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ABSTRACT
Shigella dysenteriae type 1 causes devastating epidemics in developing countries with high case-fatality rates
in all age-groups. The aim of the study was to compare host immune responses to epidemic (T2218) and
endemic strains of S. dysenteriae type 1. Shigellacidal activity of serum from rabbits immunized with epidemic or endemic strains, S. dysenteriae type 1-infected patients, and healthy adult controls from Shigellaendemic and non-endemic regions was measured. Immunogenic cross-reactivity of antibodies against
Shigella antigens was evaluated by Western blot analysis. Oxidative burst and phagocytic responses of
monocytes and neutrophils to selected S. dysenteriae type 1 strains were assessed by flow cytometry. Rabbit
antisera against epidemic strain were less effective in killing heterologous bacteria compared to endemic
antisera (p=0.0002). Patients showed an increased serum shigellacidal response after two weeks of onset of
diarrhoea compared to the acute stage (3-4 days after onset) against their respective homologous strains;
the response against T2218 and heterologous endemic S. dysenteriae type 1 strains was not significant. The
serum shigellacidal response against all the S. dysenteriae type 1 strains was similar among healthy controls
from endemic and non-endemic regions and was comparable with the acute stage response by patients.
Compared to endemic strains of S. dysenteriae type 1, T2218 was significantly resistant to phagocytosis by
both monocytes and neutrophils. No obvious differences were obtained in the induction of oxidative burst
activity and cathelicidin-mediated killing. Cross-reactivity of antibody against antigens present in the epidemic and endemic strains showed some differences in protein/peptide complexity and intensity by Western blot analysis. In summary, epidemic T2218 strain was more resistant to antibody-mediated defenses,
namely phagocytosis and shigellacidal activity, compared to endemic S. dysenteriae type 1 strains. Part of
this variation may be attributed to the differential complexity of protein/peptide antigens.
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INTRODUCTION
Shigellosis is a global public-health problem. According to the recent report of the World Health
Organization on the worldwide burden of shigellosis, 90 million cases of diarrhoea due to Shigella occur annually mostly in developing countries, and an estimated 108,000 deaths per year
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are attributed to Shigella infections (http://www.
who.int/vaccine_research/diseases/diarrhoeal/en/
index6.html # vaccine). Currently, no licensed vaccines against Shigella infection exist (1).
Four species of Shigella are responsible for causing
bacillary dysentery: Shigella dysenteriae, S. flexneri, S.
sonnei, and S. boydii. Of the four species, S. dysenteriae type 1 produces the most severe form of disease with a high mortality rate in young children,
elderly people, and the malnourished and can be
associated with various complications (1,2). Since
the 1960s, S. dysenteriae type 1 is known to be an important cause of epidemic dysentery in Latin America, Africa, and Asia, including Bangladesh (1,3-6).
Epidemic shigellosis largely depends on drug resistance (7), variation in Shiga toxin (8), or other
unknown causes. Studies on differences between
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epidemic and circulating endemic strains of Shigella
are scarce. In one study, the plasmid profile of Shigella spp. isolated during an outbreak was shown to
be different from that of endemic isolates (9). Another study reported that, during sporadic and outbreak incidences of shigellosis, epidemic variants
had the most stable plasmids (10). To understand
the transmission dynamics of Vibrio cholerae during
epidemics, Merrel et al. showed that increased infectivity of V. cholerae was associated with variable
expression level of various genes (11). However, till
date, no studies on comparison between host immune responses to epidemic and endemic Shigella
isolates have been conducted.
Studies to understand the differences in the host
immune response to epidemic and endemic Shigella
strains may eventually aid in designing alternative
treatment strategies during epidemics and vaccine
development. Therefore, we aimed to assess the immune responses evoked by epidemic and endemic
strains of S. dysenteriae type 1 by studying phagocytic response and oxidative burst of neutrophils
and monocytes, serum and LL-37-mediated killing
of these strains. The difference in immunogenicity
of these strains was also evaluated by Western blot
analysis of the whole-cell antigens.

