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Shigella is known as pathogenic intestinal bacteria in high dispersion and pathogenic bacteria due to
invasive plasmid antigen (Ipa). So far, a number of Ipa proteins have been studied to introduce a new
candidate vaccine. Here, for the first time, we examined whether the N-terminal region of IpaD72e162

could be a proper candidate for Shigella vaccine. Initially, the DNA sequence coding N-terminal region
was isolated by PCR from Shigella dysenteriae type I and cloned into pET-28a expression vector. Then, the
heterologous protein was expressed, optimized and purified by affinity NieNTA column. Western blot
analysis using, His-tag and IpaD72e162 polyclonal antibodies, confirmed the purity and specificity of the
recombinant protein, respectively. Subsequently, the high immunogenicity of the antigen was shown by
ELISA. The results of the sereny test in Guinea pigs showed that IpaD72e162 provides a protective system
against Shigella flexneri 5a and S. dysenteriae type I.
� 2013 Published by Elsevier Ltd on behalf of The International Alliance for Biological Standardization.
1. Introduction

Shigella spp are gram-negative rod-shaped pathogenic bacteria
from the Enterobacterial family. In worldwide, shigellosis causes
one million deaths annually [1]. Shigella is a robust microorganism
in invading the intestinal epithelium of hosts so that 10e100 bac-
teria are sufficient to cause shigellosis [2,3]. Research shows that
each year throughout the world about 164.7 million cases got
infected with this bacteria among them 1.1 million people are
estimated to die from the infection [1]. Shigella traverses the
epithelial barrier through specialized membranous epithelial cells,
called microfold cells (M cells). A set of large 220 kb plasmid coded
proteins which are secreted through type III secretion system
(TTSS) help Shigella spp uptake into M cells [4]. The invasion
plasmid antigen (Ipa) proteins released by the TTSS which are
necessary for the invasiveness of Shigella [5]. Expression of several
proteins encoded by the large 220 kb plasmid (IpaB, IpaC, IpaD, Spa/
Mxi proteins, and VirG or IcsA) is required for the complete viru-
lence phenotype of Shigella spp [6,7]. The role of Ipa proteins in
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internalization and the immunomodulatory capacity of LPS may be
crucial for the effective immunogenicity of Invaplex [8].

In IpaD deletionmutants, the IpaBeIpaD complex is not present,
resulting in higher than normal levels of IpaB and IpaC being
secreted into the surrounding medium [9]. Structural and
sequencing analysis of IpaD has considerable similarities in all the
Shigella spp [10]. The similarities of IpaD between S. dysenteriae
type I (GenBank accession number: NC_007607) with Shigella
flexneri (NC_004851), Shigella boydii (NC_010660) and Shigella
sonnei (NC_007385) are 94%, 98% and 95%, respectively.

Whereas IpaD plays an essential role in Shigella spp pathogen-
esis, it could be considered as a potential candidate vaccine and it
seems more researches on the antigenicity of IpaD should be
recruited. On the other hand, Stensrud indicated that N-terminal
region of IpaD (Leu75eGlu162) binds directly to the bile salt
deoxycholate and this interaction is critical for triggering the
pathogenesis process by IpaD. Moreover, they reported that any
interference in the function of this region may limit the function of
IpaD and subsequently blocking of the attaching process and (or)
invasion of the bacterium to the target cells [11]. In this study, we
investigated the immunogenicity of recombinant N-terminal
portion of IpaD from S. dysenteriae type I and its protective efficacy
against S. dysenteriae and S. flexneri.
nce for Biological Standardization.
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2. Material method

2.1. Gene isolation

S. dysenteriae type I genome was used as a genomic template for
gene isolation, to do this; standard cloning techniques were used to
construct the recombinant plasmids (Sambrook and Russell, 2001).
Genomic DNA was isolated from S. dysenteriae type I by using CTAB
method [12]. A 344 bp fragment covering the N terminal gene
sequence of ipaD (nucleotides 163e483 from NC 007607.1) was
directly amplified from the genomic DNA by PCR. The primer se-
quences used for PCR were as: ipaD forward: 50-T CAT GAA TTC AGA
ACAACAAATCAG-30 and ipaD reverse: 50-T CTTAAGCTT TTAAGTATA
TGA ACT AAC G-30 having the respective EcoRI and HindIII restriction
sites (bold-underlined sequences). The PCRwas initiated bya hot start
at 94 �C for 5min followedby35 cycles of 1minat 94 �C,1minat 57 �C
and 1 min at 72 �C, and a final extension step at 72 �C for 5 min.

