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Abstract
Introduction Mucosal lymphoid changes were observed in
cryopreserved rectal tissues obtained from BALB/c mice
infected with Shigella dysenteriae 1, immunized with 57-kDa
major antigenic outer membrane protein, and infection after
immunization.
Discussion Our data suggested that caspase-3 is downregu-
lated in CD4+ cells of immunized BALB/c mice following
infection with substantial increased expression of interleukin
(IL)-2 and interferon (IFN)-γ, while caspase-1 is upregulated
in CD8+ cells with decreased expression of IL-4 and IL-10.
This indicated an involvement of Fas-mediated lytic pathway
for selective deletion of CD8+ cells out of CD3+ T cells. IL-
18 promotes inflammation and induces IFN-γ and tumor
necrosis factor (TNF)-α as the expression of IFN-γ and
TNF-α cytokines was evident in this study. It is assumed that
the role of caspase-1 in inducing the CD4+ T cell activity
increased with IL-18 rather than CD8+ suppressor cell
activity. Bcl-2 is capable of inhibiting the Fas/Fas-L-

mediated cell death for helper cells. Overall, the findings
indicate that majority of the apoptotic cells were CD8+ T
cells in the groups of infection following immunization, and
there might be a selective deletion of T lymphocytes
mediated by caspase-1 via IL-18.
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Introduction

In shigellosis, the progression of the disease toward severity
is by three main processes—invasion of enterocytes and
entry through M cells [1, 2], multiplication and intracellular
spreading [3, 4], and finally by massive infiltration of
mucosal enterocytes, lymphocytes, and natural killer cells
[5, 6]. The pathogenesis of Shigella depends on the
virulence of the organism as well as host resistance factors.
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The virulence of mucosal pathogens would preliminarily
depend on the inflammatory responses that they induce.
Once Shigella escapes from mucosal immune defense, they
enter the epithelial cells and trigger a series of inflammatory
mediators [7]. They cross the mucosa and activate macro-
phages and dendritic cells [8]. Lymphocytes were predom-
inantly found in stool samples [9] as well as in peripheral
blood [10] of Shigella-infected patients.

Pathogenesis involves both apoptosis and necrosis of the
epithelial mucosa and lamina propria lymphoid cells [1,
11]. Many inflammatory reactions have been demonstrated
during pathomechanism leading to necrotic lesions of
mucosal tissue [11, 12]. Macrophage apoptosis is mediated
by Shigella IpaB protein after coupling with intracellular
proteases via caspase-1 activation [13] leading to the
generation of interleukin (IL)-1 cytokines [12, 14]. This
activation results in cleavage of pro-inflammatory cytokines
into mature IL-1β and IL-18 [15, 16]. The IL-1β and IL-18
are initially activated by caspase-1 protein essential for
acute inflammation during Shigella flexneri infection in
caspase-1−/− knockout mice [17]. In vitro experiments have
described the possible role of cytokines like IL-1β and
tumor necrosis factor (TNF)-α in hemolytic–uremic syn-
drome [18]. On the other hand, the role of TNF-α was also
evident in induction of neutrophil and eosinophil cell
apoptosis by ligation of Fas receptors [19, 20]. Further,
inflammatory responses occurred during the pathogenesis
of shigellosis in response to acquire host immunity. Unlike
other cytokines, downregulation of interferon (IFN)-γ and
IL-2 was detected in the acute phase and increased
gradually at the convalescent stages of day14 and day30
due to downmodulation of their receptors [21–23] or due to
upregulation of Fas/Fas-L [24]. This might be due to lack
of selective T cells although there is a majority of CD3+

apoptotic cells. Induction of T cell-mediated death path-
ways by perforin, granzyme, and Fas/Fas-L cytolytic
molecules is prevalent, and the downregulation of cell
survival promoters, Bcl-2 and IL-2, were studied in acute
shigellosis [24]. Infections [25, 26] or vaccinations [27] are
usually followed by an antibody response against the outer
membrane protein (OMP), lipopolysaccharide (LPS), and
invasive proteins (Ipa-s) at the mucosal sites [28, 29]. The
intensity of antibody response at the periphery as well as
mucosal sites was shown to correlate with the severity of
infection [30, 31]. Recent observations have indicated that
the Ipa proteins induce apoptosis by suppressing the
signaling pathways leading to production of TNF-α,
essential for the control of this infection [13].