MATERIALS AND METHODS
S. dysenteriae type 1 strains
The epidemic strain T2218 was collected during a
dysentery epidemic in Teknaf, a coastal area in
Bangladesh, that caused high mortality among
children aged less than one year (12). Endemic S.
dysenteriae type 1 strains isolated from S. dysentetiae
type 1-infected adult patients (n=8) admitted to the
Dhaka Hospital of icddr,b enrolled in a previous
study (13) were used in the present study. Patients
were empirically treated with pivmecillinam.
Table 1 shows the different strains that were used
for various immunological assays. Serum and strain
from the same source (patient or immunized rabbit) were designated as homologous while serum
and strain isolated from different sources (patient
or immunized rabbit) were designated as heterologous strain or heterologous serum. The bacterial cultures were stored at -80 °C in Trypticase
Soy Broth (TSB) (Difco, Spartus, MD) with 15%
glycerol. Before using in immunological assays,
isolates were confirmed by biochemical reactions,
agglutination with specific antiserum, and Séreny
test.

Blood and serum samples
Patients with shigellosis were followed for one
month, and blood samples were collected at differ430

ent intervals after the onset of diarrhoea (3-5, 1416, and 30-35 days) (13). For convenience, these
follow-up days were referred to as days after admission (day 1, 11, and 30). Blood samples obtained
from healthy adults (laboratory staff, n=15, aged
24-30 years) at icddr,b were from Shigella-endemic
area and from healthy Swedish adults (n=5, aged
21-56 years) as Shigella non-endemic area (13).

Preparation of rabbit antisera against epidemic and endemic S. dysenteriae type 1 strains
Permission was obtained from the Animal Ethics
Committee of icddr,b for raising antisera against
the bacterial strains. The S. dysenteriae type 1 epidemic strain (T2218) and one endemic S. dysenteriae type 1 strain (191316) were used for immunizing
rabbits. New Zealand White rabbits (n=3 for each
strain) were immunized subcutaneously and intramuscularly five times with formalin-killed Shigella suspension at two-day intervals using 5-10x107
colony-forming units per time point. Seven to 10
days after the end of the immunization protocol,
venous blood was obtained to collect serum, and
antibody levels were tested by standard agglutination test (14).

Serum shigellacidal assay
The serum shigellacidal assay was carried out as described earlier (14). In brief, bacterial strains in Mueller Hinton Broth (MHB) (Difco) (1x103 cfu/mL),
guinea pig complement (Sigma-Aldrich, St Louis,
USA), and two-fold serially-diluted heat-inactivated
serum samples (starting dilution for patient sera
1:10; for rabbit sera 1:1) were incubated in a shaker
incubator (200 rpm) at 37 °C for 16 hours. The optical density was measured at 595 nm. The shigellacidal antibody titre was defined as the reciprocal
of the highest serum dilution to yield >95% reduction of optical density compared to control wells
without serum. The various combinations of rabbit
antisera with bacteria are given in Table 2.

Fluorescence labelling of Shigella
Both 191316 and T2218 strains were labelled with
fluorescein isothiocyanate (FITC) (Sigma) as described previously (15,16) with minor modifications.
FITC (1 mg/mL) was added to bacteria (1x108/mL),
incubated at room temperature for 25 minutes in a
shaker, washed with phosphate buffer saline (PBS),
fixed with 1% formaldehyde in dark for 30 minutes,
and after washing, the labelled Shigella was kept at
4 0C. For the in vitro assays, freshly-labelled bacteria
were used.

Phagocytosis and oxidative burst activity of
monocytes and granulocytes by flow cytometry
Phagocytic activity was measured as previously
JHPN
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Table 1. List of isolates used
Isolate
Place of isolation
Epidemic
Teknaf, Bangladesh
T2218
Endemic
191316
  Dhaka Hospital, icddr,b