2.2. Expression vector construction

The PCR products were cloned into PGEM-T Easy vector ac-
cording manufacture’s instructions. After confirmation of sub-
cloning accuracy via PCR and restriction enzymes digestion,
plasmids were purified by proliferative kit (QIAGEN). The desired
fragments and pET-28a (þ) vector were digested by EcoRI and
HindIII enzymes and purified by gel extraction kit (Bioneer) from
agarose gel. Subsequently, gel purified fragments were inserted
into the pET-28a to construct pET-28a/IpaD72e162 expression vector.
The construct was prepared so that appends and N-terminal pol-
yhistidine to the protein. The construct was confirmed by digestion
and then transformed into Escherichia coli-BL21DE3 plysS (Invi-
trogen) for heterologous expression.

2.3. Protein expression

A single clone of the E. coli cells carrying expression vectors was
inoculated into 10 ml of LB (Lauria Bertaini) medium containing
80 mg/ml kanamycin at 37 �C and under shaking at 180 rpm over-
night. The next day, LBmedium containing 20 mg/ml kanamycinwas
vigorously shaked at 37 �C until cells reached log phase
(OD600 w 0.5). The expression of recombinant protein was induced
by 1 mM isopropyl-b-thiogalactopyranoside (IPTG) for 5 h. No
addition of inducer was used as a negative control experiment. Two
samples were subjected to SDS-PAGE and stained with Coomassie
Brilliant Blue R 250 (Thermo scientific). For optimization of protein
expressionvarious parameterswere examined, including incubation
of the medium at different temperatures (15, 25, 30 and 37 �C), in-
ductionwith IPTG concentrations ranging from 0.1 to 1mMand also
to determine the best post-induction time for harvesting the cells (in
6e24h induction), theprogress of expressionwas followedby taking
samples of the culture atdifferent timepoints after induction [13]. All
samples analyzed with ImageJ 1.46r (NIH, USA) software for deter-
mination of the percentage of recombinant in total protein.

2.4. Recombinant protein purification and confirmation

To express recombinant protein, 5 ml of E. coli BL21 harboring
pET28a/IpaD72e162 was cultured overnight, then 2 ml of it was
inoculated into 150 ml LB containing 20 mg/ml kanamycin. The
cultures were incubated at 37 �C by shaking for 2e3 h, until the
OD600nm reached about 0.5. The culture containing IPTG at final
concentrations of 0.7 mM was prepared. After incubation at 37 �C
for 3 h cells were harvested by centrifugation (5000 rpm for 10 min
at 4 �C) and separated from medium. Cells were subjected to six
cycles of 15 s sonication, and an interval of 1 min was allowed
between the cycles. The cell lyses was clarified by centrifugation at
14,000 rpm for 10 min at 4 �C, to test whether 17 kDa truncated
IpaD was present in the supernatant (soluble in the bacterium
cytoplasm) or in the pellet (most likely in inclusion bodies).

The cell pellets were dissolved in lysis buffer (100 mM NaH2PO4,
10mMTric cl, 8Murea, pH8)andwere thenkept in4 �C forovernight.
Suspensionwas then centrifuged in14,000 rpmat4 �C for 30min and
supernatant was separated and filtered through a 0.48 mm syringe
filter [14]. Filtratewas applied onto aNieNTA column resin (QIAGEN)
andafterwashing the columnwith10mlof awashingbuffer (100mM
NaH2PO4, 10 mM Tric cl, 8 M urea, pH 6.3) the purified protein was
separated from the column with 1 ml elution buffer (100 mM
NaH2PO4, 10 mM Tric cl, 8 M urea, pH 4.5). The concentration of the
purified protein was estimated with Bradford method [15]. The pu-
rified protein was dialyzed for overnight at 4 �C in against 4 L phos-
phate buffer saline (pH 7.2) to remove traces of urea. The absorbance
of the protein solution after dialysis was determined at 280 nm.