Earlier, we have reported the role of 57-kDa major
antigen in inducing major histocompatibility complex class-II
restricted T cell responses in vitro to recognize the
Shigella-specific epitopes to acquire host defense against
the infection [32]. In the present study, an effort was made

to observe the in vivo behavioral changes in mucosal
lymphoid of the cryopreserved rectal tissues obtained from
BALB/c mice infected with Shigella dysenteriae 1,
immunized with 57-kDa major antigen, infection after
immunization with a lethal dose of bacteria and healthy
control. The rationale behind this study is to understand
the mechanism of lymphoid cell apoptosis following
infection with a lethal dose of S. dysenteriae 1 before
and after immunization. We observed that Shigella 57-kDa
antigenic OMP induced specific CD8+ T cell apoptosis
mediated by caspase-1via IL-18.

Materials and Methods

Bacterial Culture and Isolation of 57-kDa Major Antigenic
OMP

Serovar-specific strain of S. dysenteriae type 1 was isolated
and identified from the feces of patients with bacillary
dysentery. Bacteriological examination of stool was done by
standard techniques [33]. After guinea pig passage as
described by Sereny [34], virulent smooth colonies were
grown at 37°C in Tryptic soy broth (Difco, USA). OMPs
were isolated using a standard procedure as described by
Johnston and Gotschlich [35], from S. dysenteriae type 1. In
brief, after harvesting the cells from culture, they were
sonicated and treated with sarkosyl (sodium lauroyl sarcosi-
nate, 1% (w/v), Sigma, USA) for 30 min at 24°C, to
selectively dissolve the inner membrane and centrifuged at
100,000×g for 2 h. The pellet containing OMP was washed
with distilled water and stored at −20°C. The major antigenic
fraction (57 kDa) was eluted from the gel slices electropho-
retically using an electro-eluter (Bio-Rad, USA), as de-
scribed in details earlier [36]. The protein was concentrated
using Speed-Vac (Savant, USA), and concentration was
measured using 1% bovine serum albumin (BSA) as
standard as described by Markwell et al. [37]. To ascertain
whether the eluted protein contained trace amounts of bound
LPS, the Limulus amoebocyte lysate (Sigma, USA) assay
was performed using Escherichia coli O55:B5 LPS (Sigma,
USA) as control [38]; 10 pg/10μg of LPS was detected
which did not show any interference with the results.

Immunization and Challenge

Inbred male 3- to 4-month-old BALB/c mice were housed
each in the animal unit of this institute according to the
institutional guidelines. They were grouped into (a)
infected, (b) immunized, (c) infection after immunization,
and (d) control, groups each containing five mice. The
second and third groups were immunized subcutaneously
with 25μg of the 57-kDa antigen emulsified in Freunds’
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incomplete adjuvant at first, second, and third weeks,
followed by a booster dose of 50μg of antigen at the fifth
week. After 10 days, animals of groups 1 and 3 were fed on
glucose–water and were challenged with a 50% lethal dose
(LD50) of 1×104cfu/ml bacteria (S. dysenteriae type 1;
strain PB10) orally [39]. The challenged mice were
monitored for mortality. LD50 of the infection was
determined by plotting percent mortality against dose using
the software GraphPad.

Specific Antibody Responses Against Infection
and Immunization

The serum antibody response for immunoglobulin (Ig)A
and IgG was measured using enzyme-linked immunosorbent
assay [40] subsequently on days3, 10, 21, and 28 in
immunized mice with respect to day0 for control group.
The same responses were also observed in challenged or
challenged–immunized mice at days1, 14, 21, and 28. The
serum antibody responses were measured as the inverse log
[ln (x)] of titer value measured at 492 nm.