Year

Assays

1985

All

2002

Phagocytosis, oxidative burst, raising
antisera, and Western blot analysis

Endemic
192789
179370
179268
178042
184223
175560
191309
191325
Endemic

  Dhaka Hospital, icddr,b

2002

Shigellacidal assay with sera of patients

191316
191309
191325

  Dhaka Hospital, icddr,b

2002

Shigellacidal assay with healthy adult
and rabbit antisera

described (17). Heparinized blood was incubated
first with FITC-labelled Shigella (1x107) (endemic S.
dysenteriae type 1 191316 or T2218 strain) for 30
minutes at 37 0C in dark and then with ethidium
bromide (EtBr) (Invitrogen Corporation; Carlsbad,
CA) in ice. After washing, RBC was lysed by ammonium chloride solution, and fluorescence intensity was measured by flow cytometry using the
CELLQUEST software. Cells were identified by Forward scatter-Side scatter gating, and green FITC
signals were detected in the FL-1 (fluorochrome
1) detector functioning at 480 nm detecting green
fluorescence.
Oxidative burst activity was assessed by measuring
the intensity of the redox indicator dye Di-chlorofluorescence (DCF) (15). The intensity of DCF is

an indirect measure of the level of reactive oxygen
species (ROS) generated in a cell following activation. Heparinized blood was incubated first with
DCFH-DA (Sigma) and then with 1x107 Shigella
(endemic S. dysenteriae type 1 191316 or T2218
strain) for 30 minutes each at 37 0C in dark. After
lysing RBC with ammonium chloride, fluorescence
intensity was assessed as above. DCF signals were
detected in the FL-1 detector.
Controls included granulocytes in PBS without labelled bacteria and bacteria without granulocytes.
In all the cases, the geometric mean fluorescence
intensity (MFI) of the gated cell populations was
estimated. Each assay was done in triplicates using
eight different blood donors.

Table 2. Comparison of shigellacidal activity of rabbit antisera against epidemic and endemic Shigella
dysenteriae type 1 strains in various combinations by Kaplan-Meier survival curve analysis
Combination
95% CI
Log-rank test
p value
EnSd1 + anti-EnSd1
0.19-0.52
EpSd1 + anti-EpSd1
0.22-0.64
1.17
0.28
EnSd1 + anti-EnSd1
0.19-0.52
EnSd1 + anti-EpSd1
1.0-1.0
20.1
0.00001
EpSd1 + anti-EnSd1
0.22-0.64
EpSd1 + anti-EpSd1
0.22-0.64
0
1.0
EnSd1 + anti-EpSd1
1.0-1.0
EpSd1 + anti-EpSd1
0.22-0.64
14.25
0.0002
EnSd1 + anti-EnSd1
0.19-0.52
EpSd1 + anti-EnSd1
0.22-0.64
1.17
0.28
Data (1/dilution of antisera) given as 95% CI of means. Data shown here are for one endemic strain only
(#191316). CI=Confidence interval; EnSd1=Endemic Shigella dysenteriae type 1 strain; EpSd1=Epidemic
S. dysenteriae type 1 strain; anti-EnSd1=Rabbit antisera against endemic S. dysenteriae type 1; antiEpSd1 Rabbit antisera against epidemic S. dysenteriae type 1
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The killing of Shigella spp. with CAP-18 has been
described earlier (18). Bacterial suspension (2x102
cfus) was used with different dilutions of LL-37
(human cathelicidin) (Innovagen, Lund, Sweden)
or CAP-18 (rabbit cathelicidin) (Innovagen). Control wells contained MHB alone, bacteria in MHB,
and LL-37 (or CAP-18) in MHB. From individual
wells, the mixture was plated on MacConkey agar
for bacterial colony counts.