2.5. Western blot analysis

100 ng of His-tag purified recombinant proteins were loaded in
12% polyacrylamide gel. After gel electrophoresis, proteins were
transferred onto nitrocellulose membrane (Schleicher and Schuell
BioScience, Dassel, Germany). Non-specific interaction sites were
blockedby incubating themembrane for1h inPBS (80mMNa2HPO4,
20mMKH2PO4,137mMNaCl, 2.7mMKCl,pH7.4) containing5%non-
fat dried milk (Carl Roth, Karlsruhe, Germany). The membrane was
then incubated with rabbit anti-His-tag polyclonal antibody against
IpaD72e162 at 1:10,000 dilution in PBS containing 0.1%-Tween 20
(PBST), followed by a second incubation step with horseradish
peroxidase-conjugated anti-mouse total IgG from rabbit (Sigmae
Aldrich). The band detection was performed using enhanced chem-
iluminescence (ECL) and exposed with X-ray film [12,16,17].

2.6. Immunization and polyclonal antibody production

Male Hartley Guinea pigs of approximately 300e350 g weight
weredivided into twogroups (8guineapigspereach test andcontrol
group) for immunization and challenge. Test animals were
compared with control animals to confirm the virulence of the
challenge organisms and their ability to producing polyclonal anti-
body. In the test group, guinea pigs were immunized intraperito-
neally with 30 mg purified proteinwith Freund’s complete adjuvant
on day 0 and with Freund’s incomplete adjuvant on days 14, and 28
and then were bled from the lateral vein of ear on days 0, 14, 28.
Control groups were injected with equal volume of PBS. On day 42
the titration of antibodywashigh, so thatwestarted challenge at the
same day and 2 weeks after challenging antibody titration was
tested again. Before immunization and bleeding, all guinea pigs
were anesthetized with a mixture of 40 mg/kg ketamine and 4 mg/
kgxylazine. Twoweeksafter thefinal immunization (day42), guinea
pigs were challenged intraocularly with S. flexneri 5a and
S. dysenteriae type I (6.0 � 108 CFU/eye), subsequently the occur-
rence of disease was scored daily. Guinea pigs in group test, divided
in two parts so that one groupwas challengedwith S. flexneri 5a and
another one with S. dysenteriae type I as well control groups .The
degree of inflammation and keratoconjunctivitis were scored as
previouslydescribed. Theeyeswith completeorpartial protectionat
2e4 days were considered protected [18]. All steps of using animals
were based on the Local Ethics Review Committee protocol.

2.7. ELISA

ELISA test was used to measure the stimulation levels of im-
mune response in animals. At first, extracted antibody of animals



Fig. 2. Schematic map of pET-28a/ripaD vector. IpaD is expressed under the control of
the T7-promoter and terminator.
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was purified by protein G fast flow column (Thermo scientific), then
serially was diluted 1:2500 in PBST (PBS containing 0.1% Tween 20)
and used in ELISA. Polystyrene microtiter plates were coated with
purified recombinant protein (2 mg) and carbonate/bicarbonate
sodium buffer (0.1 M, pH 9.5) and were then incubated overnight at
4 �C. After washing three times with PBST, 1 ml antibody of each
animal (purified with protein G column) was added on the coated
antigen and then incubated for 1 h in 37 �C. Afterwards, samples
werewashed and the HRP conjugated polyclonal rabbit anti-guinea
pig immunoglobulins (DAKO) were added. After incubation for 1 h
in 37 �C and subsequently washing three times, the o-phenyl-
enediamine (OPD, Sigma) and H2O2 were added as chromogenic
substrates of HRP. The reaction mixture was again incubated for
10min in dark place and thenwas stopped by the addition of H2SO4
(0.5 M). The optic density (OD) of the reaction mixture was
measured at 492 nmwith conventional ELISA reader device. The OD
values were obtained by subtracting the OD of the blank (control
animal serum) from that of each sample [19,20]. Anti-IpaD72e162

titer values are estimated to be the last dilution in which the OD of
test sample is significantly higher than that of the control sample.
3. Results