Cryosectioning and Immunostaining

Mucosal lymphoid changes in response to the 57-kDa
major antigenic OMP of S. dysenteriae 1 were studied in
cryopreserved rectal tissue. The rectal tissues were collected
from S. dysenteriae 1-infected and control mice in Histocon
(Histolab, Sweden). Rectal tissue was also collected from
57-kDa antigen-immunized mice and followed with a
lethal dose of homologous strain. The tissue was washed
thrice with sterile cold phosphate-buffered saline (PBS;
1×; pH7.4), snap-frozen in liquid nitrogen, and stored at
−70°C until used for cryostat sectioning (Leica;
CM1850, Germany). Frozen rectal tissue was sectioned
at a thickness of 6μm and mounted on glass slides. As
described earlier by Raqib et al. [24], these sections were
fixed with freshly prepared 2% acetone, rinsed in sterile
PBS for 10min followed by a fewwashes with Ca2+ and Mg2+

containing buffered saline solution (BSS) supplemented with
0.01 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
buffer (Gibco, USA). After washing, slides were allowed to
dry and kept at −20°C until used. For apoptosis and caspase
protein activation study, mounted slides were stored without
fixation at −70°C until used.

Immunohistochemical Staining for Caspase Protein
Markers and Cytokines

Immunohistochemical staining for cytokines and caspases
protein markers were performed by in situ immunofluores-
cence procedure using Caspa-Tag fluorescein Caspase activity
kit (S7303 and S7301; Intergen, Serologicals Co., USA).

Briefly, the cryopreserved frozen slides were rehydrated in
BSS followed by trypsinization (1% trypsin in BSS) for
30 min. After washing thrice with washing buffer, tissue
sections were incubated for 1 h at 37°C with specific
carboxyfluorescein (FAM)-peptide-fluoromethyl ketone
(FMK) inhibitors at a concentration of 10μl. To label the
nuclei, a 5-μl/ml concentration of Hoechest stain was added.
The tissue sections were washed twice with washing buffer.
For the expression of cytokines, nonspecific binding sites of
trypsinized tissue sections were blocked with 2% BSA and
washed twice with washing buffer. Tissue sections were then
incubated for 30 min at 37°C with antimouse-specific
antibodies conjugated to fluorescein isothiocyanate (FITC;
IL-2, IFN-γ, IL-18) or phycoerythrin (PE; IL-4, IL-10, TNF-
α) at a concentration of 2–5μg/ml in BSS. Finally, the tissue
sections were washed with BSS and mounted in 1:1
phosphate-buffered glycerol.

Detection of Phenotypic T Cell Markers in Tissues

Immunophenotyping expression of T cell markers was
detected in the tissue sections using immunofluorescent study.
The cryosections were allowed to rehydrate in BSS and were
incubated with 2% BSA for 30 min at 37°C to block the
nonspecific sites and washed twice with washing buffer. The
cells were then incubated with 50μl of FITC-conjugated anti-
CD4, anti-CD8, or anti-CD45 and PE-conjugated anti-CD3
antibody (Dako, Denmark) in duplicates for 30 min at 37°C.
Finally, the cells were washed twice with PBS-T20 containing
1% BSA.

Detection of Phenotypic Apoptotic Cell Markers in Tissues

Early stages of apoptotic cells in unfixed tissues were visualized
by the annexin V labeling method using the ApoTest-FITC in
situ immunofluorescence apoptosis detection kit (K235011;
Nexins Research, USA). The cryopreserved frozen slides were
brought to room temperature, rehydrated in BSS. Nonspecific
binding sites were blocked using binding buffer (1×) and
incubated for 30 min at 37°C. After washing with washing
buffer twice for 5 min each, the slides were incubated for
10 min on ice with antimouse annexin V-FITC antibody at a
concentration of 2.5μg/ml in BSS containing 0.1% triton-X100
and 2–5μl of propidium iodide (2.5 mg/ml concentration) in
the dark. Slides were washed twice with washing buffer for
5 min and mounted in 1:1 phosphate-buffered glycerol.

