not sugimg based on the hypothesis depicted on Fig.
15. However, given the intracellular localizatiah,is not likely that antibodies against
cytoplasmic enzymes would contribute to protectibievertheless, it has been shown by
several studies that metabolic enzymes could nigt lme present on the surface of bacterial
(209) pathogens, but in some instances were showerve as targets of protective antibodies
(210). Based on these observations, protectionatextiby these proteins cannot be ruled out
and certainly warrants further investigation. Tlaéerof major porin OmpC as a potential
target responsible for mediating serotype-indepehdeoss-protection appears to be more

straightforward. This antigen is embedded in theeomembrane and generally considered to
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be masked by more superficial structures (i.e. $mad’S) limiting its accessibility for
antibodies. Some recent studies, however, showatggiion in murine model against lethal
infections byS flexneri 2a following immunization with the highly relatguirified OmpA
protein (211). Similarly, DNA vaccination of miceitv DNA encodingK. pneumoniae
OmpA elicited opsonophagocytic antibodies and ptaia against lethal i.p. challenge by
wild-type K. pneumoniae (212). Moreover, an analogous study on the sefanclkonserved
antigens responsible for serotype-independent giote among heterologouS. enterica
strains also identified both OmpA and OmpC as aatds for cross-protective antigens
(204).

Although it is difficult to directly extrapolate thafrom an extraintestinal animal model to
potential human applications, high attenuation imuenan host of non-invasiv@igella was
proven by previous clinical studies with thex-Tstrati strain (165). While by this vaccine a
heterologous protection was also repeatedly demairdt one should emphasize that only
limited similarities exist between thefistrati strain and any mutants used in this study.
far as it has been investigated ig-Istrati the attenuation was exclusively due taebetion in
the invasion plasmid resulting in non-invasive pitgpe of the vaccine strain (168). Contrary
to this, our most effective vaccine strain was ooy non-invasive, but also rough (lacking
both the O-antigen and the invasion plasmid). Asda surface antigens are concerned, the
closest to the F-Istrati strain was our smooth but non-invasive ZAAaroC CRN mutant
expressing smooth LPS but no Ipa-s. However oairsbeyond being non-invasive also had
a further attenuating characteristic, with the tiete of the aroC. Nevertheless it was
noteworthy that this strain (2457%roC CRN), just as claimed for thesFistrati, did evoke
significant heterologous protection against a lddgousS sonnei challenge, compared to
the invasive counterpart. Still, the non-invasivel aough mutants elicited an even higher
protection, which was statistically significant agd all heterologous challenges tested.
Comparing these figures corroborate our hypothdlsa,the less major antigens (O-antigen,
Ipa) the vaccine expressed, the better heterologiaisction is induced.

Our study and the vaccine approach we propose sawe limitations and obviously still

have some questions to be addressed.

One of the major limitations is the animal modetdisAs discussed previously to assess the
vaccine capacity of our mutants, a mouse lung me@a used, in which the pathological

process took place extraintestinally. Neverthelgsgeral studies have shown before that
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certain aspects of shigellosis can indeed be asddssthis model (136;137;145). It is
particularly true, if these experiments are onlyanteto establish some basic principles, such
as our findings showing that cross-immunity indead be provoketh vivo as well between
unrelatedShigella serotypes. Further studies increasingly involvimgnates and eventually

humans should answer how these promising obsengatian be translated into human use.

Another question remaining unanswered is wheth#r thie high level of attenuation the non-
invasive rough mutants has remained immunogeniagndo provoke strong immune
response in humans. With any vaccines, but paatilyulvith those envisioned to be given per
0s, persistence to provide a sufficient antigenl isaa reason for concern. In case of the T
Istrati vaccine multiple extremely high doses weexessary to achieve protection (165).
Unless experimentally assessed, one cannot pnwediticertainty how a rough, non-invasive
strain would behave once given orally. However @ené report showed that rough strains
adhered to intestinal human epithelial cells mdfieiently than their isogenic smooth form
(213). Although we found that rough 2454FfbF mutants showed higher adherence to
Int407 but not to HelLa cells, the difference betwdbe rough and the smooth strains
remained statistically insignificant. Hence, in €ad a higher adherence, our rough vaccine

strains may persist longer, than thg-TBtrati providing superior antigen load.

As we aimed to induce cross-protection via immueaction against conserved antigens
(probably conserved betweethnigella and E. coli strains as well), the vaccine may also
disturb the homeostasis of the gut microbiota. Matemmune response is — by a yet not
fully elucidated mechanism — efficiently eliminatéd antigens of commensal intestinal
bacteria. Most healthy individuals have serum amlyb titer against conserveH. coli
antigens, e.g. outer membrane proteins (214) or idASr core (215) without any known
detrimental effect on commendal coli. Nevertheless these antibodies might contribute to
immunity against invasive. coli infections. Whether presence of the normal miatzbwill
pose any problems to induce an effective respomdbea human gut (unlike in the sterile
mouse lung) needs to be addressed as well. Thereexaerimental data in non-human
primates suggesting that the different gut micr@iof macaques results in different
susceptibility and importantly in different immumnesponse against oral immunization with

attenuatedhigella vaccine candidate (216)

Despite these limitations — answering the raisezstions was beyond the scope of our work -

evidence is provided that both attenuating mutatiore. loss of O-antigens as well as the
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non-invasive phenotype alone is responsible faghly attenuated virulence. Given that both
mutations are mediated by deletion of correspondiges, the likelihood of reversion to a
virulent phenotype of the proposed vaccine straimagligible; hence such double mutants
would fulfill safety regulations. On the other haiigle oral vaccines are relatively cheap to
manufacture, and require no trained medical perdorior administration, which are

important factors when considering the target pajpah in endemic countries. Therefore, we
feel that mutants with the above-described phemotypght serve the basis for broadly

protective liveShigella vaccines in endemic regions.
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