3.1. Production and purification of recombinant IpaD72e162

ipaD N-terminal region encoding sequence was amplified by
PCR (Fig. 1A) and after cloning into pET-28a expression vector,
sequence and correct insertion were confirmed (Fig. 1B). The cells
carrying the expression construct (Fig. 2) were induced by IPTG and
expression of IpaD72e162 was observed as judged by the presence of
a band around 17 kDa in SDS-PAGE analysis (Fig. 3A). For further
evaluation of recombinant IpaD72e162 production Western blot
analysis was performed using anti-His-tag antibody (Fig. 3B). By
Fig. 1. Analysis of PCR products on agarose gel electrophoresis. A) Lanes 1e3: products of the
ipaD. Lane 2: recombinant plasmid digested by HindIII and EcoRI. Lane 3: DNA ladder mark
comparing the results, the best induction condition to reach opti-
mized protein expression was estimated. We examined the high
level of expression could be achieved with 0.7 mM IPTG and 3 h of
induction at 37 �C (Table 1).

Protein expression under optimized condition was done and
pellet was separated with centrifugation, final concentration of the
protein after dialyze was 0.7 mg/ml. Following this SDS-PAGE and
Western blot applied to confirm the heterologous protein expres-
sion. 6xHis taq antibody was subjected to western blot analysis
(Fig. 3).
3.2. Immunogenicity of the IpaD72e162 in guinea pigs

Guinea pigs were injected three times with 30 mg of recombi-
nant protein in two weeks intervals. After the first injection, the
production of IgG antibodies was rapidly increased and elevated
gradually after two boosters. ELISA analysis showed that the anti-
IpaD72e162 IgG production had been saturated two weeks after
intraperitoneal administration of three doses of the truncated IpaD
N-terminal region of ipaD. Lane 4: DNA ladder marker (Fermentas). B) Lane 1: pET-28a/
er (Fermentas).



Fig. 3. A) SDS-PAGE analysis of initial expression recombinant IpaD72e162. Lane 1: E. coli BL21 crude lysate. Lane 2: protein ladder (Fermentas sm0431). Lane 3: E. coli BL21 crude
lysate transformed with pET-28a/ripaD after induction. Lane 4: E. coli BL21 crude lysate transformed with pET-28a/ripaD without induction. B) Western blot analysis of expressed
IpaD using His-tag specific antibody. Lane 1: marker (MagicMark� XP Western protein standard, Invitrogen). Lane 2: E. coli BL21 crude lysate without pET-28a/ipaD. Lane 3: E. coli
BL21 crude lysate transformed with pET-28a/ipaD after induction. Lane 4: Purified heterologous protein (10 ng).

Table 1
Protein expression optimization in different induction time points and concentra-
tion of IPTG.

Temperature Induction
time

Percentage of recombinant in total protein
with different IPTG concentrations:

0.5 mM IPTG 0.7 mM IPTG 1 mM IPTG

25 12 24.0 24.7 24.9
30 10 24.3 25.4 25.5
37 6 19.9 20.2 20.1

1 e 19.7 e

2 e 24.7 e

3 26.0 27.2a 27.1
4 e 21.1 e

5 e 20.9 e

a The optimum concentration of heterologous protein was achieved at 37 �C,
0.7 mM IPTG and 3 h induction.
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(Table 2). To further evaluate the specificity of the immune
response, obtained anti-sera were analyzed by Western blotting
against recombinant IpaD72e162. As shown in Fig. 4 a single band
was detected using either purified or unpurified samples with ex-
pected molecular weight of IpaD72e162.
3.3. Protectively analysis

For sereny test analysis, immunized guinea pigs were chal-
lenged intraocular with virulent S. flexneri 5a or S. dysenteriae type I
(6.0 � 108 CFU/eye). All of guinea pigs were protected from severe
infection in comparison with control guinea pigs which were
injectedwith PBS. As can be seen in Fig. 5, mild irritation and scarlet
Table 2
Titration of anti-recombinant protein, IpaD72e162 antisera.