Western blot
Epidemic and endemic S. dysenteriae type 1 cells
(1x109) were sonicated to lyse the bacteria, and
complete killing was verified by plating on agar
plate. Sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed
at 100 V, 200 mA, and at room temperature to
separate the lysates. About 2.5 µg of bacterial lysate
were mixed with sample buffer (0.0625 M Tris, pH
6·8), boiled for two minutes at 95 °C, loaded on
12% SDS polyacrylamide gel and electrophoresed.
Biotinylated molecular weight marker (SDS-PAGE
standards, high-range BioRad) was included. Samples were pretreated with proteinase K (10 mg/
mL, Sigma-Aldrich for 2-2:30 hours) to digest the
proteins/peptides and confirm that the bands obtained were truly protein and not lipopolysaccharide (LPS). Separated proteins/peptides were blotted onto nitrocellulose membrane (Osmonics Inc,
Cole-Parmer). Blots were blocked in 1% bovine serum albumin-PBS, washed with 0.1% BSA-PBS, the
membrane was incubated sequentially with primary antisera (1:150) (pooled endemic or epidemic
rabbit antisera), secondary antibody anti-rabbit IgG
(1:200 in 0.1% BSA in PBS-Tween), and streptavidin conjugated with horseradish peroxidase. Membrane was developed with 4-chloro-naphthol to
visualize immunoreactivity.

Statistical analysis
The SigmaStat software (version 3.1) (Systat Software, Inc., Point Richmond, CA) and the SPSS software for Windows (version 12.0) (SPSS, Inc, Chicago, IL, USA) were used for analysis of data. Student’s t-test or Mann-Whitney rank sum test was
used for comparing the immune responses (phagocytosis, oxidative burst, and cathelicidin-mediated
killing) between endemic and epidemic strains.
Shigellacidal activities of different antisera were
compared by Kaplan-Meier survival curves using
the log-rank (Mantel-Cox) test. One-way analysis
of variance (ANOVA) was used for analyzing the serum shigellacidal responses among Shigella-infected patient samples over days. Data are expressed as
432

mean±sandard error of mean (SEM). P value was
significant when ≤0.05.

RESULTS
Serum shigellacidal response
Shigellacidal assays were performed to see whether
the epidemic and endemic strains had different susceptibility to antibody-mediated killing.
The shigellacidal response of patient sera against
the respective homologous S. dysenteriae type 1
strains was significantly higher on day 11 compared to day 1 (p=0.05) (Fig. 1); the response reduced on day 30 but still remained higher than
day 1. The serum shigellacidal response against
the heterologous strains had a similar trend but
the difference was not significant (Fig. 1). The serum shigellacidal responses of EHC (n=15) and SC
(n=5) against the epidemic strain (T2281) and
the three endemic strains were comparable.
In the Kaplan-Meier survival plot analysis, rabbit antisera raised with endemic S. dysenteriae
Fig. 1. Serum shigellacidal titre of Shigellainfected patients (day 1, 11, and 30,
n=8), endemic healthy adult controls
(EHC, n=15), and non-endemic healthy
adult controls from Sweden (SC, n=5)
against endemic homologous (closed
circles), endemic heterologous (open
circle), and epidemic strain (closed triangles1 of Shigella dysenteriae type 1
Homologous endemic
Heterologous endemic
Endemic

100

Shigellacidal titre

Cathelicidin-mediated killing

10

1
EHC

SC

Day 1

Day 11 Day 30

Shigella patients
Data are expressed as mean±SEM. *Represents
p=0.05; EHC=Endemic healthy adult controls;
SC=Non-endemic healthy adult controls from
Sweden; SEM=Standard error of mean
JHPN

Sayem AM et al.

Host defense responses to Shigella dysenteriae type 1 strains

Fig. 2. Comparison by Kaplan-Meier analysis of shigellacidal response of rabbit anti-EnSd1
(191316) and anti-Epsd1 (T2218) antisera against 191316 and T2218 strains in different
combinations

Cumulative % with bacterial CFU

1.2
EpSd1 + anti-EpSd1

1.0

EpSd1 + anti-EnSd1
.8

EnSd1 + anti-EpSd1
EnSd1 + anti-EnSd1

.6

.4

.2

0.0

0.0

.2

.4

.6
.8
1/dilution

1.0

1.2

At least 3 replicate assays were done for confirmation and statistical convenience; CFU=Colonyforming unit; EnSd1=Endemic Shigella dysenteriae type 1; EpSd1=Epidemic S. dysenteriae type 1
type  1 showed shigellacidal activity at 1:20 dilution against homologous and at 1:10 dilution
against heterologous endemic strains (n=3) and the
epidemic strain (Fig. 2 and Table 2). Epidemic antisera showed shigellacidal activity at 1:10 dilution
against the homologous epidemic strain but could
only kill the endemic strains when used in neat
concentration (Table 2). Data are shown in Fig. 2
and Table 2 for one endemic strain only (191316).

