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Previous studies have shown that Peyer’s patches (PP) are not required for intestinal immunoglobulin A
(IgA) responses to orally administered soluble protein. However, the roles of PP in regulation of mucosal
immune responses against bacterial antigen remain to be clarified. In the present study, we generated several
gut-associated lymphoreticular tissue-null mice by treatment with anti-interleukin-7 receptor antibody, the
fusion protein of lymphotoxin � receptor and IgG Fc, and/or tumor necrosis factor receptor p55 and IgG Fc.
These mice were then immunized with recombinant Salmonella expressing the C fragment of the tetanus toxin
(rSalmonella-Tox C). Orally immunized PP-null mice as well as isolated lymphoid follicle (ILF)-null, PP/ILF-
null, and PP/ILF/mesenteric lymph node-null mice induced identical levels of tetanus toxoid (TT)-specific
systemic IgG responses to those of control mice. However, PP-null mice, but not ILF-null mice, failed to induce
TT-specific intestinal IgA antibodies. Analysis of TT-specific CD4� T-cell responses showed a reduction of
gamma interferon (IFN-�) synthesis in the intestinal lamina propriae of PP-null mice given oral rSalmonella-
Tox C. In contrast, TT-specific IFN-� responses in the spleen and delayed-type hypersensitivity responses were
intact in those immunized mice. Interestingly, Salmonella lipopolysaccharide (LPS)-specific fecal IgA responses
were not elicited in PP-null mice, while serum IgG anti-LPS antibodies were identical to those of control mice.
These results suggest that while none of the gut-associated lymphoreticular tissues are required for the
induction of systemic immune responses, PP are an essential lymphoid tissue for induction and regulation of
intestinal IgA immunity against orally administered rSalmonella.

Secretory immunoglobulin A (S-IgA) antibodies (Abs) play
a major role in preventing viral and bacterial pathogens from
colonizing mucosal surfaces such as the gastrointestinal tract.
The mechanisms of induction, homing, and regulation of in-
testinal S-IgA Abs are completely different from the mecha-
nisms involved in systemic immunity, and gut-associated lym-
phoreticular tissues (GALT), including Peyer’s patches (PP),
isolated lymphoid follicles (ILF), and mesenteric lymph nodes
(MLN), play critical roles (17, 23). PP have been thought to be
the essential inductive sites for regulation of antigen (Ag)-
specific IgA Ab responses following oral immunization (3, 11).
However, oral immunization of mice that lack PP resulted in
the generation of Ag-specific IgA Ab responses in the gastro-
intestinal tract when soluble proteins were administered orally
or intestinally (18, 35, 36), suggesting the existence of a PP-
independent pathway for mucosal IgA Ab responses.

ILF are recently identified lymphoid structures distributed
throughout the murine intestines. ILF formation occurs post-
natally and requires lymphotoxin � receptor (LT�R)-depen-
dent events (8, 20, 22). The structure of these small lymphoid
follicles resembles that of PP, as ILF consist of a large B-cell

area, including a germinal center, and an epithelium contain-
ing M cells (8). Furthermore, mRNAs specific for activation-
induced cytidine deaminase and I�-C� transcripts were de-
tected in lymphocytes isolated from ILF (30). These findings
suggest that ILF may be a component of GALT that contrib-
utes to intestinal IgA immunity. However, we previously found
that mice treated with the fusion protein of tumor necrosis
factor receptor and IgG Fc (TNFR55-Ig) and with LT�R-Ig in
utero, which lack PP and MLN but retain intact ILF, failed to
induce Ag-specific IgA responses after oral immunization with
protein Ag mixed with a mucosal adjuvant, i.e., cholera toxin
(35).