Image Analysis

Immunostaining of cell surface markers, cytokines, or
apoptotic protein markers were examined with Olympus
microscope (A051; Tokyo, Japan) equipped with a 3CCD
color camera (Olympus DP11, Japan). The images were then
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examined in Camedia Master 1.2 image analyzer using data
operating system. The positive cells as well as the negative
cells were set as standard. Positive staining was defined by
computer-assisted analysis of video microscopic images. The
intensity of positive immunoreactivity was measured and
expressed in 256 Gy level of the blue part, of the green part,
and blue video signals. The acquired images were divided into
1,712×1,368 pixels, and each pixel was expressed in square
micrometers after calibration with the current magnification
[41]. The data acquired was imported to Microsoft Excel
(MicroImage32). For each stained slide, three different areas
of 100μm2 field were read from three different sections of the
slide to avoid any bias. The average of the three readings was
used for each staining. The results were expressed as the
percentage of the ratio of positive pixels to total pixels.

Statistical Analysis

Two-way analysis of variance and Student t test were
performed to compare the effect of stimulants for each variable
in infected, immunized following Shigella challenge, and in
control group of mice. Wherever variance is not applicable,
results were expressed as a mean±SE for significance in t test.
χ2 tests were also applied to find probability (P) of association
between two sets of events. The data for immunoassays were
processed using a software package (Epistat) to generate a
curve using linear regression analysis.

Results

Serum IgA and IgG Responses

The serum IgA and IgG levels in immunized and
challenged–immunized BALB/c mice were significantly
elevated (P<0.05). After 2 weeks of infection, the level of
IgA was found to decrease sixfold as compared to serum
IgG level, though it was above the baseline titer observed
before infection (data not shown).

Shigella Survival Rate in BALB/c Mice

The BALB/c mice were challenged before and after 57-kDa
antigen immunization with a LD50 of 10

4cfu/ml S. dysenteriae
1. The percent mortality was twofold higher in LD50-infected
mice than that of the LD50-infected immunized mice (Fig. 1).

Mucosal Lymphoid Changes in Rectal Tissues

Cytokine-Related Changes in Rectal Tissues

As detected by immunohistochemical staining using
cytokine-specific antibodies, cryostat section from frozen

tissue showed consecutive expression of the different
cytokines with localization in the rectal mucosa which
was different from that found in healthy controls (Table I).
In general, the localization of intracellular expression of
cytokines in infected mice was insignificantly lower than
that seen in healthy controls. However, faint staining of the
epithelial surface was observed for most of the cytokines.
The IL-2 and IFN-γ expressions at the epithelial surface
of the infected mice were absent though it could be
detected in the lamina propria and muscularis mucosa
(Fig. 2 B, J), whereas any significant changes in the
expression of IL-18 and TNF-α were not seen in infected
mice than observed in healthy controls (Fig. 2 Q, U
compared with R, V, respectively), whose few epithelium
crypt ends had been staining lightly. Predominant localization
of IL-4- and IL-10-expressing cells in the surface epithelium,
crypts, and various cell types in lamina propria were
extensively observed (Fig. 2 F, N), while the expression of
IL-4 and IL-10 was nearly absent in healthy controls (Fig. 2
E, M). Staining for such cytokines did not show any
significant difference.