Phagocytic responses and oxidative burst in
monocytes and granulocytes
To understand whether there were differences in
susceptibility of epidemic and endemic Shigella strains to innate cellular responses of granulocytes,
phagocytosis and oxidative burst responses were
studied. Compared to the endemic 191316 strains,
the epidemic T2218 strain showed significantly
lower susceptibility to phagocytosis by both
neutrophils (p<0.01) and monocytes (p<0.01) (Fig.
3A). There was no apparent difference between
the epidemic and the endemic strains in inducing
oxidative burst response in both monocytes and
granulocytes (Fig. 3B).

In vitro killing by cathelicidin
Cathelicidin, a family of classical antimicrobial
Volume 29 | Number 5 | October 2011

peptides, kills bacteria by upsetting the integrity
of bacterial membrane (19). To check whether
cathelicidin exhibited differences in killing of the
epidemic and endemic strains due to any outermembrane structural differences, in vitro killing
experiment was conducted using human cathelicidin LL-37 and rabbit cathelicidin CAP-18. Both
epidemic strain (T2218) and endemic strains (n=3)
were completely killed by LL-37 at a concentration
of 5.55 μM (minimal inhibitory concentration).
Similarly, no differences were found for CAP-18mediated killing where the minimal inhibitory
concentration was 0.9 μM against both epidemic
and endemic strains.

Western blot analysis
To study if the observed differences in immune
responses evoked by the epidemic and endemic
strains is linked to variations in immune recognition of protein antigens between the strains, Western blot analysis was conducted. Results of analysis
revealed that the endemic (191316) and epidemic
(T2218) strains differed in protein/peptide complexity and in intensity of some protein/peptide bands.
Both endemic and epidemic antisera recognized three antigens (30-35 kd) in the epidemic strain
433
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Fig. 3. Endemic and epidemic Shigella dysenteriae type 1 strain induced (A) phagocytosis responses in monocytes and granulocytes (n=8) against FITC-labelled Shigella measured by flow cytometry and (B)
oxidative burst responses in monocytes
and granulocytes (n=8) measured by the
MFI of DCF

2250

1

4

5

81.0

Endemic
Epidemic

46.9

1500

28.5

40

20

Monocyte

Granulocyte

Data are expressed as mean±SEM; DCF=Dichloro-fluorescence; EnSd1=Endemic S. dysenteriae type 1; EpSd1=Epidemic S. dysenteriae type 1; FITC=Fluorescein isothiocyanate;
MFI=Mean fluorescence intensity; SEM=Standard error of mean
(Lane 3 and 5 of Fig. 4) but not in the endemic
strain. Conversely, both antisera could detect one
antigen (~103 kd) only in the endemic strain (Lane
2 and 4, Fig. 4). Proteinase K treatment of the antigen lysate showed no bands in the blot reflecting
that these were protein/peptide bands only.

DISCUSSION
The results of the study showed that the epidemic
strain of S. dysenteriae type 1 mounted lower levels
of shigellacidal serum antibodies and was more resistant to phagocytosis by neutrophils and monocytes compared to the endemic strains. Some dif-
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Fig. 4. Western blot analysis of sonicated Shigela bacterial lysate using rabbit antisera raised against endemic (EnSd1, 191316) and
epidemic (EpSd1, T2218) strains