On the other hand, recent studies elucidating the roles of PP
during Helicobacter infection have demonstrated that CD4�

Th1 cells in PP play an important role in inducing local and
systemic humoral and cellular immune responses, including
the development of Helicobacter-induced gastritis (16, 24).
Furthermore, PP are essential for inducing protective Th1 re-
sponses against Eimeria vermiformis (19), implying that PP play
a critical role in the induction of immune responses against
gastrointestinal infection.

The potential of live attenuated Salmonella strains to induce
broad-based immune responses, including cell-mediated, hu-
moral, and S-IgA Ab responses, has prompted their use as oral
vaccine delivery vectors for recombinant proteins associated
with virulence (1, 5, 6, 29). Genes from bacteria, viruses, par-
asites, and mammalian species have been expressed in atten-
uated Salmonella strains; however, few studies have elucidated
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the immunological mechanisms for induction of immune re-
sponses to the expressed Ag. In particular, the roles of GALT
in the induction of mucosal and systemic immune responses
after oral Salmonella vaccination remain to be clarified. In the
present study, we assessed the importance of GALT for induc-
tion and regulation of intestinal IgA immunity to oral recom-
binant Salmonella (rSalmonella) by using GALT-compromised
mice, which are generated by blocking signals mediated by the
interleukin-7 receptor (IL-7R), TNFR55, and/or LT�R.

MATERIALS AND METHODS

Mice. C57BL/6 mice were purchased from SLC Japan (Tokyo, Japan). These
mice were maintained under pathogen-free conditions in the experimental facil-
ity of the Nihon University School of Dentistry at Matsudo (Chiba, Japan). Mice
received sterile food and water, and they were 8 to 12 weeks old when used for
these experiments. All animals were maintained and used in accordance with the
Nihon University School of Dentistry at Matsudo guide for the care and use of
laboratory animals.

Generation of GALT-null mice. Anti-IL-7R� monoclonal Ab-producing hy-
bridoma A7R34 and plasmid pMKIT expressing LT�R-Ig or TNFR55-Ig were
kindly provided by Shin-ichi Nishikawa (Riken Center for Developmental Biol-
ogy, Kobe, Japan). Timed pregnant C57BL/6 mice were injected intravenously
with 600 �g of anti-IL-7R Ab on gestational day 14 for the generation of PP-null
mice (18). Adult mice (7 weeks old) were injected intraperitoneally with 50 �g of
LT�R-Ig at weekly intervals during the immunization period, from day �7 to day
�21 relative to the day of immunization, to remove ILF (35). Mice lacking both
PP and ILF were generated by treatment with 600 �g of anti-IL-7R Ab on
gestational day 14 and with 50 �g of LT�R-Ig at weekly intervals during the
immunization period, from day �7 to day �21 relative to the day of immuniza-
tion. Mice that lack PP, MLN, and ILF were generated by treatment with 100 �g
each of LT�R-Ig and TNFR55-Ig fusion proteins on gestational days 11, 14, and
17 and with 50 �g of LT�R-Ig at weekly intervals during the immunization
period, from day �7 to day �21 relative to the day of immunization (35).

Evaluation of ILF characteristics. Small intestinal segments were fixed in 4%
paraformaldehyde, embedded in paraffin, and then stained with hematoxylin-
eosin. For immunohistochemical analysis, cryostat sections were fixed in ice-cold
acetone and preblocked with anti-CD16/CD32 Ab. Sections were then stained
with fluorescein isothiocyanate (FITC)-conjugated anti-B220 Ab (BD Bio-
sciences, SanDiego, CA) for B cells or biotinylated anti-CR1 Ab (BD Bio-
sciences) followed by streptavidin-phycoerythrin (streptavidin-PE) for follicular
dendritic cell (FDC) clusters. For flow cytometric analysis, mononuclear cells
were isolated from ILF as previously described (8). Single-cell suspensions were
preincubated with anti-CD16/CD32 Ab. Cells were then stained with FITC-
conjugated anti-CD19 Ab and PE-conjugated anti-CD3 Ab. Analysis was per-
formed using a FACSCalibur flow cytometer (BD Biosciences).