Mice infected with S. dysenteriae 1 expressed a low
reactivity of cytokines in the rectal tissue in comparison to
immunized and challenged–immunized mice following
infection. A selective downmodulation of IL-2, IFN-γ,
and TNF-α was observed in rectal mucosa of infected mice
(P<0.05) as shown in Fig. 2 B, J, V, while upregulation of
IL-4, IL-10, and IL-18 is correlated with the disease. As
compared to immunized mice, there was increased image
signal for expression of IL-2 and IFN-γ in mucosal surface
and crypts and in lamina propria cells in the challenged–
immunized mice (Fig. 2 C, K compared with D, L). This
level of IL-2- and IFN-γ-expressing cells in the lamina
propria and crypts was also found to be statistically higher
(P<0.05) as compared with infected or healthy control mice
(Table I). However, the numbers of IL-4- and IL-10-
expressing cells in the epithelial surface or lamina propria

Fig. 1 Graph represents percent mortality plotted against S. dysenter-
iae 1 dose and LD50 of S. dysenteriae 1 determined in pre-immunized
( ) or postimmunized ( ) BALB/c mice (five animals in
each group of colony-forming unit dose)
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were significantly lower at this level (Fig. 2 H, P compared
with G, O) yet insignificant to that in infected mice (Fig. 2
H, P compared with F, N). There were no significant changes
in the expression of the IL-18 and TNF-α as compared to
immunized mice or healthy controls (Fig. 2 T, X compared
with S, W or Q, U). Intracellular expression of IL-2 and IL-4
in the rectal tissues showed almost similar pattern found in
the culture supernatant restimulated with 57-kDa antigenic
fraction of immunized mice and following infection [32].

Expression of T Cell Markers in Rectal Tissues

Phenotypic expressions of CD4, CD8, and CD45 at the
mucosal site were studied in the cryopreserved rectal tissues
obtained from the healthy control mice, S. dysenteriae 1-
infected mice, immunized, and infection after immunization
with a lethal dose of bacteria. Figure 3 reveals that the ratio
of CD4+/CD8+ cells out of the total CD3+ T cells (CD4/
CD8+/CD3+; 2.62) was higher in the healthy controls as
compared to Shigella-infected mice (CD4/CD8+/CD3+;
1.47). The expression level of CD45+ cells was observed to
be lower in healthy control (CD45+; 11.83%±2.6) than the
infected ones (CD45+; 13.36%±2.7). These levels were
found to be significantly higher in immunized mice
following infection (CD4/CD8/CD3+=3.11) than that of
infected (CD4/CD8/CD3+=1.47; P<0.02) mice (Fig. 3 H,
L compared with G, K or F, J). These levels were found to
be insignificant to immunized (CD4/CD8/CD3+=2.5) or
healthy controls (CD4/CD8/CD3+=2.62); however, they
were statistically higher at variance of mean value (Fig. 3
H, L compared with E, I). The expression of CD45+ T cells
in challenged–immunized mice (CD45=29.19%±0.5) was
more significant (P<0.05) than that in infected or healthy

control mice (Fig. 3 D compared with B or A) but
insignificant to that in immunized mice (21.69%±1.3;
Fig. 3 D compared with C).

Apoptosis During T Cell Differentiation in Rectal Tissues

Phenotype of the apoptotic cells was determined using
differential immunostaining technique. Table II shows the
percent expression of CD4+, CD8+, and CD45+ cells that
underwent extensive apoptosis in infected mice as compared
to healthy control or immunized mice. There were insignif-
icant changes in the expression of CD4+, CD8+, and CD45+

apoptotic cells in immunized mice, but they were higher than
in healthy controls. Later, the percentage of expression of
CD8+ apoptotic T cells (25%) was observed to be signifi-
cantly higher (P<0.02) than CD4+ (10%) and CD45+ (4%)
apoptotic T cells in immunized mice following Shigella
challenge. On the other hand, annexin V-positive cells were
highly expressed during infection and were found to be more
significant (P<0.05) to that in healthy controls (Fig. 4a, b).
Although apoptotic cells for annexin V were decreased by
three- to fourfold after 57-kDa antigen immunization, yet
they were insignificant following infection (Fig. 4c, d). Such
expressions in challenged–immunized mice were similar to
the expression levels observed in healthy controls (Fig. 4a,
d). Upregulation of apoptosis-related annexin V expression
was predominantly on CD8+/CD3+.