Lane 2 (EnSd1 lysate) and 3 (EpSd1 lysate) were
detected by pooled endemic antisera (α EnSd1);
Lane 4 (EnSd1 lysate) and Lane 5 (EpSd1 lysate)
were detected by pooled epidemic antisera (α
EpSd1). Lane 1 contains marker. The difference
between epidemic (T2218) and endemic (191316
strains is evident in at least four protein bands
marked by arrows; EnSd1=Endemic Shigella dysenteriae type 1; EpSd1=Epidemic S. dysenteriae
type 1
ference in immunoreactive protein/peptide bands,
both in term of complexity and intensity between
the epidemic T2218 strain and the endemic 191316
strains, was obvious as detected by Western blot
analysis. Interestingly, cathelicidin-mediated killing
of the epidemic and endemic strains showed no
difference.
A major obstacle in developing an appropriate vaccine against Shigella species is the production of
protective neutralizing antibodies after immunization that are serotype-specific (20). In line with this,
we found that the bactericidal capacity of serum
from S. dysenteriae type 1-infected patients against
homologous Shigella increased significantly after
two weeks that declined to the control levels after a
month. This was similar to antibody-secreting cell
(ASC) response after natural shigellosis or vaccination (21) while Shigella LPS-specific IgG responses
JHPN
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remained elevated in serum for more than six
months (22). However, the shigellacidal immune
function of patients’ antisera was lower against the
heterologous S. dysenteriae type 1 strains and the epidemic strain (T2218), although all these strains are
of the same serotype. Notably, the healthy subjects
from Shigella-endemic and non-endemic regions
did not show significant differences in shigellacidal
response against the epidemic and endemic strains.
This result further confirms that adaptive immune
function in shigellosis is not long lasting and may
be one of the reasons why epidemics due to Shigella
occur successfully in endemic regions in primed
population with high baseline IgG antibody titres
(22,23).
In rabbits, the shigellacidal antibody response
evoked by the epidemic strain was less efficient
compared to the endemic strains in killing the
strain itself (T2218) and the heterologous endemic strains. This outcome may result from
variations in the immunogenicity, suboptimal
exposure of peptide antigens of Shigella strains
and in the affinity and avidity of the specific neutralizing antibodies. One limitation of this study
was that the unavailability of patient’s serum infected with epidemic strain to compare with endemic patient antisera.
Phagocytes are the effectors of the innate immune
system. Human phagocytes, particularly neutrophils, can ingest both opsonized and non-opsonized Shigella. Interaction of a phagocyte with
a foreign particle ultimately triggers the oxidant
cascade that causes structural alterations in the
invasive pathogens, irrespective of the type of microbes. There is also a role of opsonization in oxidative burst pathway (24). The rate of phagocytosis
of opsonized endemic strain increased by approximately two-fold compared to opsonized epidemic
strain. However, we did not find any significant
differences in oxidative burst function. The findings indicate greater resistance of epidemic strain to
phagocytosis compared to endemic strain but not
to oxidative burst-mediated killing. The observed
difference in the internalization of the epidemic
and endemic strains by blood phagocytes might be
explained by the differences in antibody-mediated
opsonization of the strains.
Western blot analysis of bacterial lysate using rabbit antisera, raised against the endemic or epidemic
strains, revealed some differences in protein/peptide band sizes and also in band intensity between
the endemic and the epidemic strains (Fig. 4). The
differences in protein/peptide bands clearly indicate the variation in immunogenic properties of the
Volume 29 | Number 5 | October 2011

two strains. This variation may give the epidemic
strain an edge above the endemic strains in evoking pro-inflammatory responses and severity of the
disease during epidemics. For example, the ability
of bacterial protiens, such as S. flexneri porins to activate Toll-like receptors (TLR-2), thereby stimulating the production and release of proinflammatory
cytokines, adhesion molecules, and nitric oxide,
suggests a possible role of these bacterial proteins in
inflammation (25). Many proteins of the epidemic
S. dysenteriae type 1, such as type III secretion system, energyy metabolism, acid resistance may also
play a significant role in the increased virulence of
the epidemic S. dysenteriae type 1 strain (26).
Antimicrobial peptides of the cathelicidin family
are cationic and amphipathic molecules that bind
to the negatively-charged cell membrane of bacteria
and kill them by disruption of bacterial membrane
integrity possibly through the formation of toroidal
peptide-lipid pores (19). LL-37 binds strongly in a
dose-dependent fashion to LPS from gram-negative
bacteria or to peptidoglycan, lipoteichoic acid, and
wall teichoic acid from gram-positive Staphylococcus
aureus (27). Thus, the lipid components of the bacterial cell envelope seem to play a major role in the
antimicrobial activity of LL-37 where surface proteins may not play a significant role. In our study,
in vitro shigellacidal concentration of cathelicidin
(LL-37 or CAP18) was the same for both epidemic
and endemic strains, indicating similarities in net
charge and hydrophobicity of the outer membrane
of both the strains.