Immunization. The recombinant Salmonella enterica serovar Typhimurium
BRD 847 strain used in this study (rSalmonella-Tox C) is a double aroA aroD
mutant that expresses the nontoxic, immunogenic 50-kDa fragment C of tetanus
toxin from plasmid pTETnir15 under the control of the anaerobically inducible
nirB promoter (2). Salmonella organisms were grown statically for 4 h at 37°C in
L broth containing ampicillin (100 �g/ml) as previously described (32). Mice
were deprived of food for 2 h, given a single oral dose of 5 � 109 CFU (in 200
�l phosphate-buffered saline [PBS]) by gastric intubation, and then killed on day
28. Blood and fecal extracts were collected at weekly intervals for detection of
Ag-specific Ab isotype responses.

Detection of Ab responses. Serum and fecal extracts were collected, and
Ag-specific Ab titers were determined by enzyme-linked immunosorbent assay
(ELISA) as previously described (12). Purified tetanus toxoid (TT) was kindly
provided by the Biken Foundation, Osaka University (Osaka, Japan). Briefly,
plates were coated with TT (2 �g/ml) and blocked with 1% bovine serum
albumin in PBS. In some experiments, Salmonella lipopolysaccharide (LPS) was
used to coat plates for examination of LPS-specific Ab responses. LPS was
dissolved in the organic solvent, a chloroform-ethanol (1:9 [vol/vol]) mixture, and
used to coat plates (10 �g/ml) (7). Serial twofold dilutions of serum or fecal
extracts were added to wells in duplicate. Following 4 h of incubation, the plates
were washed, and peroxidase-labeled goat anti-mouse �, �1, �2c, �2b, and �
heavy chain-specific Abs (Southern Biotechnology Associated, Birmingham, AL)
were added to the appropriate wells. Finally, 2,2�-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid (ABTS) with H2O2 (Moss, Inc., Pasadena, MD) was added
for color development. End-point titers were expressed as the reciprocal log2 of

the last dilution which gave an optical density at 415 nm of 0.1 greater than
background after 15 min of incubation.

ELISPOT assay for assessment of AFCs. Single-cell suspensions were ob-
tained from the intestinal lamina propria (LP), PP, spleen, and MLN as previ-
ously described (12). The mononuclear cells from the LP and PP were obtained
at the interface of the 40% and 75% layers of a discontinuous Percoll gradient
(Amersham Pharmacia Biotech, Piscataway, NJ). To determine the number of
Ag-specific Ab-forming cells (AFCs), an enzyme-linked immunospot (ELISPOT)
assay was performed as previously described (4). Briefly, 96-well nitrocellulose
plates (Millititer HA; Millipore, Bedford, MA) were coated with TT (5 �g/ml),
incubated for 20 h at 4°C, and then washed extensively and blocked with com-
plete RPMI 1640 containing 10% fetal calf serum (FCS), 50 �M 2-mercapto-
ethanol, 10 mM HEPES, 100 �U/ml penicillin, and 100 �g/ml streptomycin. The
blocking solution was discarded, and lymphoid cell suspensions at various dilu-
tions were added to wells and then incubated for 4 h at 37°C in 5% CO2 in moist
air. The detection Abs consisted of horseradish peroxidase-conjugated goat
anti-mouse � or � heavy chain-specific Abs. Following overnight incubation, the
plates were washed with PBS and developed by addition of 3-amino-9-ethylcar-
bazole dissolved in 0.1 M sodium acetate buffer containing H2O2 (Moss) to each
well. Plates were incubated at room temperature for 25 min and washed with
water, and AFCs were counted with the aid of a stereomicroscope (SZH-ILLB;
Olympus, Tokyo, Japan).