Caspase-1/Caspase-3 Activation During T Cell
Differentiation

Expression of caspase-3 proteins was observed to be
significantly higher in the rectal tissue of infected mice as

Table I Apoptosis-Related Proteins in the Rectal Mucosa of S. dysenteriae 1-Infected Mice, Immunized with 57-kDa Antigen, and Followed by
Infection as well as Healthy Controls

Apoptosis-related expression Percentage of positive expression (μm2)

Controls Infected Immunized Infection after immunization

Caspases-1 3.2±0.61* 12.5±3.8 25.3±5.2 28.4±3.3

Caspases-3 8.72±1.1* 27.9±2.5** 14.4±2.1 9.5±0.94

Bcl-2 1.4±0.33* 4.7±9.3 15.2±5.5 7.1±1.5

IL-2 0.73±0.08* 22.1±7.2** 36.56±11.6 41.7±8.5

IL-4 0.46±0.19* 30.3±4.4 15.8±4.1** 7.5±2.1

IL-10 0.39±0.04* 35.1±6.1 9.7±2.5** 7.9±3.3

IL-18 1.2±0.32* 16.2±2.8 36.1±6.4** 41.1±11.2

TNF-α 5.2±1.7* 10.4±3.1** 14.2±3.9 12.8±2.4

IFN-γ 0.53±0.11* 29.4±4.2** 25.5±5.1 46.2±12.6

Immunopositive areas of total tissue area were determined by micro-image analysis. Probability values were determined by applying two-tailed t
test for comparing infected, immunized, and infection postimmunization with the control groups and χ2 test for comparing the infected,
immunized, and infection after immunization

*P<0.05; **P<0.01–0.05
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compared to that in healthy controls (Fig. 5 A-II, E-II,
compared with B-II, F-II, respectively), whereas caspase-1-
expressing cells in infected mice were similar to the
expression found in healthy control mice (Fig. 5 A-I, E-I,

compared with B-I, F-I, respectively). Annexin V-positive
caspase-3-expressing cells were observed in the epithelial
surface, lamina propria, and lymphoid aggregates during
Shigella challenge. These double positive cells were absent

Fig. 2 Intracellular localization of the different cytokines in cryopre-
served rectal tissue sections obtained from control BALB/c mice (A,
E, I, M, Q, U) after infection with a lethal dose of S. dysenteriae 1 (B,
F, J, N, R, V), immunization with 57-kDa major antigenic fraction of
the homologous strain (C, G, K, O, S, W) followed by infection (D, H,

L, P, T, X) and from the control mice. Frozen tissue sections were
stained by an immunofluorescent method using FITC-labeled anti-IL-2
(A–D), IFN-γ (I–L), and IL-18 (Q–T) or PE-labeled IL-4 (E–H), IL-10
(M–P), and TNF-α (U–X) and taken at a magnification of ×512
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in the healthy controls. There was a marked change in
activation of caspase-1 in immunized mice and infection
postimmunization (Fig. 5 C-I, G-I, D-I, H-I), and the
expression level of caspase-1 was found to increase
(Table I), while such mice did not undergo any significant
changes in activation of caspase-3 (Fig. 5 C-II, G-II, D-II,

Fig. 3 Expression of CD4+, CD8+, and CD45+ in cryopreserved
rectal tissues obtained from control BALB/c mice (A, E, I) from S.
dysenteriae 1-infected (B, F, J), 57-kDa antigen-immunized (C, G, K),
followed by infection with a lethal dose of homologous strain (D, H,
L). E–L pictures showing after merging the two images CD3 and CD4

or CD3 and CD8. Blue fluorescence (white arrows) represents the
expression of CD45+ T cells (A–D). Green fluorescence represents the
positive expression of CD4+ (E–H) or CD8+ (I–L) out of CD3+ T cells
taken at a magnification of ×107