Conclusions
The findings of the study suggest that the epidemic
Shigella strain is more resistant to antibody-mediated killing and ingestion by phagocytes compared to
the endemic strains. The difference in protein/peptide antigens may partially reflect the difference in
immune responses evoked by the epidemic and endemic strains. More detailed studies of the varying
protein antigens among strains will resolve many
unidentified mechanisms influencing the immune
responses, specially the levels and types of antibodies. Reduced susceptibility to antibody-dependent
killing by the hypervirulent Shigella bacteria may
be one of the strategies to escape host defense and
cause epidemics.

ACKNOWLEDGEMENTS
The study was supported by the Swedish Agency
for Research Cooperation with Developing Countries (Sida/SAREC agreement support; Grant No.
2002-2004) and icddr,b. icddr,b acknowledges
with gratitude the commitment of Sida/SAREC to
435

Host defense responses to Shigella dysenteriae type 1 strains

the icddr,b’s research efforts. icddr,b also gratefully
acknowledges the following donors which provide
unrestricted support: Australian Agency for International Development (AusAID), Government of
the People’s Republic of Bangladesh, Canadian International Development Agency (CIDA), Swedish
International Development Cooperation Agency
(Sida), and the Department for International Development, UK (DFID). The authors gratefully
acknowledge the healthy laboratory personnel
who donated blood.

REFERENCES
1. Niyogi SK. Shigellosis. J Microbiol 2005;43:133-43.
2. Bennish ML, Wojtyniak BJ. Mortality due to shigellosis: community and hospital data. Rev Infect Dis
1991;13(Suppl 4):S245-51.
3. Hale TL. Genetic basis of virulence in Shigella species.
Microbiol Rev 1991;55:206-24.

Sayem AM et al.

bert MJ et al. Delayed and reduced adaptive humoral
immune responses in children with shigellosis compared with in adults. Scand J Immunol 2002;55:41423.
14. Rahman MJ, Sarker P, Roy SK, Ahmad SM, Chisti J,
Azim T et al. Effects of zinc supplementation as adjunct therapy on the systemic immune responses in
shigellosis. Am J Clin Nutr 2005;81:495-502.
15. Hazenbos WL, van den Berg BM, van’t Wout JW,
Mooi FR, van Furth R. Virulence factors determine
attachment and ingestion of nonopsonized and opsonized Bordetella pertussis by human monocytes. Infect Immun 1994;62:4818-24.
16. LeVine AM, Kurak KE, Wright JR, Watford WT, Bruno
MD, Ross GF et al. Surfactant protein-A binds group
B streptococcus enhancing phagocytosis and clearance
from lungs of surfactant protein-A-deficient mice.
Am J Respir Cell Mol Biol 1999;20:279-86.

4. Sur D, Ramamurthy T, Deen J, Bhattacharya SK. Shigellosis: challenges & management issues. Indian J Med
Res 2004;120:454-62.

17. Saresella M, Roda K, Speciale L, Taramelli D, Mendozzi E, Guerini F et al. A flow cytometric method for the
analysis of phagocytosis and killing by polymorphonuclear leukocytes. Ann N Y Acad Sci 1997;832:5361.

5. Rahaman MM, Khan MM, Aziz KM, Islam MS, Kibriya AK. An outbreak of dysentery caused by Shigella
dysenteriae type 1 on a coral island in the Bay of Bengal. J Infect Dis 1975;132:15-9.

18. Raqib R, Sarker P, Bergman P, Ara G, Lindh M, Sack
DA et al. Improved outcome in shigellosis associated
with butyrate induction of an endogenous peptide
antibiotic. Proc Natl Acad Sci USA 2006;103:9178-83.