Measurement of DTH responses. Delayed-type hypersensitivity (DTH) re-
sponses were measured as previously described (32). Six weeks after immuniza-
tion, 30 �g of TT in sterile PBS was injected into the left ear pinna and the other
ear pinna received sterile PBS as a control. Ear swelling was measured 24 h later
with a spring-loaded dial thickness gauge. The DTH response was expressed as
the difference in ear swelling between the TT- and PBS-injected ears.

Measurement of IFN-� production. Levels of gamma interferon (IFN-�) in
culture supernatants of CD4� T cells of LP were determined by an IFN-�-
specific ELISA (Endogen, Boston, MA). CD4� T cells were purified with the
Imag system (BD Biosciences, San Jose, CA). Briefly, mononuclear cells were
mixed with anti-CD4 Ab and incubated at 4°C for 30 min. CD4� T cells were
then separated using a magnet. Uniform latex microspheres (Polysciences, Inc.,
Warrington, PA) were coated with TT by methods described elsewhere (34).
CD4� T cells (2 � 106 cells/ml) were cultured with T-cell-depleted, mitomycin-
treated splenic feeder cells (2.5 � 106 cells/ml) from naive mice in complete
medium. TT-coated beads were added for restimulation of Ag-specific CD4� T
cells. After being incubated for 6 days at 37°C in 5% CO2 in air, supernatants
were analyzed by ELISA.

Bacterial burdens of organs. Seven days after oral immunization with
rSalmonella-Tox C, MLN and spleens were collected and homogenized in PBS.
Serial dilutions of lysates were plated on LB agar plates containing ampicillin (2),
and colonies were counted after overnight culture.

Statistics. The data were expressed as means 	 standard deviations (SD) and
compared using unpaired Student’s t test.

RESULTS

PP, ILF, and MLN are not required for induction of sys-
temic Ag-specific Ab responses against rSalmonella-derived
Ag. To assess the roles of GALT, including MLN, PP, and ILF,
in the induction of immune responses against orally adminis-
tered rSalmonella-Tox C, we first generated PP-null, ILF-null,
PP/ILF-null, and PP/MLN/ILF-null mice by treatment with
anti-IL-7R, TNFR55-Ig, and/or LT�R-Ig. The absence of PP
and MLN was confirmed visually. Furthermore, small intesti-
nal tissues were carefully examined with the aid of a stereomi-
croscope to confirm the absence of ILF. No evidence of MLN,
PP, and/or ILF was seen in those GALT-null mice. On the
other hand, anti-IL-7R Ab-treated PP-null mice showed ILF
formation (Fig. 1A). Immunohistochemical analysis showed
clearly defined B220� B-cell accumulation and FDC clusters
(Fig. 1B and C). Furthermore, lymphocytes isolated from the
ILF of PP-null mice contained CD3� T cells as well as CD19�

B cells (Fig. 1D). These results indicate that in utero anti-
IL-7R Ab treatment does not affect the development of ILF
and that PP-null mice possess mature ILF.
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We evaluated the levels of systemic IgG Ab responses. PP-
null, ILF-null, PP/ILF-null, and PP/MLN/ILF-null mice in-
duced identical IgG Ab responses to those of control mice
(Fig. 2A). Analysis of the Ab-forming cells supported the TT-
specific IgG Ab titers and showed that significant numbers of
TT-specific IgG AFCs were detected in splenic mononuclear
cells isolated from all GALT-null mouse groups (Fig. 2B).

Furthermore, similar patterns of TT-specific IgG1, IgG2c, and
IgG2b Ab responses to those of control mice were detected in
all GALT-null mice (Fig. 3). These findings indicate that
GALT, including MLN, PP, and ILF, are not required for
induction of systemic anti-TT IgG Ab responses when mice are
immunized orally with rSalmonella-Tox C.