Table II Percentage of CD4, CD3, and CD45+ Apoptotic Cells from
the Total Positive Cells (as Observed in Fig. 2) in the Cryopreserved
Rectal Tissues Obtained from BALB/c Control Mice, S. dysenteriae 1-
Infected, 57-kDa Antigen-Immunized, Followed by Infection with a
Lethal Dose of Homologous Strain

Phenotypic
markers

Percentage of apoptotic cells

Control Infected Immunized Infection after
immunization

CD4 1.2 (0.4–2.2) 35 (18–56) 7 (3–12) 10 (5–16)

CD8 0.8 (0–1.6) 29 (10–13) 12 (5–21) 25 (8–41)

CD45 2.5 (1–4) 18 (6–12) 2 (0–5.1) 4 (1–8)

Annexin V-positive apoptotic cells per hundred cells of a specific
subtype were determined in 100μm2 area. The probability values
were determined at 95% confidence limit. P values <0.05 were
considered significant

Fig. 4 Apoptosis in cryopreserved rectal tissue sections obtained from
control BALB/c mice (a), S. dysenteriae 1-infected mice (b),
immunized mice (c), followed by infection with a lethal dose of
homologous strain (d). Bright yellow (black arrows) fluorescence
indicates annexin V-positive cells localized in the lymphoid aggregate
(magnification taken at ×107)
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H-II). On the other hand, the expression of Bcl-2 in such
infected mice was similar to that of healthy controls.
However, a sharp increase in the expression of Bcl-2 was
seen in the immunized mice following infection and was
comparable to that in immunized or healthy control mice at
95% confidence limit as shown in Table I.

Discussion

It is considered that most infectious diseases are initiated
through invasion of mucosal tissues. Hence, mucosal
immunity would be considered for the development of
candidate vaccine. Experimental evidences suggest that
pathogenesis due to Shigella involves both apoptosis and
necrosis of the epithelial cells and the lamina propria cells
[1, 11, 42]. S. flexneri is capable of inducing apoptosis in
macrophages in vitro as well as in vivo [12, 14, 43, 44]. S.

dysenteriae 1-infected patients are associated with exten-
sive apoptotic cell death in the rectal mucosa, predomi-
nantly in CD3+ T cells infiltrating the lamina propria and
lymphoid aggregates combined with downregulation of IL-
2 and Bcl-2 [24]. Reactive oxygen species are the key
mediators of necrotic cell death observed during acute
shigellosis [45, 46]. In vitro studies have shown that IpaB
of virulent Shigella spp. mediates the activation of caspase-
1 and the cleavage of pro-inflammatory cytokines pro-IL-
1β and pro-IL-18 into mature forms [13, 47, 48], resulting
in inflammation [17]. Furthermore, pro-inflammatory cyto-
kines such as IL-1β and IFN-γ are involved in antimicro-
bial defenses [49, 50] by inducing IL-18 [51, 52] to exert
pleiotropic effect [16]. In the present study, an attempt was
made to understand the mechanism underlying the lym-
phoid T cell responses following infection with Shigella
before and after immunization. The effect of immunization
triggers the signaling events affecting cellular differentia-

Fig. 5 Immunohistochemical localization of apoptosis-related pro-
teins (caspase-1 and caspase-3) in cryopreserved rectal tissues
obtained from control BALB/c mice (A-I, E-I and A-II, E-II), S.
dysenteriae 1-infected mice (B-I, F-I and B-II, F-II), immunized mice
(C-I, G-I and C-II, G-II) and postimmunization infection with a lethal
dose of homologous strain (D-I, H-I and D-II, H-II). The tissue
sections were labeled with FAM-YVAD-FMK for caspase-1 and

FAM-DEVD-FMK for caspase-3 for 1 h. Caspase activity (A-I–DI,
AII–DII) was detected using a band pass filter (excitation 490 nm,
emission 520 nm), and nuclear staining by Hoechst stain was observed
using a UV filter (excitation 365 nm, emission 480 nm). To exclude
the dead cells, these sections were further stained with propidium
iodide (E–H) and taken at a magnification of ×512. Green fluores-
cence represents caspase-positive cells
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tion. Earlier, EtxB has been shown to activate the cytokine
secretion and caspase-1 during cellular differentiation
inducing CD8+ T cell apoptosis [53]. We have investigated
the processes by which 57-kDa antigen induces apoptosis
in CD8+ T cell during cellular differentiation.