6. Khan M, Rahaman MM, Aziz KM, Islam S. Epidemiologic investigation of an outbreak of Shiga bacillus
dysentery in an island population. Southeast Asian J
Trop Med Public Health 1975;6:251-6.

19. Henzler Wildman KA, Lee DK, Ramamoorthy A.
Mechanism of lipid bilayer disruption by the human antimicrobial peptide, LL-37. Biochemistry 2003;
42:6545-58.

7. Hens DK, Niyogi SK, Kumar R. Epidemic strain Shigella dysenteriae type 1 Dt66 encodes several drug resistances by chromosome. Arch Med Res 2005;36:399403.

20. Robbins JB, Schneerson R, Szu SC. Perspective: hypothesis: serum IgG antibody is sufficient to confer
protection against infectious diseases by inactivating
the inoculum. J Infect Dis 1995;171:1387-98.

8. Greco KM, McDonough MA, Butterton JR. Variation
in the Shiga toxin region of 20th-century epidemic
and endemic Shigella dysenteriae 1 strains. J Infect Dis
2004;190:330-4.

21. Raqib R, Tzipori S, Islam M, Lindberg AA. Immune
responnes to Shigella dysentreiae 1 and Shigella flexneri
lipopolysaccharide antigens in Bangladeshi patients
with shigellosis. Serol Immun Infect Dis 1993;1:37-45.

9. Jelesic Z, Kulauzov M, Kozoderovic G. Shigellae isolated in 1997—plasmid profiles and antibiotic resistance. Med Pregl 1998;51:305-9.

22. Cam PD, Achi R, Lindberg AA, Pal T. Antibodies
against invasion plasmid coded antigens of shigellae
in human colostrum and milk. Acta Microbiol Hung
1992;39:263-70.

10. Levanova GF, Sidorova NN, Kashnikov Slu, Mazepa
VN, Arziaeva AN. Epidemic strains of different plasmidovars of bacteria from Shigella genus. Zh Mikrobiol
Epidemiol Immunobiol 2008:13-5.
11. Merrell DS, Butler SM, Qadri F, Dolganov NA, Alam
A, Cohen MB et al. Host-induced epidemic spread of
the cholera bacterium. Nature 2002;417:642-5.

23. Achi R, Dac Cam P, Forsum U, Karlsson K, Saenz P,
Mata L et al. Titres of class-specific antibodies against
Shigella and Salmonella lipopolysaccharide antigens
in colostrum and breast milk of Costa Rican, Swedish
and Vietnamese mothers. J Infect 1992;25:89-105.

12. Talukder KA, Dutta DK, Albert MJ. Evaluation of
pulsed-field gel electrophoresis for typing of Shigella
dysenteriae type 1. J Med Microbiol 1999;48:781-4.

24. Gondwe EN, Molyneux ME, Goodall M, Graham SM,
Mastroeni P, Drayson MT et al. Importance of antibody and complement for oxidative burst and killing
of invasive nontyphoidal Salmonella by blood cells in
Africans. Proc Natl Acad Sci USA 2010;107:3070-5.

13. Raqib R, Qadri F, SarkEr P, Mia SM, Sansonnetti PJ, Al-

25. Elena G, Giovanna D, Brunella P, Anna DF, Alessand-

436

JHPN

Host defense responses to Shigella dysenteriae type 1 strains

ro M, Antonietta TM. Proinflammatory signal transduction pathway induced by Shigella flexneri porins
in CACO-2 cells. Braz J Microbiol 2009;40:701-9.
26. Pieper R, Zhang Q, Parmar PP, Huang ST, Clark DJ,
Alami H et al. The Shigella dysenteriae serotype 1
proteome, profiled in the host intestinal environment, reveals major metabolic modifications and

Volume 29 | Number 5 | October 2011

Sayem AM et al.

increased expression of invasive proteins. Proteomics
2009;9:5029-45.
27. Senyurek I, Paulmann M, Sinnberg T, Kalbacher H,
Deeg M, Gutsmann T et al. Dermcidin-derived peptides show a different mode of action than the cathelicidin LL-37 against Staphylococcus aureus. Antimicrob
Agents Chemother 2009;53:2499-509.

437