PP-null mice lack mucosal IgA responses following oral
immunization with rSalmonella-Tox C. Next, we examined TT-
specific intestinal IgA Ab responses in several groups of
GALT-null mice after oral immunization with rSalmonella-Tox
C. Interestingly, PP-null mice failed to induce TT-specific fecal
IgA Ab responses. In contrast, identical levels of intestinal
anti-TT IgA Ab titers were induced in ILF-null mice and
control mice (Fig. 4A). Because the lack of PP may lead to
different kinetics for mucosal IgA responses, we assessed TT-
specific fecal IgA Ab responses for a longer period. Although
we continued to examine IgA levels until day 56, responses
were not detected in PP-null mice (data not shown).

The appearance of TT-specific IgA Abs correlated with the
presence of Ag-specific IgA AFCs, because only a few AFCs
were detected in LP of PP-null mice, while ILF-null mice
possessed significant numbers of AFCs, similar to the control
mice (Fig. 4B). In addition, the numbers of TT-specific IgA-
expressing AFCs in MLN of PP-null mice, but not ILF-null
mice, were significantly lower than those of control mice; how-
ever, large numbers of anti-TT IgG-expressing AFCs were
found in both PP-null mice and ILF-null mice (Fig. 5A and B).
These results clearly indicate that PP are important inductive
tissues for mucosal IgA Ab responses against rSalmonella-
Tox C.

PP are critical for mucosal but not systemic Ab responses to
Salmonella LPS. In the next study, we examined Ab responses
to Salmonella LPS after oral immunization with rSalmonella-
Tox C. PP-null mice as well as ILF-null mice possessed signif-
icant levels of serum IgG anti-LPS responses, which were com-
parable to the responses of control mice (Fig. 6A). However,

FIG. 1. Characteristics of ILF in PP-null mice. (A) Hematoxylin-
eosin staining. Immunohistochemical analyses of B cells (B) and FDC
clusters (C) were performed by staining with FITC–anti-B220 Ab and
PE–anti-CR1 Ab, respectively. Original magnification, �100. Flow
cytometric analysis shows the proportions of CD3� T cells and CD19�

B cells (D).

FIG. 2. TT-specific serum IgG Ab titers (A) and IgG AFCs in the spleen (B). Mice were treated with anti-IL-7R Ab in utero (PP-null),
LT�R-Ig postnatally (ILF-null), both anti-IL-7R Ab in utero and LT�R-Ig postnatally (PP/ILF-null), or both LT�R-Ig and TNFR55-Ig in utero
and LT�R-Ig postnatally (PP/ILF/MLN-null). The mice were then orally immunized with rSalmonella-Tox C. Four weeks after the immunization,
serum samples were collected and examined for TT-specific Abs by ELISA. Mononuclear cells were isolated, and TT-specific IgG AFCs were
examined by ELISPOT assay. The results are representative of three separate experiments. Each group consisted of three or four mice.
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LPS-specific IgA Abs were not detected in the fecal extracts of
PP-null mice, while ILF-null mice as well as control mice
showed significant IgA Ab responses (Fig. 6B). These results
suggest that organized PP are required for induction of either
T-cell-dependent or T-cell-independent Ab responses in the
intestinal tract after oral immunization with rSalmonella-
Tox C.

Ag-specific CD4� T-cell responses. Since our results indi-
cated that organized PP play a critical role in the induction of
mucosal but not systemic Ab responses to rSalmonella-Tox C,
it was important to analyze CD4� T-cell responses. CD4� T
cells isolated from the spleens or LP of immunized PP-null
mice were restimulated with TT in vitro. The results showed
that splenic TT-specific CD4� T cells possessed high levels of
IFN-� production, comparable to the IFN-� production of
control mice (Fig. 7A). Furthermore, identical TT-specific
DTH responses were observed in PP-null mice and control
mice (Fig. 7B). In contrast, the culture supernatant of CD4� T
cells from the LP of PP-null mice contained marginal levels of
IFN-� (Fig. 7A). These results indicate that Ag-specific CD4�

T cells and the subsequent IgA Ab responses in the intestinal
tract are induced via the PP-dependent pathway following oral
immunization with rSalmonella-Tox C.