It was observed that CD4+ T cell expression increased in
lamina propria and crypts of the 57-kDa immunized mice
following infection and was significantly higher (P<0.02)
than that in infected mice (Fig. 3 H, L compared with G, K)
with substantial increased expression of IL-2 and IFN-γ
(Fig. 2 C, K compared with B, J). However, these levels of
expressions were insignificant compared to immunized
mice. Reduced expression of IL-2 and IFN-γ during
infection (Table I) may have contributed to a lack of
lymphocyte survival [31, 54]. Downregulation of IL-2 and
IFN-γ during acute shigellosis was also reported earlier
[55]. However, their increase at convalescent stage of day
30 strongly supported the hypothesis presented by Raqib et
al. [21]. In a previous in vitro study, we have also suggested
that exogenous anti-IFN-γ significantly induces IL-2 and
IFN-γ levels in early stage of infection, which signifies the
role of IFN-γ in antimicrobial host defense [55]. We have
also observed that intracellular expression of IL-2 and IL-4
in the rectal tissues of the challenged–immunized mice
showed a reciprocal relation as observed in our earlier in
vitro experiments [32, 56]. Also, the levels of IFN-γ, IL-18,
and TNF-α were found to be significantly elevated in such
group to that of other comparable groups (Table I; Fig. 2 L,
T, X compared with J, R, V or K, S, W, respectively).

On the other hand, a majority of annexin V-positive CD8
cells underwent apoptosis extensively in infected mice as
compared to healthy controls (Table II). Apoptotic cells
bearing CD8 subset marker in the lamina propria and
lymphoid aggregates of the challenged–immunized mice
suggested that an activation of selective Fas-mediated T cell
death pathway was upregulated during infection following
successful immunization. Furthermore, increased caspase-3
activity in the epithelial surface, lamina propria, and
lymphoid aggregates during Shigella infection was observed
(Fig. 5 A-II, E-II), whereas no significant changes were
observed after immunization or following homologous
infection indicating that activated caspase-3 did not affect
the CD4 or CD8 cell apoptosis. Caspase-1-expressing cells
in such challenged–immunized mice were greater with a
decrease in caspase-3 activity (Table I). Data may suggest
that caspase-3 is downregulated in CD4+ cells of the
immunized BALB/c mice following infection while
caspase-1 is upregulated in CD8+ T cells. It is assumed
that the role of caspase-1 in inducing the CD4+ T helper
cell activity increased with IL-18. It was seen to have
persistent upregulated expression of IL-18, a substrate of
caspase-1-producing cells in the rectal tissues of the
challenged–immunized mice (Figs. 2 T and 4 D-I, H-I).

IL-18 promotes inflammation and induces IFN-γ and
TNF-α [40] as the expression of IFN-γ and TNF-α
cytokines was evident in this study. Nevertheless, upregulated
IL-18 perpetuated the inflammation with the level of TNF-α
(Table I). The upregulation of IL-4, IL-10, and IL-18 is
correlated with the severity of the disease [23, 30] and is
observed to be significantly elevated (P<0.05) during
infection than those in healthy controls (Fig. 2 F, N, R
compared with E, M, Q). These expressions were down-
regulated after successful immunization with an increased
caspase-1 activity. It is known that caspase-1 is important in
innate host defense against E. coli infection [57]. The
findings that majority of the apoptotic cells were CD8+ T
cells in challenged–immunized mice suggested that there
might be a selective deletion of T lymphocytes mediated by
caspase-1 via IL-18 in turn leading to CD4+ helper T cell
activation with increased IL-2, IFN-γ, and TNF-α.
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