Time of blood collection
(days after the first injection)

Anti IpaD72e162 titer

14 1600
28 3200
42 6400
56a 12,800

a Blood samples from animals which had been infected with Shigella spp after
bleeding on day 42.
around the sclera were obvious after 48 h in test animals, while
keratoconjunctivitis was observed in all of the animals in control
groups. Two weeks after the challenge test, all guinea pigs were
bled. The titer of induced IgG antibody against truncated IpaD had a
significant increase which implicated the protective role of re-
combinant protein on the guinea pigs against Shigella spp (Table 2).
4. Discussion

In this study, we tried to introduce a new recombinant protein
for improving Shigella vaccination. Ipa proteins which are
expressed on bacterial surface with the help of a TTSS as a chap-
erone are potential targets for this purpose. Comparing with C-
terminal region of IpaD which contains hydrophilic areas, the N-
terminal region is considerably more immunogenic andmore likely
Fig. 4. Western blot analysis of IpaD72e162 polyclonal antibody against recombinant
protein. Lane M: protein marker (MagicMark� XP Western Protein standard, Invi-
trogen). Lane 1: E. coli BL21 crude. Lane 2: E. coli BL21 cell lysate transformed with pET-
28a/ripaD. Lane 3: purified and injected heterologous protein (10 ng).



Fig. 5. Development of experimental keratoconjunctivitis. Guinea pig’s eyes, two days after infection. The bacterial cell suspension (6.0 � 108 CFU/eye) was dropped into the
conjunctiva sacs of male Hartley guinea pigs and the animals were under surveillance for two consecutive days. Control animal injected with PBS and challenged with S. dysenteriae
type I (A) or S. flexneri 5a (C). Immunized animals with IpaD72e162 and challenged with S. dysenteriae type I (B) or S. flexneri 5a (D).
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to be exposed on the surface of Shigella cells [9]. Thuswe focused on
N-terminal portion of IpaD (IpaD72e162) as a key player in Shigella
spp infection. Menard et al. demonstrated that IpaD in company
with a complex of IpaC/B is necessary to begin Shigella entry into
epithelial cells while IpaA is not important for the first infection
phase. They also showed that mutation in ipaD inhibits S. flexneri
uptake by Hella cells [21]. In agreement with these data, our results
showed that immunity against IpaD is capable of shigellosis inhi-
bition. Martinez-Becerra et al. protected mice from Shigella spp
with administration of IpaB/IpaD and with a double mutant heat-
labile toxin (dmLT) but not with IpaD alone or even IpaB/IpaD
without dmLT [22]. However, we demonstrated such protection
only with IpaD72e162. In previous reports on Shigella vaccination
with Ipa family proteins either native purified protein or whole
chain recombinant form were used [8,9,18,22e25]. In contrast we
were able to evoke a protective immune response with IpaD72e162

which contains only 90 amino acids from N-terminal domain of
IpaD. This 90 region is formed a coiledecoiled structure which is
responsible for deoxycholate binding [11,26]. It has been known
that this interaction is critical for formation of Ipa complex on the
bacterium surface [27]. Consistent with these facts, we showed that
directing the immune response to this region can efficiently inhibit
Shigella infection. In agreement with our results, recently several
immunogenic epitopes have beenmapped in the N-terminal region
of IpaD in contrast with less immunogenic C-terminal part [9].

Although Lys72eGln162 region from IpaD of S. dysenteriae type I
is not identical to that of S. flexneri, we identified that IpaD72e162

can raise a protective immunity against S. flexneri as a distant
relative of S. dysenteriae type I among Shigella spp. In conclusion,
this study introduces IpaD72e162 as a new candidate vaccine which
potentially can be protective against different species of Shigella.
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