Distribution of rSalmonella organisms. To assess the dissem-
ination of rSalmonella-Tox C, MLN and spleens were collected
from PP-null, ILF-null, and control mice 7 days after admin-
istration, and dilutions of organ homogenates were spread
onto LB agar plates. Interestingly, rSalmonella-Tox C colo-
nized the MLN and spleen of PP-null mice or ILF-null mice at
levels comparable to those of control mice (Fig. 8A and B).
These results indicate that transport of rSalmonella-Tox C
from the intestinal tract to the MLN and spleen is intact even
in the absence of PP.

DISCUSSION

We assessed the roles of PP in the induction and regulation
of intestinal IgA immune responses to rSalmonella. Our results
revealed that mice lacking organized PP and treated in utero

A

B

C

FIG. 3. TT-specific serum IgG1 (A), IgG2c (B), and IgG2b (C) Ab
titers. Groups of GALT-deficient mice (as described in the legend to
Fig. 1) were orally immunized with rSalmonella-Tox C. Four weeks
after the immunization, serum samples were collected and examined
for TT-specific Abs by ELISA. The results are representative of three
separate experiments. Each group consisted of three or four mice.

FIG. 4. TT-specific fecal IgA Ab titers (A) and IgA AFCs in LP (B). PP-null mice or ILF-null mice were generated as described in the legend
to Fig. 1. The mice were orally immunized with rSalmonella-Tox C. Four weeks after the immunization, fecal samples were collected and examined
for TT-specific Abs by ELISA. Mononuclear cells were isolated from LP, and TT-specific IgA AFCs were examined by ELISPOT assay. The results
are representative of three separate experiments. Each group consisted of three or four mice. *, P 
 0.05 compared to control mice. n.d., not
detectable.
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with anti-IL-7R Ab failed to induce Ag-specific CD4� Th cells
in intestinal LP with subsequent mucosal IgA Ab responses to
orally administered rSalmonella-Tox C. In contrast, Ag-specific
intestinal IgA Ab responses were intact in LT�R-Ig-treated
ILF-null mice. There are several systems, including a different
gene mutation, with which to generate PP-null mice, but we
chose in utero anti-IL-7R Ab treatment because mice gener-
ated with this system develop completely intact spleen and
lymphoid tissues, with the exception of PP (18, 37). In support
of these findings, the results in this study showed that the
PP-null mice formed mature ILF containing T and B cells as
well as FDC clusters, indicating that in utero anti-IL-7R Ab
treatment does not affect ILF development. Thus, failure of
Ag-specific intestinal IgA responses was due to the lack of PP,
not to dysfunction of other secondary lymphoid tissues.

M cells provide an entry site for Salmonella serovar Typhi-
murium. Orally administered Salmonella leads to the transport
of bacterial Ag from the lumen of the intestinal tract into
subjacent follicular lymphocytes by means of M cells for the
initial priming of Ag-specific mucosal immune responses (15,

25, 26). Indeed, a previous study has shown that a Salmonella
strain lacking the invasion genes of Salmonella pathogenicity
island 1, which are necessary for bacterial entry into M cells,
failed to induce Salmonella-specific intestinal mucosal IgA Ab
responses (33). In this regard, recent studies have demon-
strated that ILF possess a follicle-associated epithelium con-
taining M cells (8, 20). Furthermore, the structure of this small
lymphoid follicle resembles that of PP (8, 20). These findings
imply that ILF could be an IgA inductive site for the induction
of Ag-specific intestinal IgA Ab responses after oral immuni-
zation with rSalmonella-Tox C. However, despite the presence
of ILF in PP-null mice (8, 9, 20, 22), the PP-null mice in the
present study failed to induce Ag-specific mucosal IgA Ab
responses following oral immunization with rSalmonella-Tox
C. In addition, Salmonella LPS-specific IgA Ab responses were
not detected in the intestines of PP-null mice, while ILF-null
mice induced mucosal IgA anti-LPS Ab responses when rSal-
monella-Tox C was given orally. These results suggest that ILF
do not compensate for the function of PP in the induction of
intestinal IgA Ab responses when rSalmonella-Tox C is given

FIG. 5. TT-specific IgG AFCs (A) and IgA AFCs (B) in MLN. PP-null mice or ILF-null mice were generated as described in the legend to Fig.
1. The mice were orally immunized with rSalmonella-Tox C. Four weeks after the immunization, mononuclear cells were isolated from the MLN,
and TT-specific IgG and IgA AFCs were examined by ELISPOT assay. The results are representative of three separate experiments. Each group
consisted of three or four mice. *, P 
 0.05 compared to control mice.

FIG. 6. Anti-Salmonella LPS-specific serum IgG Ab titers (A) and fecal IgA Ab titers (B). PP-null mice or ILF-null mice were generated as
described in the legend to Fig. 1. The mice were orally immunized with rSalmonella-Tox C. Four weeks after the immunization, serum and fecal
samples were collected and examined for anti-Salmonella LPS-specific Abs by ELISA. The results are representative of three separate experiments.
Each group consisted of three or four mice. n.d., not detectable.
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orally. In this regard, mature ILF were recently defined as
well-organized lymphoid nodules, while immature ILF com-
prise loosely clustered B cells (8, 20). Since the ILF in the
PP-null mice used in this study may not have been mature, they
could not play a role in the induction of Ag-specific IgA Ab
responses when rSalmonella-Tox C was administered orally.
However, previous studies have shown that mature ILF are
formed in the absence of PP (9, 20, 22). Furthermore, our
results showed that in utero anti-IL-7R Ab-treated PP-null
mice formed mature ILF. These studies, together with the
present study, indicate that mature ILF are not an IgA induc-
tive site, even in the absence of PP. In support of this finding,
our separate study demonstrated that wild-type bone marrow-
reconstituted LT��/� mice lacking PP and MLN but possess-
ing mature ILF failed to induce Ag-specific intestinal IgA Ab
responses following oral administration of rSalmonella-Tox C
(9). Thus, intestinal IgA Ab responses against orally adminis-

tered rSalmonella are regulated solely by PP, and ILF do not
compensate for the function of PP.

On the other hand, a previous study demonstrated that oral
infection of LT��/� bone marrow-reconstituted LT��/� mice
with wild-type S. enterica serovar Typhimurium induced Sal-
monella-specific fecal IgA Ab responses. Furthermore, ILF
cells from in utero LT�R-Ig-treated mice induced Ag-specific
IgA Ab responses after oral immunization with sheep red
blood cells (21). The basis for this discrepancy is unknown. A
possible explanation would be that since in utero LT�R-Ig-
treated mice possess MLN in addition to ILF, MLN may con-
tribute to the regulation of intestinal IgA Ab responses. Sev-
eral studies have suggested that MLN may act as an inductive
site for Ag-specific intestinal IgA Ab responses (10, 14, 28).
Intestinal LP dendritic cells (DCs), which phagocytose apop-
totic epithelial cells, directly migrate into MLN, with mediation
by CCR7 and CCL21 (14). Furthermore, CD11c� LP cells

FIG. 7. IFN-� levels in CD4� T cells of PP-null mice (A) and TT-specific DTH responses (B). PP-null mice were generated as described in the
legend to Fig. 1 and were orally immunized with rSalmonella-Tox C. Four weeks after the immunization, CD4� T cells (2.0 � 106/ml) obtained
from the spleen, LP, and PP were stimulated by TT-coated beads and cultured in the presence of T-cell-depleted splenic feeder cells (2.5 � 106/ml)
and IL-2 (4 ng/ml) for 6 days. Culture supernatants were harvested, and the levels of secreted cytokines were assessed by cytokine-specific ELISA.
Six weeks after the immunization, mice were injected with TT in the left ear and PBS in the right ear. After 24 h, ear swelling was measured. The
results are expressed as means 	 SD for three mice per group and a total of five experiments. *, P 
 0.05 compared with control mice.

FIG. 8. Bacterial burdens in MLN and spleens of PP-null or ILF-null mice. MLN and spleens were collected from PP-null mice, ILF-null mice,
or control mice, and bacterial counts were determined 7 days after oral administration of rSalmonella-Tox C. The results are expressed as
means 	 SD for six mice per group.
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expressing Toll-like receptor 5 transport pathogenic Salmo-
nella organisms to MLN for systemic infection (31). These
studies imply that Ags taken up by LP DCs are transported
into MLN for Ag stimulation. Indeed, our previous study
showed that Ag-specific CD4� T cells are induced in the MLN,
with intestinal IgA Ab responses in the absence of PP following
oral immunization with soluble protein mixed with the mucosal
adjuvant cholera toxin (36). Thus, MLN could be an inductive
site for Ag-specific intestinal IgA immunity when soluble pro-
tein is given orally. The results presented in this study support
this idea and show that rSalmonella-Tox C colonizes the MLN
of PP-null mice at levels comparable to those of ILF-null mice
and control mice. However, the lack of PP failed to induce
intestinal IgA Ab responses against rSalmonella-Tox C even in
the presence of intact MLN. Antigen-specific CD4� T-cell
responses supported the Ab responses and showed that signif-
icantly lower TT-specific IFN-� responses were detected in the
LP of PP-null mice than in those of control mice. These results
suggest that although PP-independent pathways exist for sol-
uble protein and MLN may act as an IgA inductive site, PP are
essential for the induction of intestinal IgA Ab responses when
rSalmonella is administered orally.

Our results indicate that PP-null mice, as well as ILF-null
mice, PP/ILF-null mice, and PP/MLN/ILF-null mice, induce
identical levels of TT-specific serum IgG Ab responses to those
of control mice. Furthermore, the patterns of IgG subclass
responses were identical among the GALT-null mice. In addi-
tion, identical levels of IFN-� responses in splenic CD4� T
cells as well as DTH responses were detected in PP-null mice
that were orally immunized with rSalmonella-Tox C compared
with control mice. These results indicate that GALT is not
required for induction of immune responses in the systemic
compartment following oral immunization with rSalmonella-
Tox C. Our previous study demonstrated that non-follicle-
associated M cells reside in the intestinal villous epithelium.
These M cells take up several bacteria, including Salmonella
(13). Furthermore, as described above, DCs in the intestinal
LP offer another possible uptake site (14, 27, 28). Other studies
have demonstrated that Salmonella pathogenicity island 1-de-
ficient Salmonella can be disseminated from the intestinal ep-
ithelium to the systemic compartment by means of the CD18-
dependent pathway (33). Indeed, our results demonstrated
that the numbers of bacteria in the spleens of PP-null mice
were similar to those of ILF-null mice and control mice when
rSalmonella-Tox C was given orally. Thus, it is likely that sev-
eral cell types are involved in permitting the penetration of
Salmonella and the transport of bacterial antigen from the
intestinal tract into the spleen for induction of systemic IgG Ab
responses.

In summary, the present study demonstrates that mice lack-
ing PP fail to induce intestinal IgA Ab responses against
rSalmonella-Tox C in both T-cell-dependent and T-cell-inde-
pendent manners. Furthermore, the lack of PP function was
not compensated for by mature ILF. In contrast, none of the
GALT types (PP, ILF, and MLN) was required for the induc-
tion of systemic immune responses. These results suggest that
PP, but not ILF, control the generation of intestinal mucosal
IgA Ab responses against rSalmonella-Tox C, whereas bacteria
transported into LP regions contribute to the initiation of
systemic immune responses.
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